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THE CONSTITUTIONOFHYDROUSOXIDESOLSFROMX.RAY
DIFFRACTIONSTUDIE8'

HARRYB.WEI8ERAWW.O.MILUUAN

D~eWMtfXo/P/t<m~<ry,TheRice/M<t'<t<~e«<t<w,fe~M

NM~<!jMK).M,~M

Solsofthehydrophobictypewhichinc!udesmostofthehydrousoxides,
canbepreparedfairlyfreefrometectrolytes,but it wasdemonstratedËrst
by ThomasGrahamand conSrtnedrepeatedtythereafter,that in the
absenceofproteetingcoUoidssomeelectrolytemustbc presentin thesols
to ensuretheir stability. Thus ferrieoxidesol formedby hydrolysisof
ferriechlorideor bypeptizationof the hydrousoxideby ferriechloride
atwayscontamstrace!}of chloridehoweverlongthédialysisiscontinued.~$

Thepresenceofchlorideinthe dialyzedsotsledWyrouboffandVerneuil
(13)tosuggestthatthevariouspréparationscontainbasicsaltsorchjorides
of "eondensed"hydroxides.This ideawasfurtherextendedanddevel-
opedby severalinvestigatorsespeciallyby Duc!aux(3), Matnt~no(7),
HantzschandDesch(4),and LinderandPicton(6). Thus,thé constitu-
tionofthesolswasrepresentedbyformulassuchas:

(20Fe(OH),.FeCt3].and {45Fe(OH)<-FeCI,~

Pituli(8)considersthe colloidalparticlesto be complexionsresulting
fromionizationof complexelectrolytesalliedto the Wemercompounds.
Sincetheconstitutionofa givensolvarieswiththeconditionsof prepara-
tionhe representsit bya generalformula. In the caseof ferrieoxidesol
thisis

[~Fe(OH),FeOCt.FeO]+,(Cl-)

in whichx = 32to 350andy = 4 to 5.7 in solsformedby hydrolysis.
It isdifficultto justifythis formulation,sincenoonebas establishedthé
existenceofFe(OH),,and FcOCtis obtainedonlyunderspecialconditions
ina bombtubeat elevatedtempératures.

Thomasand coworkers(9, 10) suggestthat thé dispersedphasein

i Presentedat theT~'etfthColloidSymposium,heldat Ithncs,NewYork,June
20-22,t936.

'Sorumsots(J. Am.Chem.Soc.60,1264(J828))containingno detectable
chlorideeithercontaina traceofsomeotherelectrolyteorareprotectedbysome
materialderivedfromthedialyzingmBmhtaoeduringtheprolongeddialysis.

1
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hydrousoxidesots,suchas aluminasolformedby peptizationofthe gel
withhydrochlorieacid,consistsofoJatedand possiblyoxotatedaluminum

oxychloridecomplexesof the Wernertype resembtingthé poly.olbasic

chromicsaltsformutatedby Bjerrum(2). Thomasformulâtesonesuch

hypotheticalcomplexas givenin figure1. Thé assumptionthat such

hypotheticalcompoundaexist in the sol was made to accountfor thé

observationthat thepH valueofthé solis raisedbytiiestepwiseaddition

of neutralelectrolytes,the anion order being:oxalate> acetate> sul-

fate > halides> nitrate. The increasedpH value was attributedto

replacementof theOHgroupsbythe anionof the addedsalt,foUowedby
théunionofthedisplacedOHradicalswithhydrogento formwater.

Sincehydrousoxidesolsformedin thépresenceofchloride,say,always
containmoreor lesschloride,Thomasbetievesthat suchsolsshouldbe

designatedasmetallieoxychloridesotsrather than as hydrousoxidesots.

He reeognizesthat the term ferrieoxychloridehydrosolis objcctionabte,

H,o ~.WO w~ .°"s.
tU

~'( ~'T~

~OH~ Hio ~0~/
OH HO

"HO
HO

HO QH 6CI

~°~f~ H~

HP OH H~O 'HO H~O

Fto.1.Formulaofa hypothetieataluminacomplex(afterThomM)

sineeit connotesa de6nitechemicalcompoundwhennosuchmeaningis

intended. Neverthelesshe prefersto regard the hydrousoxidesolsas

oxysaltsols,sincethe colloidalparticlesare not pure hydrousoxides.

To be consistent,oneshouldrenamethe metalliesolsand thesalt sols,

which,liketheoxidesols,arenotpureinsolublemetalorsalt. It isdifficult

toseewhatwouldbegainedbyintroducingsucha changein ourtermi-

nology.Theratioofirontochlorineina ferrieoxidesolhasbeenvariously

reportedas6,42,84,396,2700,andhigher. Todesignatea solwitha low

chloridecontentas an oxychloridesolis tike callingprecipitatedbarium

sulfatea chlorosulfatebecauseit containssomeadsorbedbariumchloride.

It isnowquitegenerallyrecognizedthat the stabilityofa positivesilver

halidesolisdueto thepreferentialadsorptionofsilverionbyunsaturated

secondaryvalenceforcesonthesurfaceof the cryatats. Thecrystatswill

alsocontainsomeadsorbedsilvernitrate. Simitarlya hydrousoxidesol

formedin the presenceof metatticchloride,hydrochloricacid,andtheir
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correspondingionswillcontainvaryingamountsofthéseveratcomponents,

dependingontheprécisemethodofformationandthe purificationofthe

sol. The positivechargeona givcnsolis due to the preferentialadsorp-
tionofhydrogenandmeta!ticiononthesurfaceof thehydrousoxidejust
as thepositivechargeonasilvcrhalidesolisdueto preferentia)adsorption
ofsilverion. It isunnecessurytoattributethechargeto thepresenceofan

"ionogeniccomplexattachedto the surface"(Pauli)unlessthe presence
of sucha complexbas beenrenderedhightyprobable. Thusto assume

thepresenceofevena simplesait likeFeOCtina ferrieoxidesolgoeswett

beyondtheestablishedfacts.
In recentyearsinvestigations(11) have beenmade of the various

phenomenawhichtakeplaceonaddingclectrolytesstepwiseto sotsofthe

hydrousoxidesof ironandaluminum. To accountfor the severalphe-
nomena,inctudingthe fonnof the chloridedisplacementcurvesand of

curvesshowingthe changein pH value,thé constitutionof the parttctes

mayberepresentedbythegeneralformulas:

((:tFe,0,. !/HCt.~0)FeI+ +Ht] (w + ? 9)Ct-,~Cl-

Solidphase Inner Diffuseouterlayer
layer

and,

[(~A~O,.H,0. yHCt.zH,0)At~++H~] (m+ n 9)C1-,~Ch

Solidphase Inner Diffuseouterlayer
layer

Iver(5)acceptsthisfonnulationofthéconstitutionofcertainoxidesols,
butsuggeststhat theouterportionof the doublelayercontainshydroxyl
ionsaswellaschlorideions. Thedisplacementoftheformerontitrating
withneutralsaltswouldaccountfor the increasein the pH valueof the

mixture. It seemsratherquestionable,however,whetherhydroxylions
willbepresentintheouterportionofthedoublelayerinsolshavingapH
valueof4 to 5. Theincreasein the pH valueonthe additionto thésols

ofneutralsalts,especiallythosewithmultivalentanions,is doubttessdue
to the increascinadsorptionofhydrogenionin thépresenceofa strongly
adsorbedanion. Thisincreasedadsorptionof cationsin the presenceof

stronglyadsorbedanionsisa generalphenomenonthat hasbeenobserved

withvarioustypesofadsorbentssuchas carbonandfibersas we!taswith
the hydrousoxides. Withsalts such as citrate, oxalate,and acetate,
bufferactionincreasesthe pH valueof thé sol-electrolytemixtureabove

that of thé solalone.
Fromthe evidenceobtainedby potentiometrictitration of the so!s,

therewouldappeartobenonecessaryreasonforassumingthat thesolsare
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colloidaleieetrotytesconsistingof basicsalts or Wernercomplexes.On
the contrarythe indirectevidencesuggeststhat the soUdphaseconsista

etsentia!)yofthehydrousoxide(orsimplehydrate).
Sincex-raydiffractionstudieshave provenhelpfulin detenainhtgthe

compositionofgels,it wasbelievedthat similarstudiesonsolsmightgive
directevidenceof the constitutionof the colloidalparticlesin the Bois.
Thechiefcomplicationin theexaminationof the Systemsistherelatively
iowconcentrationsof thesotidphaseand the scatteringof the x-raysby
the waterin the samples.Bohmand Nictassen(1)showedthat the gels
fromcertainoxidesolswerenotamorphous;but in mostcasesit wasnot
sta.tedwhetherthe air-driedor moistgetwasexamined. SineeThomas
believesthat theelementsofwaterincertainoxidesolsarecombinedinthe
formof poly-otbasicWernersalts, it is not permissibicto air-drythé

samplesbeforeexamination.On the contrary,thé solsmustbe studied

directiy,or the undriedgel,obtainedprofcrablyby ultraËltrationof the

sols,must be examined.Preliminaryexperimentswerecarriedout with
solsof thehydrousoxidesofaluminum,tin, and indium.

Twosolsofaluminumoxidewereemploycd. Thefirstwaspreparedby

peptization,withhot0.01N hydrochloricacid,of the gel formedby the

actionofamalgamatcdaluminumonwater. ThémethodofThomas(10)
wasusedexceptthat thegetwasnotdried. Thesecondsolwasobtained

bypeptization,withhot0.06N hydrochloricacid,of thegelthrowndown

fromhotaluminumchloridesolutionwithammoniaandwashedbydecan-

tationuntilalmostfreefromchloride. In bothcasesa largeexcessofthe

gelremainedunpeptized,fromwhichthé solwasdecanted. Afterstand-

ingquietlyforseveraldaysto allowfurthertracesof unpeptizedgelto

settle,théslightlyeloudysotswereexamined

Portionsof thesolswereultmfilteredthrougha ceUophanemembrane,
andthe resultingmoistgelswereanalyzedbythex-raydiffractionmethod,

usinga cameraof the Seemann-Bohlintype. Copperradiationfiltered

throughnickelfoil,at 60milliamperesand 50,000volts,wasemployed.
Undertheseconditionsbut fiveto ten minutesexposurewasnecessary,
sothat littleornodryingofthegeltookplace. Theresultsoftheobserva-

yMtO,Ht06ettb<t<t-
Wtrathw of Mt trwt M

an\a)~an\ )>

yA)tO) HtO6~t (b<t ultra-
<Mtt'<tiot\«fe<.Hr<~ pptd.
<ttun\iMt)1

yAttO, HtO Pew<<t<-

Pftcipit&ttd at )00*

ALUMINUM OXIDE BOLS
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).t!<)tt.~mntf..t.tt.t..<«.)/t.t.<0t tp,t).ftiots un' sttowtt!n dM~mmforo)h) Hf;"r''2 (! ttod2). Fur thc purjXM'nf

cun)p:u'iMonthc diKgrtU))of 'y-AtsOt-HiOpowdprMinc)udp(tin thc figure.

H('j))'o(tuctiuosof thf (x'~th'M an' xhowni)t (iKH)t' from ttx'st'ohso'VM-

)'fn..t.A-nty(ntfrM('tmt)ptnt(')'n!<
t. ~-A):U)-HtO (;<')(nttrufittrution of sol frotn atmxinMtn <mtMt);<t'f)

2. TA);OfH}<)){<*< (u)tntf))trt<tio)) of NM)ft-om ;)f<'<'ipit!(tp(i !t)unii))H)

3.A),OrH,0))<)K(k'r(prpci))iti)tpdat.)<f'°('.)

HM~,itw)utdappf'ftrthatth<'parU<')(~inth<'a)umit)a.w)('M).si.'<t<<<t')t-
tia))y of hydrous ~-Ai:())-Ht(). Tho'c is no rcason to bcticve thnt thcy

!U'<')nad('upof~uup)('))n.si('stttt.so)'))ast('sM)ti«)fthfW<'r)K'rty)M'.

8TAX\tC OXtOH

Stimnic oxidc sol \va.< prpp~rcdby thc nM'tho()of X.sigmondy(t4).

'j'wttty-~t'c ~nuot.of hydnttcd .s'titfxtict'h)«t'idc«a.s di.oh'fft in 20 tito~
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ofwat('rttnd!)t)u\t'dto))ydru)y:!< Tht're.stdtingg'4\\aswn.h<'du<)ti)
thc wash-watt'rwas ft-cct't'on)chturidp. Aftcr suspcnttmgin 250 t'c. of

watcr, it WM."pcpttzcftwiththnt' (trujMof ('um't't)tmtt-datnnmttiaamt thc

r<u)ti))g!-u[wHshoih'()t<)t'('mov('L'xt'('ss!unn)U))in. Tht')no)st);('t

<~)taint'dby uttrafittrHtionof the t-!<'arsot gave the x-my ditîractio))

(tttttcrn of <mhydrousstttmiK'oxidc or t'tt~itt'ntc, as .showndiagnun-

maticaHym figure4 (2). For thl' purposc of cotnptu'isoïtthf )Mtt<'r))sof
thc so-Ht)I<'<)"sttOHtip oxidt' Mtxtof anhydroux stannic oxidf arc it)-

(.'indcdinthediagnun.
T)K'sol cottccutrntcdto 100ce. bct'amc ttuxotfopit'. Thi.ssot gave tt)''

pattt'n) shownin Sgm't'4 (1).

JXDK'M OXIDE SOL

Asolutionof ut(tiumtutratc' wa.sprM'tpttatedin ttK'('o)dwith anunonit),

t)n' pn'ci))itntt'thoroughty tvashcd,ancl peptized in t)MmM with ditutc

hydmchioricacid. Thp gel obtaifK'<tby u!tra61tn)tiot)of thc xo)f;:n'pth<'

!<(!.5.X-rnytti~raettonpttttfrn!)for ht~OjSfttOgel(fromnttrHfiftmtionofKo))

x-)'aydifîra<'tionpattcrn.show)tinngurG5. Thisi.sthcpattcrnfor

!~(),}H:Oorin(OH),(12).
From the abovc x-my .studics,it wonid ~p~'ar that the pMrtictcsit)

typicai oxidcsols consist (.'ssentiattyof aggrpgMtt'.sof minute crystats of

hydrftu.soxidpsorof.imptcoxidcttydratcs. Inthc.'iot.scontaininK

chioridc,ttu' tattcr i.snot bound in thc fonn of a basiefa)t in mostpascs,but

i.sadsorhedin an ttnmunt dc'pcnding00 the fizc and phy~icatt'hann'tcr of

the partictps. Such .sot.systpnt-sare propprty refcrt'pdto as hydrous oxide

sols.

In thcJightof thc abovc,if oneprcfpr.sto rcgin'dthe hydrou.soxidcsolsa.-j

c!cctro)ytp.swithcoHoida)ionsit tnu.stbcempha~iizpdthat tho'c i.sa funda.

montât (niîcro)C('tx'twecn solsand non-cottoidatcomptcxelectrolytessuc))

at'potassiumfcrrocyanidc,thé cobatt amincs, ti)<?comptcxptatinif.satt.s,etc.,
formutatcd by Wcrm'r. Thcrp is also tt di-stinct dincronee betwccn a

hy<irou.soxitiesot andsuch cotioidatcicetrotytc.sas thc soaps and Congo

rfd, in that the tattf'r contain ionic micelles made up of group.-iof ions

whici)havu a dcnnitc contpositionand which carry one charge for t'ach

equh'a)o)t of thf iM),whf'rcasthf mif't'tff'.sof th<'formerhavo oo denoit''
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composition and may carry hundreds or thousands of equivalents for each
free charge.

8UMMAKt-

X-ray diffraction examination of the moist gels from typical hydrous
oxidc sob indtcates that the particles of thé sotid phase in such sois consist

essentially of aggrcgates of minute crystals of hydrous oxides or of simple
oxidc hydrates. In the sols containing chloride, the latter is not bound in
the form of a basic salt in most cases, but is adsorbed in an amount depend-
ing on the siM and physicat character of thc particles.
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Thé applicabilityoftheconventionalequationofstreamingpotentialto
smallcapillariesisanimportantsubject. It involvesthewholequestionof
streaming potentialthroughmembranes,and accordinglyshouldbe of
particular interest to the biologist. SmoluchoweM(13) showedthat
membranesweresubjecttothesamemathematicaltreatmentheemployed
for singlecapitlariesand,withintheHmitsoftherestrictions,theequations
held for capillariesof anysize or shape. Hisequationfor streaming
potential is

4~
(i)f =

DP (1)

wheref istheelectricalpotentialacrossthedoublelayer,fiisthecoefficient
of viscosity,K is thespecifieconductanceofthestreamingliquid,H is the
streamingpotential,Disthedietectricconstant,andPis thepressureforc-
ing the liquidthroughthecapillary.

Amarkeddecreasein thestreamingpotentialhasbeendemonstratedby
Bulland Gortner(o)withdiaphragmamadeoffinequartzparticles. The
effectbecameapparentwithparticlesslightlybelow200~tindiameterand
rapidly becamemoreimportant,until at 5 thestreamingpotentialwas
only 25percentof that forthe200 particles. Thedecreaseinpotential
with thesmallerpartiolesisnodoubtdueto thesmattercapillaries. Their
data, however,offernoeasywayofdeterminingtheeapillarysize. White,
Urban, andKrick(16)alsofounda diminishingstreamingpotentialwith
decreasingcapillarysize. Thequestionarisesas to the criticalsizeofa
capillarybelowwhichthe simpletheoryof Smoluchowskiis no longer
adéquate. Therearesevcmtfactorsto beconsidered.

ï'resentcdat theTwetfthColloidSymposium,heldat Ithaca,NewYork,June
20-22,1836.

PubtishedasPapcrNo.)363,.JournalSéries,MinnesotaAgricutturatExpert*
mentStation.

NationalResBarchFellowintheBiologicalSciences.
h



10 HENRYB. BUU.AK&MUBENCE8. MOYBH

It wasfirstreatiiK'dbyStock(14)that surfaceconductancemuâtbecon-
sideredandthat thespecifieconductanceusedinequation1wasthatofthe
liquidin the membraneor smallcapiHary. An involvedmathematical
treatmentbasbeengivenby Cole,Bikerman,Komagata,andothers(1).
AsshownbyBriggs(3),thedimcuttyiseasilytakencareofexperimentaUy
bydeterminingthe ceUconstantof the membranewithJV/IOpotasshm
chlorido;thenbydeterminingthé résistanceof the membranecontaining
the varioussolutions,the specifieeonductivityof the liquidin thc mem-
brane(K,)iseasilycalculated,andthisA',thenreplacestheK ofequation
1. This,then,presentsno seriousdifficultyfor the streamlngpotential
techniqueinsmallcapillaries.

In the derivationof the streamingpotentialequation(13),Poisson's
equationis integratedforthecaseof twoparallelplates,andthe resulting
equationappUesonlywhenthe thicknessof thé doublelayeris smallin

comparisonwiththeradiusof the capillary. Weare reallydealing,how-
ever,with two coaxialcylinderswhoseedgesare the thicknessof the
doublelayerapart. Theelectricalpotentialbetweenthesecylindersis

n.m(l+~)
(2)

wherer is the radiusof the insidecylinder,Dis the dietectricconstant,
X,is the distancebetweenthe cylinders,and <r*is the chargeper cm.'
Whenr > > thisequationreducesto that fortwoparallelptates.~

S- (3)!"I
D DAp (3

Theratioof thèsetwopotentiabis

~('~)
(4)

3's~7~n ` r/

Exceptwherethereisoverlappingof thedoublelayers,Xp= X.. Esti-
mationofthecriticalradiusfromvaluesoff/X),mustbedonebyanapprox-
imation(11). If %.{'< 25millivolts(where2, is the valenceofan ionof
thet"' type),

X, = =a (6)
x

Throughout this portion of the discussion, o is considered constant.

.0- A,

.Smce.n~+~+~
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where\p isthe meanthicknessof thedoublelayerwhenequation3 holds,

À
"=V~S'~E~ (Debye-Hucket) (6)~T$' c~za (Debye-Hückel) (6)

and

~/4~~<~L(or~,)
(Gouy) (7)

'V4,rN (xr-i-~~)crzr(orcfz;)
y

N = Avogadro'snumber,R = thégasconstant,c<(c/)= ionicconcentra-
tion inmolespercubiceentimeter(1, 9, 11).

Theratio,fi/ft, maybeconsideredas a measureof the deviationfrom
the conventionalstreamingpotentialéquation. In figure1 (curveA)this
ratioisshownplottedagainstthe capillaryradiusdividedbythe thickness
of thédoublelayer. It willbenotedthat a 10 per centdeviationis en-
counterodat a ratioofporeradiusto doublelayerthicknessof about4.

RecentlyLena(9)investigatcdthethieknessofthedoublelayerabetween
twoparallelplatesbytheuseoftheGouytheory. Hc calculatedthat in
thinslitsan interferenceofthetwodoublelayersexists,causingthecenters
of gravityof thechargesin thedoubletayersto be pushedin towardthé
wallsofthealit. Hederivedthefollowingequationexpressingtherelation
betweenthethicknessofthélayerandthehatf-widthofthestit

a
r

r

1 ()
~l 1

?)

Callingthéhatf-widthofthesHtr, wehavesubstitutedthis valueof \<in
equation2 and dividedby equation3, thus obtaining the following
equation

~['(~] Jfi = r, L
1

r~(e' 1)
(9
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Again isplottedagainstr/À,as shownin curveB, figure1.~ Tho
valuesofft/~ representthedeviationfromtheidealcaseofa planesurface
withnointerference.A10percentdeviationis encounteredin thiscase
at r/ = 0. Whileit isperhapsforcingthepointto substitutetheequa-
tionofLens,whichwasderivedfortwoparallelplanes,intothat involving
cylinders,webelievetheresultservesas a firstapproximation.Table1,
column2, showsthecapillarysizewhichwouldgiveriseto a 10percent
deviationin for variousconcentrationsofa uni-univalentsalt (assuming

< 25millivolts(H)).

Komagata(8)basderivedexpressionsshowingthemituenceofcapillary
sizeonthe streamingpotential. Bymakingthe Debye-Hucketapproxi-
mation(1)(sinA F/RT F/RT), he hasintegratedthefundamental

equationofelectrokinetics(1),

82-; 1a.;
v-~=g-~=~ ~)v

8x x ax (10)

forthecaseofa cyundneateapillary. Hearrivesat anexpressioninvoh'-

ingJoandJi, Bessetfunctionsofthezcro-thandfirstorderandofthefirst

kind,

~=~~) (n)
J((t)(r)

where'f' is the truet-potential,x is thécoordinate(in thecylindricalsys-
tem)eoincidingwiththeradius,r, and isthepotentialat anypointonx.

Fromthis,the equationfor<r,

u M'MJt(~)<f==–,–7-–– (.12)
4~yo(M!')

isdeveloped.Thisreducestoequation3 forlargevaluesofM' 1

Komagatathendevelopsthestreamingpotentialéquationaftertheeon-
ventionalmethod(13)andsubstitutesthèsevaluesto attain thefollowing
equationforstreamingpotential:

H ~< 2[-~(~)}\PD(-~)

Cl 2[-iJ,(%n.))~
(13)~~r ~(~)

Inplotting,theassumptionwasmadethata '= =
<

MT
Since lim~M == -–== = ~(,)r*s»

V2)f<<!)-
r~»

WcareindebtedtoDr.Komagataforapersonalcommunicationwithregardto
thiepoint.
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By comparingequation i with this,

!±~t=/f (M)

where

1_. 2f-~t(Mf)]
~(Mr)

Komagata bas calculated thniting values for r, at dtiîerent concentra-

tions ofelectrolyte, at whicha deviation df 10per cent betwcen and {'

TABLE1

Z~H'httt)'a<«eee/ )-<)<?,co)T«pendt'n~<oconcenfrahoMo/'uni-univalent<<<c()'o<t/<e,
a<whicha ? per<~tt<<«MWM(«'t)w f <Ao«Mo6«)'~<MWMM0 per<~tt<<ttMW)««'t)W f MOMMMOMO'tWt!

COKCtttTBtTtOKtXMOLM UmTtMotABtmXjtMOM UttmMOMCtCHmtPMM
M«Mtaa MO*ttON<(<r-e) t!<)0<'r«)<f)4(tf*'M)

t0-' 6.78 t9.f;

t0-' 1.83 0.2

t0-' 0.678 LM

t0-< 0.183 0.62

t0-' O.OS78 0.195

should be observed(réf.8,p. 36). Unfortunatety, the décimâtpoint has been

misptacedin this table, so that these values are ten times what they should
be. Correctvaluesare listedin table 1, column3. The eriticalpoint fora

deviation of this magnitudeliesat Kr= 20.

The reciprocalof thé factorf (équation 15) bas been plotted against xr
in figure2 (after Komagata). On comparing figure 1with figure2, it will

be seen that the factor f, whichrepresents !'tynndM-r-{'pt.n..and the ratios
of équations 4 and 9 change in an inverse direction as Krvaries. When

Kr !s large,~/{') in equations 4 and 9 reduces to unity and so doesf (in

equation 14). But at small values of xr, equation 12does not reduce to
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equation2. In thécaseofthe ratioscalculatedfromthe cylindricaland

platecondensers(equations4 and9), thé factorby whichtheobservedJ'
(fromequation1)ismultipliedisatways< 1;in Komagata'sequations,it
isalways > 1. Thisfundamentaldéférencemayresidein thefactthat
inthefirsttreatmentwas assumedto beconstantwithchangingr andthe
influenceof thicknessof the doublelayerpredominant. In Komagata's
treatment<rchangeswithr. Theeffectofequations4and9istoreducef

Komagata'sequation13tendstoeliminatetheobservedloweringinstream-

ingpotentialwithdecreasingr.
Intheaboveconnection,Bikerman(2)hasderivedan expressionforthé

currentproducedbythestreamingpotentialin slitsand takesthe ionie

atmosphereintoconsideration.Hefindsthat thewidthofthésUtplaysa
rôleonlywhenit i8comparableinsizeto the thicknessof thedoublelayer.

Anotherfactorwhichmust be consideredm the treatmentof snmti

capillariesis that of viscosity.Terzaghi(15)givesempiricalequations
expressingtheviscosityofwaterasa functionofthe widthofnarrowslits.
Hefoundthat

~i+~LXi~
to

to

(17)

wherenoistheviscosityofwaterat 25"C.andfiistheviscosityofwateritia
siitofwidth28 at thesametemperature. Terzaghiworkedwithmem-

branesofclay. Figure3showsthechangeofviscositywiththehalf-width

oftheslit. Equations16and17areplottedaseurve2andcurve1(figure

3), respeetively.It is clearthat an appreciablechangein viscosityis

foundat a radiusofabout9 X 10'*cm.,and thereafterit inereasesvery

rapidly. Deriagin(6),likewise,reportsthat waterexhibitsrigiditywhen

placedbetweenglasssurfaceslessthan 150m~apart. Theonesurface
formedthebottomofa vesset;theotherwasa convexglasslenswhiehwas
forcedto oscillateabouta verticalaxis. The distancebetweenthe two

wasmeasuredbyobservingNewton'sfringes. It wasfoundthat therigid-

ity vanishedabove150m~,whiehis, as he remarks,in the sameorder

ofmagnitudeasreportedbyTerzaghi. Theviscosityeffectwouldinvali-

dateatreamingpotentialmeasurementsmademuchbelowacapillaryradius

of 10-6cm. In membranesof mixedporesizes,poresbelowthisvalue
wouldbe virtuallyinoperativeincontributingto thestreamingpotential.

Etcctrosmoticeffectsresultingfromthé streamingpotentialmustalso

be considered.Thisso-calledbackpressurehasbeendiscussedby Bull

(4)andReichardt(12). Thereisasyet nounanimityof opinionin this
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respect. It ispossibletoregardthisprobleminanotherwaythanbasyet
beendone. Wecan,forexample,comparein a verysimpleand direct
fashionthe maximumelectricalworkobtainedwith the total mechanieal
workdoneona liquidstreamingthroughadiaphragm.

Theelectricalworkperunittimc*=~f joulespersecond,where is
the streamingpotentialacrossthediaphragminvolts,and~r Mthé total
resistanceinthesysteminohms. Themechanicalworkperunit time =
1 X 10"'VPjoulespersecond,whereVisthevolumeincubiccentimeters

persecondandP isthepressureindynesperunitarea.

· v
S'

W 19

Fia.3.ChMgMintheviscosityofwaterproducedbysma!!porediameters

Dividingtheelectricalworkbythemechanicalwork,weobtain,

ElecMcatwork 1
Meohanioalwork ypR;

Newif weassumethat wcare dealingwithcylindricalcapillaries,we

maysubstitutefromPoîseuit!e'6tawthevalueforV,

v-
(..)

8~l

wherer istheaverageradiusofthecapillaries,n isthenumberofcapillaries
of radiusr, and1iathéaveragelengthofthecapillaries.

Atso,wehavethéelectricalrésistance,

irK,r4n
(20)

SubstitutingthèseexpressionsforVandRrwehave

Ekctncatwork 8~X.
Meohanioalwork f~

107
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Since both the electrlcalwork and mechanicalwork are done over the
same distance and area, we may wtite

Electricalpressure M~
X 101 (22)Mechanioalpressure P~

This confirms in a satisfactory manner the previous equation of Bull

(4), sincewe obtain

~xi.. (23)P i-nrs

by dividingthe electrical"Gegendruck," Pt,

p
8t,K.~

'Pis"

by thé applied (mpphantcat)pressure and converting from electrostatie
to practical units.

If we are dealing with a given solution, is a constant and, as a first

approximation, 2C.aud J7/P are constants. Thé ratio of the "Gegen.
druck" to the mechanicalpressure varies as thé reciprocal of the radius

squared. In general, K,, due to the surface conductivity, increasesas
the radius decreases,white~/P decreaseswith decreasmgradius in accord
with earlier sectionsof this paper. We hope to investigate equation 22

expenmentaUyin the nearfuture.

Thé following calculations illustrate the use of equation 18. Thé

diaphragm was of finely powdered quartz about 5~ in diameter. A
2 X 10"*N sodiumchloridesolution was streamedthrough the diaphragm.
The followingdata were obtained: (1) resistance across diaphragm =
7.05 X 10-~ohms; (2) pressureforcing liquid through diaphragm = 10.5
cm. Hg = 1.40 X 10'dynes cm. (3) E.M.F.acrossdiaphragm 8.10 X
10~ votts; (4) rate of flowof solution through diaphragm = 7.20 X 10-'
ce. per second.

Substituting in equation 18,

Electrical
work (8.10 X 10-2)2X 10'

QM in-<
Mechanicatwork 7.20X 10~ X 1.40X 10' X 7.05X 10<

X 10~

This shows that in this case back-pressure effects could not interfere
with the nowingof the liquid. Results of this same type were obtained
from calculationsbased onmeasurementsmade with cellulosediaphragms.

The peculiarresults obtained by Bull and Gortner (5) with diaphragma
made of heterogeneous-sizedquartz particles, where a break in the

straight-linc relationshipbetween the streamingpotential and the pressure
was observed at about 25 cm. of mercury pressure, are still unexptained
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and areapparentlyinexpticaMoon the basisofany of the abovecalcula-
tions. Thisindicatcsthat thereareotherfactorsto beconsidered.These
brokenlinesare, however,onty obtainedwith very closepacking,eo
that this unknownfactoror factorsneedonlybe coneideredwithcapU-
larieswheresuchbrokenlinesareobserved.

Duringthe courseofthèseinvestigationsweweredisturbedby thelack
ofa suitablemethodfordeterminingthe poreradius;althoughthémethod
of Erbe(7)wastried,it wasfoundnot whollysatisfactoryfor our pur-
poses. Wefinallysolvedourdi<Ccultiesin thefollowingfashion.

By substitutingequation20in Poiseuille'slaw (equation19)and re-

placingK.Rr by C, the cellconstantof the diaphragm(3), we have

(24)
IY P

This équationrestsontheassumption(as,ingênera!,withaitmethods
fordeterminingradii)ofcylindricalcapillaries;resultsobtainedfromit are

TABLE2

~feraceporeradiiofoart'oM~d)'opA)'aj)<tMtM~a~Mrtdt'ttef<'c<ro~<eM<M<<o?Malcottcett-
trattOMt)o<a~ec<tttj~ra<eo/~!otp

therefore subject to error but serve to characterize any particular mem-
brane and represent, essentially,the rate of now through that membrane.
It is believedthat the correctorder of magnitude, at least, can be obtained

by this method.

Wc applied equation 24 to the calculationof pore radii in severaldia-

phragms and obtained thc results shown in table 2. Comparing table 2
with table 1, it will bc seenthat thé mean pore radii of the cellulosedia-

phragms are above the critical radius for concentrations of 10'~ N or

greatcr.
Cellulose preparcd from Schleicher and Schüll filter paper after thé

method of Briggs (3) was paeked into a diaphragm. This was the same
cellulosepreparation as usedby Bull and Gortner. As shown in figure4,
no variation in rate of flow(i.e., average radius) was noted in any of the

electrolyte solutions (sodiumchloride and barium chloride) used, in the

tration8not a~ec<tttj~ra<eo/ ~!otp

M*TB)tt*t. BAt.T MOXMAUTT
e

0)AR<CTBMM)a)

QuMtz. KCI 10-1 29.99 t63<tpart:c)edi&meter

Quartz. KCt ]0-' 20.60 t28~partic[ediameter
Quartz. NaCt >4XM-' 1.38 ca.5~pat-tic)ediameter(mixed)

Cellulose. MgC), 10-1 0.98 Gave normal {--concentrationcurve
Cellulose. NaC) OtoZXIO"' 0.86 Cf.Bgure4
CeHutoM. B&C), 0 to 2 X 10-3 0.86 Cf. figure 4 (same membrane)
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range0to 2 X M'~N. Valuesfor insodiumchloridesolutionsarealso

plottedin figure4 fromthedata ofBulland Gortnerand ofBriggs. As

maybeseen,nosignificantdifférencebetweenthe twosetsofdataeanbe

noted,aithougheachis basedon a differentcellulosepréparationand a

diSerentmembrane.Thewholeproblemofthecriticalradiusfor cellulose

diaphragmawiitbediscussedina laterpaper(10).

FtG. 4. Comparisonof concentration and radius-concentration curves of a

cellulosediaphragm and a diaphragm of quartz below thé critical porc size. Tri-

anglea, quartz; eireles, cellulose. $, barium chloride solutions; 0) sodiumchloride

solutions; e, data of Bull andGortner; 0, data ot Briggs. The r valuesfor quartz

are plotted at haif-scate.

It is intercsting to note that the pore radius for quartz of 163 diam-

eter was 31.8~ (table 2) and for those particles 138~ m diameter the

average radius was 22.2 <t. Bull and Gortner (6) found thé critical radius

for 2 X 10-~ N sodium chloride to lie between these two mdii. This M

surpnsing, as it is much above that predicted by Komagata (0.43 ~).

The explanation possibly lies in the fact that Komagata's equations are
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derivedon the assumptionthat ~f < 25 millivolts,whileactuallythe
potentialin this caseis about82 millivolts. White,Urban,and Krick
(16)foundthe crlticalradiusto beabout10for 5 X 10"*N potassium
chloridestrcamingthroughglasscapillaries.This high critical radius
may,nodoubt,be tracedto thesamecauseas discussedabove,forgtass
likewisebasa high{.potential.

Valuesfor thé meanporeradiiobservedwith a diaphragmof sma!t
quartz particlesbelowthe sizefoundcriticalby BuUand Gortnerare
plottedas a functionof the sodiumchlorideconcentrationin figure4.
Constancyis reachedat a concentrationof4 X 10--iN. Incidentatty,
thé rate offtowis independentof timeandshowsno bloekingeffectssuch
as thosenotedwithcellophanemembranes.This constantvaluepersists
at leastup to a concentrationofN/10. It probablyrepresentsthe true
meanporeradius. Inailcases,therateofflowwasa linearfunctionofthe
appliedpressure.

The{--concentrationeurveforthisquartzdiaphragmin sodiumchloride
(calculatedby equation1)is atsoshownin figure4. It will be noted
that the usualmaximumobservedby Briggs(3), Bulland Gortner,and
others(seeespeciallyAbramson,ref.1,p. 207)at 10'*N, in the caseof
uni-univalentelectrolytes,is absenthere; the curve progressessteadily
upward. Valuesof f wereapproximately30 per cent of thoseobserved
above the criticalUmit(1, 5). Thissuggeststhat membraneswhich
exhibita maximumat the usualconcentration(10-*N) are not in the
criticalrange.

8UMMARY

Conditionsin a membranehavebeen consideredin relation to the
measurementof thé streamingpotentialand the followingsubjectsare
discussed:

1.The equationfor the potentialbetweentwo coaxiatcylindershas
beensubstitutedfor the eonvcntionatplate condenserequation in the
caseofsmallporeradii.

2. Lens'modificationof the thicknessof the doublelayerin thin slits
basbeenintroducedintothisequation,andthecriticalvalueofthé radius
basbeenestimatedbythismethod.

3. Theseequationshavebeencomparedwiththe criticalradiuscatcu-
latedfromKomagata'sequations.It is foundthat the twosetsofequa.
tionsdonotyieldconcordantresuttsexccptwhenthé radiusis large.

4. Thé changein the viscosityof waterwith capillarysizebas been
considered.

5. Theelectrical"Gegendruck"hasbeencomparedwiththemechanical
pressure,andan equationexpressingthis relationshiphas beenderivcd.

6. A methodforobtainingtheaverageporeradiusbasbeendeveloped
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and tested. The theoretical critical pore radius bas been compared

with those actually found in diaphragma; the two values do not agrée ta

the case of quartz and glass.

7. Anomalies are noted in the ~-concentration and flow--concentration

eurves of quart:! diaphragms with pores below the critical point; these

curves are compared with cellulose, which behaves in a normal manner.

We wish to takc this opportunity to thank Professor R. A. Gortner for

his encouragement and helpful suggestions throughout the course of these

investigations.

REFERENCES

(1) ABBAMBON,H. A.: Etectroktnetio Phenomena. The Chemical Catalog Co.,

Ine., NewYork (tM4).

(2) BtMRMAN,J. J.: Z. physik. Chem. 188A,378(1933).

(3) BtttQOs,D. R.: J. Phys. Chem. Sa, 64t (1928).

(4) BULL,H. B.: Ko!)oid-Z.90, t30 (1932).

(5) BULL,H. B., AxoGoMMa, R. A.: J. Phya. Cbem.39, 11! (1932).

(6) DsMAQttt,B. V.: Physik.Z. SowjetuMon4, 431 (J933).

(7) EKBE,F.: Kolloid-Z.63,277 (1933).

(8) KoMAQATA,8. Researcheaof the Electrotech. Lab. Tokyo, No. 362(t9M).

(9) Lt:xa, J.: Proc. Roy. Soc.London t39A, 696 (t833).

(10)MoYtiB,L. S., *NCBULL,H. B.: J. Gen. PhyMo! 19,238(1935).

(U) MOnEB, H.: ColdSpringHarbor Symposiaon Quantitative Biology1,1 (1993).

Long Island BiologiealAaaoomtKin,Cold Spring Harbor.

(12) REtCHABDT,H.: Z. physik.Chem. 1<9A,433 (1933).

(13) SMOMrcHOWBM,M. VON:Bull. acad. Mi. Cracovie A, p. 182 (1903).

(14) STOCK,J.: Anz. Akad. Wiss.Krakau A, p. 635(1912).

(15) TEMAOHt,C.: Z. angew.Math. Mech. 4, 107(192~);J. Rheo). 2,283 (1931).

(16)WH!TE,H. L., URBAN,F., ANcKMCK,E. T.: J. Phya. Chem. 88,120 (1982).



21

STUDIES ON SILICIC ACID GELS. VI

INFLUENCE0F TEMPERATUREANDACIDUPOMTHETtME0F SET'

CHARLESB. HURD

Pepor<wef(<o/C~M~y, UnionCoMe~e,ScAenecta~,NewYork

Ne<e<t'e<tJunej<C,M~

tNTHODUCTtOM

In a study of the setting ofsilicieacid gels in this laboratory, Hurd and
Letteron (1)havenotedan interestingrelation between the "timeof set" of
the gel mixtureand the temperature. They found that the logarithm of
the time ofset couldborepresented as a linear function of the reciprocalof
the absolute temperature. By making certain rather simple assumptions
and treating the procès as a chemicalreaction, they wereable to catcu)ate
the value of an energy term analogousto the "heat of activation." The
values forseveralseriesof different mixturesof solutions of sodiumsilicate
and a-ceticacid gave the average value 16,940 calories. This was, of
course, withinthe rangefor chemicalreactions.

This resultwasso interestingthat it wasdecided to run a carefulcheck
upon the constancyof this value. In the study reported by Hurd and
Muter (2) using several different brands of sodium silicate, with soda-
silicaratios rangingfrom1:3.86 to 1:2.00, a closeagreement in thé values
for this heat ofactivation wasdiscovered. With six different séries, each
of five differentsilicates, variations of not over 2 per cent in this heat of
activation werefound. The average value was found to be 10,640calories.
We consideredat that Mmethat a suffioicntlyexhaustive study had been
madeof the effectof temperature upon time of set of these mixturesinvolv.
ing acctie acid.

The constancyof this quantity for these gels of sodium siticate-acetic
acid mixtures bas suggestedan investigation involving other acids. It
wouldbc very intcrestingto checkthe constancy of thé same quantity for
other acidsand to comparethé values for the different acids. In this wayan idea couldbe obtained as to whether this quantity is the same for any
actd~odium silicate mixture, or varies according to the acid employed.
In this paper willbe found the résulta of a study invotving comparisonsof
four possibleacids.

x Presented ColloidSympo8:um,heldat Ithaca,NewYork,June
~"22~tU3o.
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EXPEMMENTAL

In anystudyofthesettingofBtticicacidgels,the factorsoî température
and hydrogen-ionconcentrationpta.ya veryimportantpart. The latter
has beendiscussed,amongothers,by Prasadand Hatttangadi(4) and

Hurd,Raymond,andMiHer(3). Asthe latterhavepointedout,the time
ofset isproportionatto the concentrationofhydrogenionsfor concentra-

TABLE1
Time0/M<0~(?<mixturesMM'ftCAèrentacids

ConcentrationofNaOH 0.380gram-motoperliter. ConcentrationofSiOi=-

0.630j;ram.moteper)iter

SeriM II. Tartaric acid

SeriesIV. SueeinicMid

tionsofthe latterfrom10"'to 10' It ispossibleto duplicatethe hydro-
gen-ionconcentrationinanacidmixtureofsolutionsofsodiumsilicateand
acetioacid,owingto bufferingeffectof the sodiumacetateformed,and
with sufficientlycloseagreementmerelybymixingmeasuredvolumesof
the solutionsofsodiumsilicateandaeeticacid. Sucha thingis,ofcourse,

completelyimpossiblewithanystrongacid. In that casea morecom-

plicatedtechniquemustbeemployed.

u.~tov tmuu*uwr pcr t~K.r

T~T'S~
Tn.BT~M,N~~T

1
OONCBNTII4- 1A1:7DIN

îu

Toge or ost III MINOTB8Air

atMM-)fOm< ––––––––)–––––––––,–––––––––
Moutea. M.t'C.

1 M.t'C. j M.O'C.

Seriesl. Acetieacid

1 0.496 M.o M.O 4.4
2 O.Ot 109.5 31.0 9.0
3 0.844 194.5 57.0 15.8
4 1.041 ?6.6 84.0 23.3
5 1.240 322.0 97.6 28.8

1 0.414 4.62 M.5 19.0 5.5
2 0.440 4.45 140.0 42.6 10.8
3 0.466 4.25 228.0 70.5 19.5
4 0.518 4.01 415.0 118.0 34.5

Seriesin. CitricaeM

1 0.500 $.18 27.0 7.4 2.2

2 0.625 4.57 90.5 25.55 8.0

3 0.750 4.21 195.5 56.0 17.3
4 0.875 3.92 341.0 06.5

j
31.0

1 0.502 5.31 25.0 7.5 2.1
2 O.S04 5.04 43.0 13.0 3.5
3 0.827 4.87 05.5 18.0 5.6
4 0.690 4.74 87.5 24.4 7.5
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R~~

Th~iNeboM~bedhctudeaa studyofatt the weakacids found

sui~bt&~Ma a~d tnusMbesuScienttywoakso that the hydrogen-ion

coM~tgsat~~r~~ït~ ugthesufiielenttysalubleat Theacids

foun~B~taB~ewë)~]&<:9t~~tartaric,oitric,and succinic. The ionization

con~a~re l.~( y'j~
X 10- 8 X 10- and6.6 X 10" for the

6rstt~uia~t~Ionoba8ic andpolybasicacidsarc represented.

Fto.1. EffcctoftemperatureontimeofMtofaiticicacidgelswithdifférentacids

It is to bc regretted that boric acid \vaBnot a.v&UaMebecauseof its low

solubility.
Mixtures were made as previoustydescribed m this series of papers.

The silicate used was E brand' with a soda-silica weight ratio of 1:3.19.

Théauthorswishto thankthe PhiladelphiaQuartzCompanyforits kindnesa
insupplyingail thesilicateuaedinthis andotherreaearch.
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Aitdistiitedwaterwa«freshtyboiiedto eliminatecarbondioxide. Stand-
ardchcaucattypurereagentswereused.

Mixtureswererunat threedifferenttemporaturesincarefuUycoutrotted
water thermostats. Thémixturesof 80ce.weretbermostatedin covered
100-ce.GrtfBnformPyrexbeakers. The timeofset wasdeterminedby
thé "tilted rod"method. Checkdeterminationswerealwaysrun,agree-
ment in timeto2percentorJcssbeingobtained. It shoutdbenotedthat
in thèsecontainersat thehighesttemperature,the temperatureof thégel
mixturesremaineda fractionof a degreebelowthe températureof the

TABLE2
Valuesforthe<(o~o/ iheet<)'fMforlogtimeo/ te<againstreciprocalabsolute

temperature

TABLE 3

t'eûtes /or fAeAeaio/acttfottott/o)'<~<eMt'~o/~Mo'cacid ~~s M</tcef<at'ttweotacida

bath. Thé gelmixturetempératurewasrecorded. Thedata are givcn
intable1,thétimesofsetbeingthcaverageofsevera!déterminations.

Thèsedata wereplotted,usingthe logarithmofthe timeofset as ordi-
nate with the reciprocalof the absolutetemperatureas abscissa. The
curvesobtainedareapparentlylinear. Figure1showsthe typeofgraph
obtained. It shouldbe notcdthat the ordinateshave beenadjustedto

permit the fourcurvesto beplottedon thesamedrawing. In obtaining
the slopes,of course,eachset ofcurveswasplottedseparately,obtaining
steeperlinesandbettcraccuracy.

Theslopewasdeterminedfromthé curvesobtained. Thévaluesofthé

t<!tp<r<HNre

JMtC
MtXTOKB ~–

Acetie Tertorte Cjtcic Stteeinic

1 3820 3920 3720 3700
2 3780 3890 3700 3780
3 3790 3750 3880 3780
4 3080 3700 3700 3740
5 3650

mxït'ME
Acetic Tartntto Citnc StuxiBie

1 17500 17950 17020 10930
2 17300 17800 !6950 17300
3 17350 17170 16850 17300
4 168SO 17220 10950 17230
5 16720

Average. 17140 17530 16940 17190

veritge 1 17140 17M loi

~40

_0

17190



STUMKS ON MMCtC ACtC t!R~. Vt 26

slopesare given in table 2. By multiplying the slope of the curves by

8.3037!, the heat of activation should be obtained. Those values arc

included in table 3.

DISCUSSION

The data presented hère and in the previouswork of Hurd and Muter

show certain characteristies whicharc worthy of discussion. The catcu-
lated heats of activation are essentiattyconstant for a given acid. It must
be remembered that the best results whichwe have been able to securefor

the time of set, after six years of work, show differencesup to 2 per cent.
At higher temperatures evaporationcausesan error which weare unable to

avoid with our methodofdeterminingthe time of set. The heat of activa-
tion is determined from the stope of a curve. To secure better results
would require a very long seriesof determinations,such as were roported
by Hurd and Miller for acetic acid mixtures. A complète séries of runs
shouldbe performedat 0"C. Wchave carried out enough of these for the
acids discussed in this paper to convinceus that our reported results are
correct.

A comparison of the values for a given acid will show an appreciable
deerease in thé heat of activationas onegoesdown thé series for each acid.
This was apparent in the moreaccurate data on acetic acid reported by
Hurd and Miller, and is apparent in the data reported here for acetic and
tartarie acids. A comparisonof the average résulta showsan appreciable
difference in the value for the differentacids.

In thé study of the reaction of iodineand acétone, catalyzed by various

acids,Rice and his coworkers(6,6) and Rice and Urey (7) have reported
that the heat of activation is decreasedsomewhatby thé addition ofa sait
of the acid eatalyst, when a weak acid is used. Our results do not show

this effect, but do showa somewhatlowerheat of activation in the case of
acetioand tartaric acids as moreacid is used.

They have also reported that their reactionshoweda lowertempérature
coefficientfor weakacids than forstrongacids. The samegénérât effectis

shownhere, tartaric acid havingthé highestheat ofactivation and also the

highest dissociation constant, although the differencesare not particularly
marked.

A striking difference between the effect of the acid should bo noted
between the réactionstudied by Riceand his coworkersand the setting of
the siiicic acid gels. In thé iodine-aeetoncreaction, the acid serves as a

catalyst. In thé setting ofgelsofsilicicacid in thc acid range, the presence
of more acid retards thé setting of the gel.

We can give no explanationat presentfor the simitarity and dulcrences
of thèse results.
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MfMMARY

The effectoftemperatureuponthetimeofsetofgelsofsilieicacid,made
by mixingsolutionsof sodiumsilicatewithsolutionsof acetic,tattaric
citrio,orsuccinicacids,hasbeenstudied.

The heatsofactivationareessentiallyconstant.
The heat ofactivationisslightlyhigherfor theatrongestacid,tartarle

acid.
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X-RAY 8PECTROGRAPHY0F ALKALICELLULOSES'

JOHNB.CALKIN

Dewtt'tMJt~MHt/ectMft'~Company,Framingham,~aMachMM«a

Neee<M(<JunefM,~C

BancroftandCalkin(1)bavedeterminedpreviousiythetrucamountsof
sodiumhydroxideandwatertakenupbycotton. Theysuggesteda corre-
lationbetweenthesedata andthe x-raydataonramieofother investiga-
tors. tn anotherpaper (2)it wasshownthat thé causticsodamightbe
takenup in threeways,i.e.,byformationofasotidsolution,byadsorption,
orbythe formationofasodiumcellulosatewhichwouldbeadsorbedbythe
cellulose.

Inorder to ctanfythissituation,it is importantto havethe adsorption
dataand x~raydataonthesamesample. Theprésentinvestigationdcab
~viththe correlationofx-raydatawiththepreviouswork.

Froman x-raypointofview,ramieisthebestmaterialto workwitha8
it givesthe bestdiffractionpatterns. Howeverit isdifficultto purify,so
that adsorptionstudieshavebeenmadeon cotton. For tbis reason,the
x-raydata presentedherehavebeenobtaincdoncotton. It ishopedat a
latertimeto purifyramie,determinetheamountsofcausticsodaandwater
takenup, andrelatethex-raydatato this. Theworkoncottonandramie
willthen presentthe backgroundforattackingthe problemfromthe or-
ganicviewpoint,in orderto writetheformutas.

Hessand coworkershavebeeninvestigatingthe atkaucelluloseproblem
by means of x-rays. They haverecentlyobtaineddata on the total
amountsof causticsodaandwatertakenup by ramie(6) by an indirect
neutralsait methodworkedoutpreviously(9,10). It bas beenshown(2)
that this type of indirectmethodpresentsdimcutties,and the centrifuge
methodis thereforeconsideredmorereliable(1).

Beforedescribingthe experimentalresults,it appearsbest to acquaint
the reader with certainexperimentalevidencearrivedat by Susichand
Wolff(11) and Hessand Trogus(6). Theformerhave investigatedthe
changesoccurringwhenramieis treatedwithcaustiesoda,andthe subse-
quentdifférenceafterwashingout thecaustiesoda. The latterhavedis-
cussedthe differentx-raydiagramsresultingwhencaustiesoda(andother

Presented&tthéTwetfthCo))oMSymposium,heldnt tthaca.NewYork,June
20-22,1935.
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alkalis) are left in the ramie. Thé followingschemeshowswhat occurs:

Caustie pretreated ("hydrate") ramie

H,CL/

Native ramie ~.CcH ~a-Ce!. II

-H,o
tt

+H.O
HtO

Na-CellIII

Hcss and Trogus found titat when ramie fiberswere treated with 16per
cent sodium hydroxideand the solution allowed to remain in the fibers a

new diagram resulted,which they ascribed to the formation of Na-CetiI.

By desiccatingNa-Cell I, they obtained another diagram, that ofNa-Cell

111,which, in the presenceofwater, reversed to Na-CeHt. With about 21

per cent causticsoda in the sample they obtained thé diagram of Na-Cell

II, which did not changeon dehydration and reversed to Na-Cell1 onthe

addition ofsufficientwater. In approaching any modification, the transi-

tion did not occursharplyat a given concentration but gradually, that is to

say, in tbe caseof the changeof native ramie to Na-CcH I, the native dia-

gram was presentin a mixeddiagram (native and Na-Cell I) approximately
over a 3 per cent range. Susichand Wolffhave found that the washed-out

product yietdsstill another diagram, thé "hydrate" or "mercerized" dia-

gram. Whencellulosewith this latter diagram is treated with caustiesoda

it gives the same diagram with the caustic in the sample as native fiber

treated with causticsoda of the same concentration. Whett the eaustic M!

subsequently washedout and the fiber dried, thé diagrams arc thé same.

CHAKGESIMTHEX-RAYPATTERN

Figure 1,reproducedfromanother paper (1), gives the amounts of caus-

tic and water taken up. It was desired to détermine whether or not thé

x-ray pattem was changed completely at the point of maximum water.

In order to determineat what point the x-ray pattern of eotton changed,

samples of cotton were treated in caustic soda solution for twenty-four
hours at 25"C. The samples were then washed caustic-free, after

which they wereair-dried. X-ray patterns of the fiberswere takcn, and it

was found, as shownby the data in table 1, that the native pattern begins
to change at about 12.8per cent and is changed completely between 14.3

and 14.4per cent sodiumhydroxide. As will be seen by consultingfigure

1, this practically coincideswith thé place where maximum water is taken

up and where the horizontal portion of the change-in-titer (Vieweg)curve

comes.

When the caustic sodasohttion isallowed to remain in the fibersand the
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x-raydiagramobtained,'it is foundthat a newdiagram,that of the
productknownasNa-CellI, isobtained. Usingcottonthe limitfor the
formationofNa-Cett1 mbotween13.4and14.1percentsodiumhydroxide,
asshownin table2.

It has beenshownpreviouslythat theupanddowncurveswithcotton
arenot the same(seefigure2). For thisreasonit waabelievedthat the

changeto Na-CellI, usingmercerizedcotton,shouldoccurat a lowercon-
centrationthan wtthnativecotton. Thisis the casefor,as thedata in
table3 show,the timitwithcottonpretrcatedwith14.4percentsodium
hydroxideisbetween10.8and11.85percent.

Trogus has shown (12) that a greater amount of hydrazine is taken up by
cellulose fibers in dilution series than in concentration series, and that the

Diagrams were obtained in theueuatKeeMmtubes. Avariation fromthe usual
procedure was our method of putting thé samplein the tube. A 8ampleof cotton
was contrifuged for a given length of time, then the sample for the Keesom tube
was puUed out in the usual way. The samplewas held by one personand then
another person tied one end with fine thread which had been previouetythreaded
through a tube. Thé ends heldby the fingerswere then eut off, and the samplewas
puUedinto the tube. The tube was then aealedwith wax. Heat was not ueed be-
cause of the danger ofdrying or scorchingthe sample. Thé above methodfor ptao-
ing the sample in the tube workedvery wellafter Bornepractice, and the writer is
indebted to Dr. RuMe)for hieassistance.
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changein x-ray patternoccursat &lowerconcentration.From thèse
resultsofTrogus,oursorptionresultswithvariousup (concentration)and
down(dilution)seriesshowninfigure2, andourprésentx.rayresults,it is
evidentthat a dilutionsériesfrom,say, 14to 15percentwouldlowerthe
limitgivenin table3stillfurther.

Trogus alsodaimstheformationofNa-CellIir at lowconcentrationby
dilutionseriesfromNa-Cell1andbyconcentrationsériesfromprotreated
(hydrate)celluloseat 2.65pcrcentsodiumhydroxide. Asshownin table
3,thiswasnoteheckedwithcotton. AsTrogusworkedwithramie,it was
dpcidedtouseramie,butNa-CeMIII' wasnotehecked,asshownintable4.

TABLEt

X-ray paHtrK M/ K<t<i't'cf<'««K, ~«'(rMfftf /w <ttfM<i<M)' ~Mrs at ~"C. and tMxM

TABLEZ 2

MM~ M~Mf'Ut MjKtftma/t't'e K'/<0ft

Trogusdoesnot givethe concentrationofpretreatmentbut thisshoutd
not expiam thé difficulty,as hc started with mercerizedcellulose. At
present,the reasonforthediscrepancyisnotclear.

Cellophanetakesuplittleifanyalcohol,andhenceshouldnotbeappre-
ciablyplasticizedinakohoticcausticsolution(2). Onthisbasisoneshould
beableto obtain the effectof sodiumhydroxidealoneonthe x-raypat-
tern. Standardcottonwasplacedin a concentratedsolutionof alcoholic
causticsodaat toomtemperature(ca.23C.) fortwenty-fourhours. The

change-in.titeramountofcaustictaken upwasfoundto be0.92moleof
sodiumhydroxidepermoleofcelluloseat anoutsideconcentrationof2.35
molesofsodiumhydroxideper1000gramsof ethylalcohol. Thecotton
wasthcn neutralizedin water-freeacidulated(hydrochloricacid)alcohol,
aindthen washedchloride-freewithdistilledwater. The samplewasair-

~-tM~ ~V "Mm~. ~~tun, ~ftttt.tHFn tut tut'Mt~Hr ft~Hrs nf .ect. o/ttt HMïNftftt

~S~ .T,U.T,.rT.~YRBTIiBATmRNT X-BAY PATTETTN

)'«'MM<

10.3 Native cellulose

12,8 ~toBttynatiw, but sH~ht mercerised
13.32 Native and mercerized about equat
14.3 Mostiy merceriitcd,but slight native
H.38 MErcenzed

COKCËNTKATtO})OfXtOH Xm(;t,T)ttOX-KAtfATTBON

ptrttttt

6.9 Native cotton
11.09 Native cotton
13.4 Almost pure Na-Cet) I; some native
14.1 Na-CettI1
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dried,and an x-raypatternofa bundleofparallelfibersobtained. The

spacingsobtainedwerethosefornativecellulose,showingthat the taking

upofcausticsodafromalcoholincausticsodasolutiondoesnotchangethe

diagram.

TABLE3

~~ecto/caM~hcsolutionuponeo«OHpM<)'MM<et'<t p<rcentMdtMMAydroztde

COKCENTHATtOHOP NtOH Htam'nKO X-HAYMT'TMM

p<r«M<

· 2.68 Mercerized

5.99 MefoeMed

8.38 Mercerised

10.8 Meroortzedand Nft-Cett I

11.85 Na-Ce)HI

Heuserhas considered(7)that becausethechange-in-titermethodgives

highervalues for thesodiumhydroxidetakenup the alkalicetlutosecom-

poundshouldbefonnedat lowerconcentrations;hebaspredictedthat the

changein the x-raypattem shouldresultat a lowerconcentrationin

aqueous-alcohoticsodiumhydroxidesolutionthan in pure water. We

havealreadyshownthat thetruosorptionvaluesaremanypercenthigher
than the change-in-titervalues(1),andare nearer thosefromalcoholic
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solution givenabovethan the ehange-in-titervalues. Furthermore,as
shownabove,thex-raypatternofthecellulosedoesnotchangewhenplaced
in aicohotiecausticsodawheretheamounttakenupis !nexcessofthat of
the compoundwhichHeuserholdsexists.

Hess and Trogus(5)haveobtainedsomevery interestingrésultawith
methanolsolutionsof sodiumhydroxide.They foundthat whenramie
fibersare treatedwithwater-free20percentsodiumhydroxide-methanol
solutionforonedaythereisnochangein thex-raypattern. However,if
the fibersaresteepedin this Uquorformorethana week,thecelluloseinter-
ferencesdisappeargraduallyandthe fiberdiagramofNa~CeUIII or Na-
CellII is obtained.Whiletheexperimentaldataarenot at hand,wewould
expectsomesweUmgofthefibersinsodiumhydroxide-methanolsolutions,
but not asmuchasinwater. KressandBiatkowsky(8)haveshownthat
vater is a bettersweningagentforcellulosethan alcohol,sothat the rôle
ofthe solventappearsto bean"openingwedge"for thepenetrationofthe

caustic,althoughwatermustbepart of the compoundNa-CellI, as the

TABLE4

~ec<c/ sodiumhydroxidesolutionuponramiepretreatedMM.~percentsodium
hydroxide

drying of Na-CeU1causesthe formationof Na-Cell III (5). However, it

certainty appears that the greater the swetMngthe greater and quickerwill

be the penetration of the causticinto thé lattice. In support of this posi-
tion Hess and Trogus(5)have shownthat unstretched ramiewhen treated
with about 12.5pcr cent caustic soda and then washed gives the caustic

pretreated ("hydrate") diagramwhereas,under unspecifiedtension, 30 to

35 per cent solutionwasnecessaryto obtain the new interférences. They
have shown also (4)that ramiefibersunder sufficient tensionin 45per cent

caustic solution for more than a week gave the interferencesof native

cellulose when washedout under tension.

Hess and Trogus (5)emphasizethat water is necessaryfor the formation

of Na-CeU 1 and for rearrangementof Na-Cell II to Na-Cell I. If by

adding water Na-CellII changesto NaCell I, and the latter to "hydrate"

cellulose, then one wondcrs what pattern would be obtained if native

cellulose were treated for, say, two weeks with water-free 20 per cent

sodium hydroxide-methano!,the paustic neutralized with dry hydrogen

CONCBKTXATtOK0F N<OH

-I~

)tE<LM)S<) X-RAt MTTMH

~tr centI~

0.9 Mercerizeddiagram; no Na-Cell III'

1.46 Mercerizeddiagram; no Na-Ceft 11!'

2.38 Metcenzed diagram; no Na-Cell III'

3.0 Merceriiteddiagram; no Na-Ce))111'
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chloride,and the sample then washedchioride-freewith water. This
woutdtellwhetheror notNa-Cell1isa necessarystagein théformationof

"hydrate"cellulose.

HOW CAUSTIC SODA 18 TAKEN UP BY CELLULOSE

IfweapplythePhaseRule,usingonlytempératureandconcentrationas

independentvariables,wehavethreeexplanationsforthe mechanism,i.e.,
formationofso!idsolution,adsorptionofcausticsoda,or the formationof
sodiumcellulosate. Thefirstis ruledoutas thediagramdoesnot change
contutuousjy;the secondpossibnitydoesnot accountfor the changein

diagramas the diffractionsarenot thoscof sodiumhydroxide;the third
doestakecareof thechangeindiagram.

Bancroftand Calkinpointedout previousty(1) that data shoutdbe
obtainedonthe takingup ofcaustiesodabyprecipitatedcellulose.This
wouldeliminatetheposslbilityofthefibrousor"grownstructure"beinga

TABLE5

Change-in-titeramountefcaustiesodatakenup6ypreet~'faMcellulose

variable. Somepurifiedcottonwasdissolvedincuprammoniumsolution,
precipitatedby extrudingintosutfuricacid,and thengiventhe usual17.5

per centa-ceiiutosetreatment. Change-in-titeramountof causticwas
thendetermined,thc data beinggivenin table5 and in figure3. It is

evidentinfigure3that thecurveissmoothupto8molalsodiumhydroxide,
beyondwhichthe causticis probablyattackingthécellulose. The curve
doesnotneccssarilycoincidewiththepreviouscurves,becausethe cellu-
loseismodifiedasonepreeipitatesit.

Thémainpointto bearinmindisthat thefibrousformor"grownstruc-
ture"ofcottonisnota variablesofaras thePhaseRuleisconceraed.

Eisenschitz(3)has shownthat with the introductionof a membrane,
theconcentrationand temperaturemaybe variedwithoutviolatingthe

PhaseRule. Thisis simplyaddinganotherindependentvariable,sothat

F = C P +3

WMf7fyc-t7t-nteroTHUttTM<~ t'ttM<fncw<iu KfKC~M~Fuy prectj~ttGtCtt petmtvae

tMMUTrOPnNAt. MK.'T«)M tttLUOBtMt0FMPttttt BtCt.OHBBMtfBNMOMMTro~nNAt.<!OMT«M<
efCB[.H)t.O<B

0.399 25.77

0.775 37.3
1.660 61.1
2.600 78.7
3.590 HO.B
5.030 H8.0
8.470 121.77

12.30 109.0U

0.250 118.5
9.690 161.0
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On this basisHess (6)haseonsideredthat twosoUdphases(oeUutoseand
sodiumceitulosate)are present. Wepreferto considerthat thefeisonly
onesolidphaseconststingofsodiumcellulosateadsorbedonceUutose.

Referringto figure1,it willbeseenthat Na*CcU1is formedwheretwo
molesofsodiumhydroxidearetakenuppermoleofceUuIose.Thecom-

poundcontainswater,butprogressivedehydrationshavenot beenmade,
80that it isnot possibleto saywhetherthemaximumwaterisnecessary.

FM.3. SodiumhydroxidetakenupbytegeM~tedeeHutose(change-in-titermethod)

Scherer has shown (8a) that whencelluloseis placedin liquid ammonia and

sodium is added hydrogenis givenoff. An x-ray analysis of this system

may shed light on the compositionof the compound.

8UMMARY

1. The x-ray data have been correlatedwith our previous adsorption

values for cotton.

2. It has been shown that cotton treated with sodium hydroxide in

ethyl alcohol solution doesnot formmercerizedcotton.

3. Pretreated cotton fonns Na-Cell 1 at a lower concentration than

native cotton.
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4. 1t htM not been possibk' to obtain Na-Cell III' under our experimental
ponditions.

5. A sodium ceihdosatp ts formed which in adsorbed by thc peHu)osc.

C. Thé use of the x-ray method to supptement adsorpHon curvcK M very

important and t'outd bc Hfed very proHtaMy.

Thé writer wishes to acknowkdge his indebtedness to Professor Ban-

croft, under whose direction this work was carried out, to the Textile Foun-

dation for financial assistance, and to Professer Katz for his suggestions
and thé use of his x-ray cquipment.
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THE OXIDE FILM ON PASSIVEIRON'

WILDERD. BANCROFTANDJ. D. PORTER

BepoWBMt<ofCAon<t<fy,Corm-HUniverety,~Aoea,NewYork

/!<MWd/tftM.90,/M~

Nowadays nearly evetyonc admits that there is an oxide film on the
surfaceof passive iron, but there is still quite a differenceofopinion as to
the composition of the oxide. In Englandthey incline to the belief that
the filmis ferrie oxide,Fe<0<. Evans(3)dissolvedthe iron froma pieceof

passive iron and obtained a residualfilm of ferrie oxide. This proves
nothing as to thé initial compositionof the oxide if oue admits the pos-
sibility,suggested by Bennett and Bumham (2)in thé Comelllaboratory,
that the film is an instable oxide, stabilizedby adsorption on iron. On
removalof the iron, the hypothetically-instable,higher oxidewould revert
at once to the stable ferrieoxide.

Hedges(8) heated ironslowlyin concentratednitrie acid, and found that
at first the iron was passiveand the solutionalmost cotortess. At about
66"C.a faint yellow color appearedinthe liquid,and at 75*0.a slowevolu-
tion of small bubbles of gas occurredat the surface of the metal. At

higher températures the iron dissolvedRuddeniyand with explosive vio-
lence. Powdered ferrie oxidewas ignitedin a silica crucible, cooledin a

desiccator,and then placed in a test-tube containing10 ce. of nitric acid

(8p.gr. 1.42). At the ordinary temperaturenocolorationwasproduced in
the acid and only the faintestyellowwasformedwhen the ferrie oxidewas
left for twenty-four hours at 30"C. The rate of solution of ferrie oxide
in nitric acid under thèse conditionsis thereforeroughty comparablewith
that of passive iron.

"When the temperature was raisedslowly,as in the oxperimentson the
transition of passive iron,the first faintyeUowcolorwas produced at 68";
at 75"the solution rapidlybecamedeepyellow,and the thin depositsun the
sidesof thé bottom of the tube vanishcdbetween75"and 77". The heat-

ing was contmued up to 90°without further changeother than a general
deepeningof the yellowcolor. The total amountof ferrie oxidedissolved
was small. In an experiment carriedout in 90 per cent nitric acid, thé
first faint yellow color appeared at 64°, and the solution became deep
yellowoverthe range of72' to 77". It appears,therefore,that thetempera-

Presentedat the TwetfthCoOoidSymposium,heldat Ithaca,NewYork,June
20-22,1935.
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turc a<whieh pawtt'f troMbecomesactive!Mft!<ncac~ c<w)CK/M!M'<A~o< at
whichthe rate <M~<<otto/M-t-tcoxide&ecMt~appreciable."

This seems quite impressive,but reaUy proves nothing, beeausc the
agreement is purely arbitrary and bas no theoreticai signincance. We
repeated Hedges' experiment,usingferrie oxide whichhad beensintered at
1000°C. for half an hour. It did not dissolveeven m boilingconcentrated
nitrK-acid. When the oxide wasmerely dried at 150*C.,it dissoh'cd at
room température. Hedgeshappenedto give his oxide just the right heat
treatment to make the experimenta misleadingone.

Bennett and Bumham (2) showedthat iron could be made passive by
dipping it into a potassiumferratesolution. This proved that thé adsorbed
oxide film could not be a higheroxidethan FeO,, but did not excludethe
po~sibiiity of the filmbeingFc,0~or Fpï0<. Aetually there weredata in
the literature by Haber (4) and by Haber and Pick (6) whichpennit the
fixingof a lower limit.

They say that "whcn wrought iron (sheet, potishpd with pmpry) and
file-steel are made anodes(at or 22", respectively) in a caustie potash
solution of specifiegravity 1.3t3(measuredat 26") with a current density of
several amperes per square decimeter,red streaks are formedduring tbc
first few moments after the circuithas beenclosed. After severaiseconds
thé only anode traction obscrvpdis the evolution of oxygen. This tran-
sient formation of ferrate can, however,be produced as often as desired,
merely by reversing the current, making the original anode cathode for a
moment, and then makingit anodeagain."

We found this experimenteasy to repeat, using a strip of Armco ingot
iron and an anode current densityof about ten amperes per square deci-
meter. With this current density red streamers of ferrate solution are at
first carried away fromthe anodeby the risingbubbles of oxygen. After a
few seconds thé formationof ferrate ceases, the anode having become

completely passive. If we use a much lowercurrent density, ferrate and
oxygen continue indefinitelyto be formedsimuitaneousjy, though in vary.
ing relative proportions. When the current density is increased, the
formation of ferrate decreasesand finally stops altogether, at least so far
as visual tests are concemed.

Since the formationof ferrate occursat a lower eurrent density than the
going passive, the oxidefilmon passiveiron in these solutions cannot be a
lower oxide than FeO). The situation is, therefore, that Haber and Pick
(6) have proved that the filmproducingpassivity is not a loweroxidethan
FeOa,while Bennett and Burnham (2) have proved that it is not a higher
oxide than FeO,. Consequentlythe oxide film in these solutions has the

composition FeO~,is an instableoxide,and is stabilized by adsorption on
iron, just as thé frpecoior-baseofroMni)ineis stabilized by adsorption on
silk (Bancroft (1)).
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Theseexpemnents provenothing as to the compositionof thé oxide film
in acid solution. As a matter of fact, we rather hoped that the oxide film
wouldbe FeOi in nitric aeid and FeOtor Fct0<in hydrogen peroxide, but
we had no sueh luek as that. We were able, however, to identify the
oxidefilms obtained in other waysby making eiectromotiveforce meas-
urements.

Heathcote (7) showedthat nitric acid of sp. gr. 1.20will not make iron

passive, but will keep passivated iron passive for a considerable time.
Hencewe can passivateiron with anydesiredpassivatingagent, dip it into
nitricacid (sp. gr. 1.20),and then measurethe electricalpotential against a
normalcalomel electrode. The calomelelectrodeis always anode to pas-
sive iron.

The intrinsic iniitabitityof the passivefilm and the fact that adsorption
is involved make passive iron potentials dinicutt to reproduce. The

observedpotential is a funetionof time,and of the area, previous history,
and conditions of immersionof the sample. If we make a pièce of iron

passive,measure its potential,makeit active again,and repeat, we do not

always obtain the same potential. When we try to compare different

samplesof iron and diSerent passivatingagents, annoyingly large varia.
tions in potential occur, but valid comparisonsare possible if a large
number of trials is made.

Weare justified in taking the mostnoble ofa seriesof potential readings
as the nearest to thé true valueforthe oxidefilm. The occurrence of weak

spotsor "active centers" in thé filmtends to lowerthe potential, as pointed
outby Haber and Goldschmidt(5),whileno conceivablecircumstances can
causetoo high a potential. For thèse measurementswe used lengths of
Baker's No. 30 iron wire "for analysis" (Fe ==99.8per cent) sealed into

gtass with 1 cm. projeeting, givingan exposed area of about 0.08 cm.'
Whenthe potential of suchan electrodewas beingmeasured, the exposed
iron surface was immersedcompletelyin the nitric aeid (sp. gr. 1.20) in

order to avoid an air-liquid-iron junetion,at whichactivation is known to
be rapid. Potentials weremeasuredagainst a normal calomel electrode,
usinga Leeds and Northntp potentiometer,student type. Table 1gives

typicalvalues of the potential of ironmade passiveby various means.
Electrode No. 1 was first made passivein nitric acid of specifiegravity

1.42,then transferred to nitric acid of specifiegravity 1.20 and its poten-
tialmeasured with referenceto the normalcalomelelectrode. The highest
va)ueobtained was+0.752volt with the ironelectrodeas cathode. After
activation in hydrochloricacid, the electrodewasmade anode in a potas-
siumhydroxide solutionofspecifiegravity 1.36andpolarizedwith a eurrent
of 10to 15mittiamperes. After this treatment thé potential in nitric acid
of spécifiegravity 1.20was +0.746 volt. The iron wire was reactivated

and then made passiveby dipping for several minutesin a potassium fer-
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ratesolutionpreparedfromu'onandpotassiumnitrate as describedby
Bennettand Burnham(2). Théhighestpotentialthis timewas +0.741
volt. As a chcck,the wirewasagainmadepassiveinconcentratednitric
acid,after whiehit gavea potentialof +0.741volt. Thedifférencebe-
tweenthis andthe initia!valueof+0.752voltis probablyduotochanges
inthesurfaceduringthé severaiactivationsand deactivations.

Thpsepotentialslie 80neartogetherthat iron,madepassiveby potas-
siumferrate,byanodicpolarizationinalkali,and by concentratednitric

TABLE1
Poh/tMo~ uf paM«'e troMxt H)<ft'cocM (~. er. /M)

Thenonnalcalomelelectrodeisalwaysanode

acid, must be protected by the sameoxide. Since this oxide cannot be
eitherhigher or lowerthan FeO},it mustbe FeO;.

Electrode No. 2 was made passivesuccessivelyin 30 per cent hydrogen
peroxide,in concentrated nitric acid,and in an 8 per cent and a 2 per cent
solutionof chromiumtrioxide in water. The maximum potential attained
in each of these cases, measuredas beforein nitric acid of specifiegravity
1.20,lay between +0.749 volt and +0.754 volt with the iron electrodeas
cathode. This confirmathe bdief that the passivity produced by au these

reagcnts is due to the formationof the sameoxide,Fe0<.

.a. e.~ w n w~ o m ve

) ttMttATMHMBtn' MtXtMUMN.

voile

No. 1 HNO,, 8p. gr. 1.42 +0.752
Anodic potari~atton in KOH,ap. gr. 1.30 0.746
K<FeO<Mtut!oo 0.741

HNO~,sp. gr. 1.42 0.741

~o. 2 30 per cent H<0)(superoxol) 0.7M

HNO,, sp. gr. 1.42 0.153
8 per cent CfO. in water 0.754
2 per cent crO, in water 0.749

Na. 3 HNO,, Bp.gr. 1.42 0.740

KMnO<solution, 1.7N (0.3N in H,SO,) 0.734

No.
1 HNU,, sp. gr. 1.42 0.743Ne. 4 HNO,, ep. Kt'.1.42 0.743

15cc. HNO, + 0.5 cc. HtO 0.751
15ce. HNO, + 1.0ec. H.O 0.752
15 ce. HNO, +1.5 ce. H,0 0.753
15 ce. HNO, + 2.0ce. H,0 0.753
15ce. HNO, + 2.5 cc. HjO 0.754
t5 cc. HNO, + 4.0 ec. H,0 0.755lu

t5cc.HNO,+o.Occ.H,0(='op.gr.).35) 0.742

HNO,, op. gr. 1.42 0.739
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Athirdelectrodewasmadepassivein concentratednitricacidand then
in anacidifiedpotassiumpermanganatesolution. Maximumpotontiakof

+0.740volt and +0.734volt wereobtained,whichare sumcienttyclose
to provothat thé passivityproducedbyacidpermanganateisdue to the
formationof FeO~.

EtectrodcNo. 4 wasmadepassivesuccessivetyinsixconcentrationsof
nitricacidlying betweenspecifiegravities1.42and1.35: In eachcasethe

maximumpotentinllaybetween+0.742voltand +0.755volt,thus prov-
ing that thé sameoxide,FeO;,is formedby ail nitricacidsolutionscon-

centratedenoughto producepassivity.
Bennettand Burnham(2)emphasizedthe part playedbyadsorptionin

stabilizingthe oxidefilm. If the higheroxideis reallyadsorbedon thé

iron,the potentialshouldvarycontinuouslybetweencertainlimits. Lest

thisconclusionwouldseernto bebetiedbythe relativelyconsistentpoten-
tialsgivenin table 1,wementionagainthat onlythe highest,relatively
stablevaluesofthepotentialshâvebeenincludedinthe table. Sincethese

correspondto a practicallycompletecoveringofthesurfacebya maximum
thickncssof oxide,the dataagréefairlywellamongthemsetves. Dozens

of valuesbetween+0.4volt and0.7voltwereobtained,especiaitywhen

thé attempt wasmadeto usestripsof iron insteadof wires. Although
thesepotentialsareofno useforcomparativepurposcs,they doindicate

that adsorptionisplayinga part. Sincea filmofFeOawhiehcoversonly

partofthesurfacetendseitherto repairitsetfor tobreakdowncompletely,
adeterminationofanadsorptionisothermisoutofthequestion.

WhiteMurphywasstudyingtheoxidizingandreducingactionofhydro-
genperoxide,he cameacrossa beautifulinstanceofthemisleadingexperi-
ment. Ascverybodyknows,dilutehydrogenperoxidemakespassiveiron

active. Murphy found that concentratedhydrogenperoxidemakes

passiveironactive. Thislookedas thoughconcentratedhydrogenperox-
idewasactingasareducingagent,butit provednotto betrue. Hydrogen

peroxideisdecomposcdcatalyticallyat thesurfaceofpassiveiron. With

concentratedhydrogenperoxidetheamountdeeomposedperunit time is

sogreatthat thé heatevolvedraisesthe temperatureto a pointat which

FeO,breaksdown. ït is as simpleas that, but it had us guessingfor a

whUe.

In thispaper webaveshownthat:
1.TheévidencebroughtforwardbyEvansand byHedgesto showthat

the filmon passiveironis Fe~Otdoesnotproveanythinginregardto this.
2. Thé film makingironpassiveand producedby adsorptionfroma

ferratesolution,K~O-FeOt,is an oxidenohigherthanFe0<(Bennettand

Bumham).
3. Thefilmmakingironpassiveandproducedbyanodicpolarizationof

ironina concentratedsolutionofpotassiumhydroxidcisanoxidenolower

thanFeO,(Haber).
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4. Sinee the two films are the same, the composition must be FeOs

(Bancroft and Porter).

5. Electromotive force measurements m nitrio acid of specifie gravity
1.20 prove that the sarne film of FeO. is formed when iron is made passive
by adsorption from an alkaline ferrste solution, by anodio polarisation in

alkali, or by treatment with hydrogen peroxide, chromio ao:d, acid potas-
sium permanganate, or nitric aeid of specifie gravities between 1.35 and
1.42.

6. The activation of passive iron by concentrated hydrogen peroxide is
the result of heating and not of reduction.
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Gibbspointedout that thé phaseruledoesnot apply, in the formin
whichhededuccdit, to systemsinvolvingsurfaceforces,inotherwordsto
colloids. Onthe otherhandwemakeuseofthe phaserule,conscioustyor

unconsciousiy,everytimethat wcdéterminean adsorptionisothcrm. We
have madeuse of the theoremconscioustywhenstudyingthe actionof
acidsandbaseson proteuMandoncellulose.Whatpostulatesmustwe
makeinorderto justifyourapplicationofthéphaxerule?

In thenrstplacewemustbedeatingwithreversiblecquUibriumbecause
thé phaseru)eappliesonlyto reversibleequilibrium.In thé eartydaysof
colloidchemistry,peoplewereinterestedchieflyin irrevemibleréactions
and metastablestates; but that isnolongertrue.

Whendealingwithreversibleequilibriuminsystemscontainingcolloids,
it willbeprofitableto considerseparatelytheadsorbentand the adsorbed
substance. Sinceadsorptiondependson the shapeand structureof the

adsorbingmaterialas weHasonitschemicatnature,onegramofcharcoal

may containa hundred,a thousand,ten thousand,or moresolidphasex.
Thatseemslike a hopelesssituation,butitisnotreattybad. Twodifferent

1-g.lotsofcharcoalwillnotnecessarilybehavealike,but eachlot willact
likea singlephaseso longas the individualgrainsdo not change. When
westudytheadsorptionofhydrogenbyplatinumbtack,andgetanentircaly
differentresultafter evacuatingthehydrogenonceor twicc,werecognize
that theplatinumblackbassinteredandchangedits structure. Conse-

quentlyweput theplatinumonanasbptitossubstrateandgetapproxisnately
repi-oducibleresultsbecausethe ptatinumdoesnotsinter. Wesee,there-

fore,thateachseparatelotofan adsorbentwillact as a singlesolidphase
so longas the indtviduatparticlesareunchanged,but that twoseparate
lots ofthé same adsorbentwillnot necessarilyact like the na)nesolid

phase. Withthis limitationthephaseruleholdsforaUadsorbents.
Whenwecorneto the substancethat is to be adsorbedor peptized,we

makethe explicitassumptionthat, fromtheviewpointof thé phaserule,
an adsorbednimora peptizedsubstanceshai!not bcconsideredasa sepa-

Presentedat théTwelfthColloidSymposium,heldat Ïthaca,NewYork,June
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rate phase even though we kuowthat tt is. On this basis, charcoaland a
gas which is adsorbed by it constitutea two~omponent,two-phaaosystem.
At cotMtant temperature there is only one amount of adsorption for eaoh
pressure and tho adsorption isotherm is perfectly definite, so long as the
soUdphase does not change. The adsorptionof causticsodafrom aqueous
solutionby cellulose cornesunderthe phaseruleso longas thé cellulosedoes
not change.

If we considcr a substance peptizedby water as not eonstituting another
phasefrom thé viewpointof the phaserule, the liquid with the suspendcd
particles becomes a phase of varyingcompositionand ean be treated as a
solutionso long as the degreeofdispersionremainsconstant. This enaMes
us to account for the mordantingof cottonwith tannin or for the dyeing of
cotton by substantive dyes.

We bear up bravely over light beingconsideredeitheraapartictescr as
waves,depending on the nature of the experiment. If, however, there are
any people who do not like to considcra peptizedparticle or an adsorbed
film as being simultaneously both a separate phase and not a separate
phase, it is always possible to avoid this by saying that you have a new
phase of such a nature that it introduces an extra degree of freedom.
Everything can be accounted for on that basis without postulating a
dualisticbehavior of an adsorbed filmor a peptizedsubstance. That has
beensuggested by a number ofpeople,but it has never provedsatisfactory
and is therefore objectionabte froma pragmatiepoint ofview.

When we study the action ofaqueouscaustic soda on cellulosefrom the
phase-rulepoint of view,wpget apparently oneset of results, and when we

study thé same system from the x-ray point of view,we get apparently a
different set of results. Thé x-raypeoplesay that their method is the best
and that consequently their resutts are the only ones worth considering.
That is footiNh,and the twosetsof resultsmust somchowbemade to agree.
There is no question but that the x-my pattern of cellulosechanges irre-
versiblywhen treated with a caustiesoda solutioncontaining 13 per cent
ormoreofcaustic soda. This showsonthe adsorptionisotherm in a change
of direction and in a new set ofvaluesat lowerconcentrations. There is,
however,no evidence of two solidphases,although mixedx-ray diagrams
can be obtaincd. The discrepancydisappears if we postulatc that each
modificationof ceHutoseadsorbs thé other and that an adsorbed substance
ran give an x-ray diagram. The x-raypeoplehave atwaysassumed that a
mixeddiagratn necessarily meanstwo solid phases,but there is no experi-
mentalevidence in favor of this contention. The assumption rests on two
other explicit assumptions, th~t the adsorptionlayer is only one molecule
thickand that a layer one moleculethick cannot givean x-ray pattern.

ïf we eliminate thé change in the x-my pattern of celluloseby starting
with mercerized cotton, we finda smoothadsorptioncurve with no sign of
two solid phases. On the other hand an x-ray study of cellulose with
causticsoda in it shows clearlythé existenceofat least two sodiumcellulo-
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sates whichare dennitechemicalcompounds.Wemust rememberthat
the phaserule doeanot showin whatformcaustiosodais taken up by
cellulose. It merelyshowsthenumberofsolidphasespresentat anymo-
ment. ln the absenceof any otherevidenceweadoptthesimplestform
ofstatcmentandsaythat causticsodaisadsorbedbycellulose.

Thé discrepaneybetweenthe twomethodsof studydisappearsif we
recognizethat the phase-rulemethodshowsthe numberof solidphases
anddoesnotshowthé forminwhichthedissolvedorpeptizedsubstanceis
adsorbed,whereasthe x-raymethodshowstheforminwhichthe adsorbed
substanceis takenup but doesnotat presentgiveanyevidenceas to the
numberof solidphases. The twomethodsarc compiementaryand not
contradictory.

Fromthé combinationof the twomethodswecansayabsolutelythat
mercerizedcottonadsorbscaustiesodaassuchfromdilutesolutions,one
definitesodiumcellulosatefromstrongersolutions,and anotherdefinite
sodiumceliulosatefromstu!strongersolutionswithouttherebeingat any
timetwosolidphasespresent.

Thegeneralresultsof this paperareas follows:-
1. Thephaserulecan beappliedinits ordinaryformto reversibleequi*

libriumincolloidalsystemsprovidedwerememberthat a soUdadsorbent
can be treated as a singlesolidphaseonlyso longas the numberand
structureof the individuatgrainsremainunchangcd,and providedwe
treat anadsorbedsubstanceor filmanda peptizedsubstanceas not con.
stitutingnewphasesin the applicationof théphaserute,thoughtheydo
eonstitutenewphasesin fact.

2. Thereare other waysof gettingaroundthe dimcuttyof treatinga
peptizedsubstanceasbeingsimultaneouslyanotherphaseandnot another
phase,but theothermethodshavenot recommendedthemselvesto chem.
istsandarethereforeunsatisfactorypragmatica!!y.

3. Thétwomodificationsof celluloseadsorbeachotherand do not at
any timeoccuras twosolidphases.

4. Ifoneadmitsthat a mixedx-raydiagramdoesnotnecessarilyconnote
twosolidphases,theapparentdiscrepanciesbetweenthephase-rulemethod
ofstudyandthex-raymethodofstudydisappear.

5. Thephase-ruiemethod ofstudyshowsthe numberof solidphases,
but doesnotshowtheforminwhichanadsorbedsubstanceis takenup.

6. Thex-raymethodofstudyshows,ormayshow,theformin whichan
adsorbedsubstanceis taken up,but itdoesnotnecessarilyshowat present
howmanysolidphasescoexist.

7. Thephase-ruleand thex-raymothodsofstudyofthesystemcellulose,
causticsoda,andwaterarecomplementaryandnotcontradictory.

8. Froma dilute caustic sodasolution,mercerizedcelluloseadsorbs
caustiesodaassuch;froma moreconcentratedsolutiononesodiumcellulo-
sate is adsorbed;from a still moreconcentratedsolutionanothersodium
cellulosateisadsorbed In noneofthesecasesdotwosolidphasescoexist.
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BOHMÏTEANDBAYEMTE

H.LEHL
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Anarticteby WeiserandMilligan(31),entitled"X.rayStudiesonthé
HydrousOxides. ï. Aiumina,"appearedin this Journalin December,
1932;fromthe x-ray photographeof preparationsmadein variousways
the authorsarrived at the followingconclusions: there arc two
aluminahydrates: (1) gibbsite,A)tO!.3H:0,both naturaland artificial,
and(2) diaspore,A!:0,. H:0. Precipitatedaluminaagedat 100"hasbeen
foundby x-raydiffractionmethodstu bea uewformof aluminawhich
bas bcentcrmed9-A):0,,withadsorbedwater." In replyto this article
EdwardsandTosterud (8)referto theexistenceofan ft-AM~.HtOwhich
differedfromdiaspore (to whichtheygavethe designation~-AliOt.HiO;
cf. in whatfoUowsthé designationofHaber(18)). Furthermorethere
wasdescribeda ~-A!tOa-3H:0,whiehdifferedfromgibbsite(hydrargit!ite,
ora-A):0! 3H:0,accordingto EdwardsandTosterud).

Theobjectof this communicationistodrawattentiontosomepublica-
tionswhich,although not mentionedby Weiserand Milliganor by Ed-
wardsandTosterud, neverthelessbearonthematter. Proofwill,more-
over,bebroughtto showthat thepreparationwhichWeiserand Milligan
termed"amixtureof~-At~Otandgibbsite"baslikewisegivena distinctive
x-rayphotograph,accordingto the radiogramsby thèseauthors,which
belongstoa definitetrihydrate,nainely,bayerite,or~-trihydmte,accord-
ingto Edwardsand Tosterud(8).

BOHM!TE

BôhmandNictassen(4),as wellasFrickeandWever(16),hadalready
shownin1924that at highertemperatures(as,forinstance,approximately
100°C.)aluminumhydroxideprecipitatedfroma solutionof aluminum
sulfatewithaqueousammoniagavea hithertounknownx-raydiagram.
A year later Bôhm publishedthe reproductionof an x-rayphotograph
whichshowedthé latticeofa verypurealuminumhydroxidehavingthe
compositionAt~ H<0fromLesBaux. Thislatticeofverydefiniteform
wasdifferentfrom thoseofdiaspore,thetrihydrate,and the oxideofalu-
minum,althoughthe filmshowsthesamelinesas thosewhichBôhmand
Friekchadobtained fromthé préparationsprecipitatcdat a highertem-
perature.
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Thevary purebauxitemineraiofBohmwasshownbya seriesofcareful
quantitativeanalysesto havethecompositionA!,0,. HtO. Apreparation
absolutelyidenticalwith this, both analyticallyand accordingto the
radiogram,wasmadeup by Bôhm(3)fromvariousatumtnumhydroxide
preparationsin an autoclavewithsuperheatedsteamat 200"C.;ho then
regardedit aspurebauxiteandan "isomerofdiaspore." Lator,however,
it wasshownthat it is not by anymoansinvariablythe case that the
bauxiteminera!foundin naturecontainsthis monohydrateas the pre-
dominatingaluminumcompound,as it mayoftencontaindiaspore,gibbs-
ite, and others as well. (In this connectioncompareF. Rinne with
Frickeand Wever(ref.16,p. 322);seealsode Lapparent(25)and the

photographsofWeiserand Milligan(ref.31,p. 3026)). Conséquente,at
the suggestionof de Lapparent,this isomerof diasporediscoveredby
Bôhmwasgiventhe nameof"bohmite;"thisnamebascorneto bewidely
adoptedin Europeantiterature.

In order to avoidconfusion,the nomenclatureadoptedin Europehas
beenmade useof in connectionwiththe subdivisionofaluminainto a-,

etc.forms. Accordingto Haber(18)thealuminumhydroxideswhich,
byeliminationofwater,givethecubie-y-oxide(2,5) stablebelow1000"C.,
are termed-y-oxides;to thisgroupbelongbôhmite,gibbsite,and bayerite,
whichwillbe describedlater (Tostcruddesignatestheseas M-Al:Oi-H~O,
a-AM~.SH~O,and ~.A~O)t.3H,0).In contrastdiaspore,which,when
heated,giveshexagonat-rhombohcdrata-corundum(19,28) belongs,ac-

cordingto Haber,to the a-series(accordingto Tosterud,p-Al;0).H:0).
Theradiogramfor"bôhmite"givenby Bôhmis identicalwith the dia-

gramof "A)<Ot.xH:0" publishedby Weiserand MHUgan.According
to itsartificialrepresentationit is,furthermore,identicalwiththe prepara-
tionsmadeanddesignatedM-At~-HzObyTosterud(30).

Asbas sincebeendefinitelyascertainedby variousobservers,bôhmite
is thefirstproductofagingaluminumhydroxidegelprecipitatedfromsolu-
tionsof aluminumsaltswithalkali. Thisis shownwithgréâtclearness

by the workofFrickeand Meyring(14),whoinvestigatedthe agingot
aluminumhydroxidein alkalinemediaby déterminationsof solubility,
pH measurements,and x-rayphotographs,as also by the experiments,
combinedwith x-ray photographsetc., eonductedby Havestadt and
Fricke(20)in regardto the dictectrioconstantsofhydroushydroxidesus-
pensionsdependingonthestate ofaging. KoMschûtterandhis collabo-
rators (24)alsofoundin the courseof theirextensiveinvestigationsinto
the agingof freshgelsthat the formationofa crystallizedtrihydratecan
neverovertake the formationof the "get" (a termused (24,32)for a

veryslightlyreactivegelwhiehsometimesshowsthex-raylinesofbôhmite).
In aMthèse investigationsinto the courseof the agingof amorphous

hydroxide,the x-raydiagrarnofbôhmitevas alwaysobtainedfirst,even
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thoughit didnot show(especiallyat the iargeranglesof deflection)the
linessoclearlyand sharplyas thoseobtainedfromwctt-cryBtaUiMdbohm-
ite, whichcanbe obtainedfromotheraluminumhydroxidepreparations
of the Haber ~-sériesat 200-360"C.withundersaturatcdsteam in an
autoclave(3,16,22,20,30). Bohmitoisakoformedbyslowthermaldis<
intégrationofthe (-y)-trihydrateofaluminumoxide(1,15). Well-crystal-
lizedbohnuteis very stableand doesnotexhibitanynoticeablesignaof
aging. At405"C.bohmiteremainsundccomposcdundera steampressure
of about500atmosphères,whereasdiasporeunderthe same conditions
breaksup into corundumand watcr(seeref.15;thispaperalsoincludes
somecarefullyobtained isobariodeeompositioneurveaof bühmiteand
diaspore).

Thedensityofa purebShmiteproducedinanautoclavebasbeenfound
by FrickeandSeverin(15)to bed~*= 3.014. Fora preparationtikewise
producedinanautoclavevonNieuwenburgandPieters(27)founda figure
of 3.06.

Coblentz(6)deducedfrommeasurementsofabsorptionin the infra-red
that bauxite(as in the caseofdiasporeandgibbsite)is a true hydroxide
(in thisconnectioncf.FrickeandSeverin,ref.15,p. 298). The bauxite
investigatedby him, whichhad a compositionofA~O.OH,didnot show

any waterbands. At3~,however,a bandappearedwhich,fromcompari-
sonswithother definitehydroxides,mustbeaseribedto the OH group.
The formulationAIOOHis thereforeto be preferredhere, rather than
Ai)0}.H:0. (In regardto this,aswellasothertruehydroxides,cf.Fricke
and Ackermann,ref. 12,p. 639.) Accordingto Achenbach(1) bohmite
is rhombic.

Weiserand Milliganalsofindthe x-rayinterférenceof bobmitein a
seriesof their preparations. Theyascribetheseinterférences,however,
to a newoxide,"AkOt," whichhadadsorbedvaryingquantitiesofwater.
In proofofthis, they state that thépreparationshavinga watercontent
of only0.65HtO per 1A~O,showthe sameradiogramas with a water
contentof more than 1 H:0 per 1 AM~. This resultis, however,not

surprising;neither does it offeranythingnewin comparisonwith thé

findingsofotherauthors,sineethepreparationwith0.65H~Oper 1AJ~Ot
must still containup to 65per centof bohmite,andconsequentlymust
showits x-raydiagram. The diagraminterférenceof the 35 per cent
'Y-At:0)needbe only slightlyvisible,oreven invisiblealtogether,as the
y-oxideobtained by carefulextractionof water from bôhmiteeither
revealsonlyafew,weakandwidely-spaced,linesat a smallangleofdeflec-
tion, or evenappearsquiteamorphousfroma rëntgenographicpointof
view(ref.23,p. 328;alsoref.15,p. 301). Theassumptionofa "S-Al~O,"
cannottherpforcbe deducedfromthe resultsofWeiserand Milligan.
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Weber and Milligan (31) made further preparations according to the

directionsof Hüttig and Kostelitz (21), and from the x-ray photographs
obtained from thèse preparations they arrived at the conclusionthat, in

the case of the preparations K/, K~, Kt, Ka,and La,according to Hûttig,
there wasno definite compound, but a mixture of !-AM)}-xHtOand gibbs-
ite. In contrast, Hûttig and his oottaborators (21, 23) ascribc these

preparations to the "isomers of hydrargiUite" first discovered by Bôhm

(3)and later carefully investlgated by Fricke (9, 10, 11),which, in accord-

ance with a proposa! made by Fricke (9), becauseof the precipitation of

the substance when atumina is prepared by K. J. Bayer's process, is now

termed bayerite in European literature. This bayerite (At~-SHtO), to

the properties of which we shal) refer later, also belongs to the y-sériesof

Haber, since it produces cubic 'Y-oxideon complete extraction of water.

It is mptast&Mcat room température in contrast to gibbsite (hydrargi)Hte)

(9, 10, 11, 17), but stable in comparisonwith bôhmite (3, 20, 24). It is

probabjy identieal with thé substance designated as ~-A~Oi-SH~Oby
Edwardsand Tosterud.

It is quite évident from thc photographs of Weiser and MUtigan that

their preparations, made "according to Hûttig," cannot be mixtures of

bohmitf and gibbsite; this may also beseen froma comparisonof the posi-
tionsof the lines of the alleged "<.At:0<-xH<0"(bohnnte) and of gibbsite
with the positions of thé lines of the préparations according to Hüttig.
To illustrate this fact table 1has beencompiledfrom data given by Weiser

and Milligan (31).
Someof the special features whichshowthat the preparations made ac-

cording to Huttig's method cannot be mixtures of bôhmite ("$-A!:Ot'

xH:0") and gibbsite, are the following:(1) The strongest bôhmite line

(D = 1.85, Z = 10) is exactly the one missingin the case of preparation

K},and therefore weaker lines could not be expeeted to appear. (2) The

strongest gibbsite tinc (D = 4.85, = 10) is likewisemissing in Ki. (3)
Two of the three strongest linesof Ka (D = 4.79,7 = 10and D ==2.22,

I = 10)are not found in either bohmite or gibbsite.
Thc inten'a!s between the linesjust mentionedand adjacent lines in the

dincrfnt photographs are so grcat (at least 0.04A. U.) that the findings

gi\'cn under sections (1) to (3) cannot be due to expérimentât ert-ors. An

arbitrary parapet disptacement of the original film also does not permit of

any position being found which would justify the interpretation of the

preparations "according to Hüttig" as mixturesof bohmite and gibbsite.
The préparations of Weiser and Milligan (31) an' therefore, from a ront-

genographicpoint of vicw, also bayerite, or the j9-trihydrate of Edwards

and Tosterud (8), which they havealready indicated. Thc decomposition
cun'e« ofHüttig and Kostclitz (21)show, neverthciess,that their prepara-
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tionsconsistedforthe groaterpartofthe"-y-ge!"identiBedbyKohiMhUt-

terandh~cothboratots(24)a8mtxture8of"get"andbayor:tc.("
and"-y-ge!"areusedin the meaninggivenbyWiUst&tter,Kraut,andcol-

TABLE1

laborators (32).) Most of the ~-gc!sexhibit, however, either no inter-

ferences,or elsevery weak and diffusebôhmiteinterférences.
With regard to bayerite, referencemay bemade to the following)itera-

THBJOUMALOFFHïetCAt,<-)tEM!'TXT,VOL.)(~,NO.t

,.AI.o..xH,o W9a8IT881a86AG raBPA$AS'108AOCOIU>IIIOTO

I

~M~ ~S~)

c f D f

4.85 M

3.t6 68.16 6
3.12 1

2.33 7

1.85 10

'.43 8 1.448 4 ).44 3
1.404 6

132 o

1

1.312 1 1.33 4

1.21 2
1.13 1

1.21 2

Compariaone/potttheHtc/h'nes
D= ~tt/f inA.U.; =relativeinteneity..wsv.v.l muvarv wwuew,r

4.79 !0
4.34 9 4.34 10
3.31 1

3.19 4

2.46 7 2.47 2
2.38 7 2.37 3
2.66 1

2.26 1

222 10
2.)7 3
2.04 3
1.990 2 2.00 2
1907 2

1.89 1

1.798 3

1.77 1
1.741 4 1.72 7
1681 5

1642 0.1 1.65 1
1580 1 1.60 1

1.55 2

Il.404

6

1.39 3
1352 2
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ture. Bôhm (3) dtscovered a trihydrate of At)0) whichexhibited a very
beautiful and characteristic radiogram totally different from that of

gibbsite. A reproduction of the picture obtained with trou radiation of

this crystal, known generally now as bayerite, may be found in BOhm'a
article. The angles for a pure bayerite forcopper radiation are given by
Frieke (10).

Bayerite is produced from bôhmitegel ("~f-get"and fresh bôhmite) by
aging, production being slowundercoldwater (3,20,24), but rapid under

dilute alkali (10, 14). In an intermediatestage of the aging,according to

KoMsehutter and collaborators (24), "somatoids" form from minute

needles of bayerite, which are either wholly or partly surroundod by

~-gd (bôhmite gel). (Mierophotographsof these somatoidsmay be seen

in thé paper of Kohischutter and collabomtors(24). WiHst&tter,Kraut,
and Erbacher (32) term thèse somatoids"-y-gets." Under certain condi-

tions these "-y-gets" can have such a compositionthat various authors

werethereby led to believe that they had founda dihydrate of At~O).)

Longand extensivc shaking with not too dilute aikaU,best at a rather

high temperature (50-60"C.), causes bayerite to change into gibbsite

(hydrargiHite)(9). Thé series order of stabiiity is therefore bohmite >

bayerite > gibbsite.

Accordingto the procédure followed,variousformsof aiuminumhydrox-
ide can be obtained from an alkali-aluminatesolution. The rapid intro-

ductionof carbon dioxide into a diluteaiuminate solutiongives rontgeno-

graphicaiiy amorphous aluminumhydroxide(ref. 20, p. 379; réf. 9). On

the contrary, if carbon dioxidebe allowedto pass in slowly at ordinary

températures, so that some days are requiredfor complete precipitation,
one obtains bayerite. The aluminate solutionmay also be more concen-

trated, for example, with a specifiegravity of 1.15 (17). If the earbon

dioxide be allowed to act very slowly at ordiuary température, as, for

instance,by allowing thé containerto standexposedto the air, then gibbs-
ite is obtained (9). Gibbsite of larger erystalline structure may be

obtained more rapidly by allowingcarbon dioxide to pass slowly over a

solutionof aluminate heatedto 96-100°C.(1).
The same holds good for the spontaneous(hydrolytic)precipitation of

the atumina hydrate from a solutionof aluminate,whichalso takes place
when air is excluded. Provided the temperature is the same, a slow

precipitation is then favorable for the formation of gibbsite, and rapid

precipitation for bayerite (9). More accurate details for the production
of the two alumina hydrates in this manner, which is important from a

technicat point of view, may be foundin other articles (11, 13, 17).

Apart from x-ray photographswhich,in the caseofgoodand weU-erys-
tallized préparations, reveal sharp Unesup to the highestangles of deflec-

tion, the bayerite preparations of Fricke and his collaboratorswere also

investigated, in part for physicaluniformity,expcrimentsbeing made to
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discovcr whether thé solubility in alkali remained constant with the

quantity of execssundissoh'ed solid,wherethe quantity of alkali waskept
the same. If itwerpa case of a mixtureofconstitucntsofdifferent solubili-

ties, tho solubllityshould increase. The results, however,showeda good
degreeof constaney in a number of cases (ref. 13and unpublished work).

In the caseof thèse tests care must be taken to sec that the alkali used
is not too eoneentrated, so that the sediment doesnot change into alumi-
natc (Heethe sotuttonequilibria in thé article by Fnckeand Jucaitts (13)).

Fricke and Wu))horst determined the heat of solution of bayerite and

gibbsite in 12per cent hydroRuortc acid. They found37.84and 36.5. kg-
cal. per mole,respecMvety,that is, for bayerite an excessof heat content

amountingto 1.2kg-ca! which is quitc in accordwiththe order of stability
ascertained by conversion expcriments.

Fricke and Severin (15) examined the isobanc thermal decomposition
of bayerite, together with that of gibbsite,for vaporpressures of 100mm.
of mercury. In contrast to other earlier work, it was found in thèse

experimentsthat the reaction spacesamountcd in a))to only 0.3 to 0.8 ce.,
of whichtwo-thirds to four-fifths was filled with the hydroxide in a very
fine powder. Thetime for pressureattainment amounted,nevertheless, to
as muchas sixtydays. In this carefulmethod a decompositiontempéra-
turc of 120''C.was found for bayerite, and for gibbsite 165°C.,both for

equilibriumwithbohmitc (badly crystallized)producedby thc decomposi-
tion. From Nernst's approximate equation it Mpossibleto catcutate from
thèse resutts the hcat of formation of bayerite from bohmitc and 2HiO
(vapor) as 32.4 kg-cat., and for the correspondingheat of formation of

gibbsite, 36.3kg-cal. The figures are again in conformitywith the order
of stability, but are not capable of rigorouscomparisonon account of the

certainlydifferentenergy content of the bôhmiteformedat the two vapor
pressureequilibriaas the second phase (12).

In the article by Fricke and Severin (15) there is also to be found an
exhaustive discussionof the results of the thermal décompositionexperi-
ments of Hüttig and von Wittgenstein (23), of Hüttig and Kostelitz (21),
and ofother authors.

Finally, it should be pointed out that by investigations of structure
eonducted by Megaw(26) and Deflandre (7), gibbsite,bayerite, and dia-

spore arc shownto be true hydroxides,in whichthe water is present not as

such, but in the form of OH ions. (Note, also, what has been said pre-
viously in regard to absorption measurementsin the infra-red.)

8UMMARY

Four dt'ntute crystattizpd forms of atuminum hydroxide are known.
.0

namely: diaspore)Ai<( ), which, by extraction of the water, givee
( \-OH
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hexagonal-rhombohedral «t-corundums, and three other forma, which, when

water is extracted, give oubio -y-At<0<. These are, m order of inoreasing

etability, bûhmite

(Al~~).
bayerite (A1(OH)~, and gibbsite (At(OH),).

'V
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THE DIFFUSIONCOEFFICIENTANDAPPARENTRADIUS0F
THE CUPRICION IN SILICAGELS

W.G. EVER80LEANDEDW.W.DOUQHTY

DivisionofPty«'ea<C~M~ TheS<<t<<!t/w'ferotye/ J'MM,/<woCity,f<wo

NM<tMdSep<em&er

In a reeentpaper (1)a mathomaticatbasishasbeenpresentedfor the
calculationof diffusioncoefficientsfrommeasurementsof the rate of
penetrationofanyconstantconcentrationofa diffusingsubstanceintoa
diffusionmedium. The methodrequiressimuttaneousmeasurementsof
thedistanceofpenetrationandthé time,anda constantconcentrationof

diffusingsubstanceat zerodistance.
The purposeof the presentpaper is to reportthe resultsofmeasure-

mentsof the diffusionof cupricchlorideinto gels. The photometric
methodwhichwasused permitsmakingthemeasurementswithoutdis-
turbingthediffusionprocessinany way.

APPABATC8

Thediffusionapparatus(figure1)consistedessentiattyofa lightsource,
a collimatingdevicemadeup ofa seriesofstits,a cellusedasa container
forthediffusionsystem,and a photoelectriccellwhichwasconnectedto a
suitableindicatingdevice.

Fora lightsourceofconstantintensitya 500-wattprojectionlampwas

operatedfroma 100-vottstoragebattery. Thebulbwassurroundedby aa

coolingcoiltopreventexcessiveheating,anda redgelatinlightËtterwas
placedbetweenthe light sourceand the firstslit. Theslit nearestthe
photoelectriccellconsistedof twoparallelplates2.2x 5 cm. Thewidth
of theslit systemwasadjustedto approximately0.015cm.

ThediffusionceUwasformedby clampingrectangularpiecesof plate
glass(7.6x25cm.)oneithersideofa glassrodwhichhadbeenbent intoa

U-shapeand coveredwith rubber tubing. The ceUwasfitted into an

uprightstandsoarrangedthat it couldbemovedup or downat willby
meansof a screwadjustment. Readingsof the heightof the ceUwere
takento 0.01cm.by meansofa cathetometer.

The photoelectrieceUwas connectedto a vacuumtube amplifier
(figure2). Bymeansof the potentiometerandvariableresistanceshown
in the diagram,it waspossibleto adjust theplatecurrentof the vacuum
tube to anysuitablevaluefornormaltightintensityonthephotoelectric

ML
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cell. Anychangein light intensitywasthenindicatedby acorresponding
changein the plateeurrent. Theplatecurrentwasmeasuredin arbitrary
unitsbya millivoltmeterwhichgavefuttscaledeflectionwitha currentof

approximately20 mieroamperes,

Except for narrow stits to permit passageof the light beam, both the

light source and the photoelectric cell wereenclosedin light-tight metal

housings. The expérimentât work was carried out in a darkened room

at 25±2"C.
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EXPERIMENTAL METHOO

The sodiumsilicate (sp. gr. 1.160)whichwasusedin makingthe gels
was 1.59N, as determinedbytitrationwithstandardacidusingmethyl
orangeasindicator. Thégelsweremadebyadditionofthesodiumsilicate
solutiontoanequalvolumeof4.752N hydrochloricaeid. Theformation
of cieargelsrequiredvigorousstirringofthe mixtureas the silicatewas
added. Whonmoredilutegelsweredesired,waterwasaddedto the acid
bcforethéadditionof the sodiumsilicate.

After the diffusionceHhad beenplacedm the apparatusand a zero
readinghadbeentaken correspondingto thepositionofthéceUwhenthe
lightbeamwascoincidentwiththesurfaceofthegel,thediffusingsolution
waspouredontop of the gel. Theconcentrationof thediSusingsolution
was kept constantthroughoutthe measurementby continuousaddition
of freshsolutionas the lessdensesolutionwasdrawnoffat the top by
suction. In makingthe measurements,thecellwasmovedupwarduntil
furthermotionresultedin nofurther increasein the platecurrentof the
amplifier. Fromthis positionthecellwasmovedslowlydownwarduntil
the lightbeampassedthrougha portionof thégelcontainingcupricions
in theamountnecessaryto causea 1percentdecreaseinthéplatecurrent.
Whenthispointwasreached,a readingoftheheightofthecellwasagain
taken. The distance (X.) whiehthat particularconcentration(m' =
6.65X 10-5molesper liter) hadmoveddownwardat that time (<)was
determinedby thé differencebetweenthisreadingandthe zeroreading.

The mostsatisfactoryresultswereobtainedfromoneto twenty-four
hoursafter the beginningof the diffusionprocess. Duringmost of the
firsthour,thédiffusionwastoorapidforaccuratemeasurement,and after
a dayor morethere wasévidencein somecasesofa slightcracking(2)of
the gel structure.

The valueof the dinùsionpotentialwasestimatedby measuringthe
potentialdifférencebetweena saturatcdcalomelelectrodeplacedin the
diffusingsolutionand a silver--silverehlorideetectrodeplacedin the gel.
The differencebetweenthe voltageobtainedusinga saturatedpotassium
ehloridebridgeand that obtainedwhenthediffusingsolutionandthe gel
werein directcontact wastakenas the diffusionpotential. Thesevalues
are small,as wouldbe expectedforsystemsofuniformlyhighelectrical
conductivitythroughout.

CAMULATtOtfS AND RESUN'8

Table1givesa summaryofthevaluesobtainedfromthediffusionmeas-
urements. The valuesof X~/(weredeterminedfromthe slopeof the
straightlineobtainedby plottingthe valuesofX~againstthe valuesof t.
In generalthe results of duplicateexperimentsagreedto within0.1per
cent.
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Thevaluesof the diffusioncoefficientof the cuprictonworecaloulated
bymeansof the equation

1 2~Ey
a i

(1)
4<tn~-rE~ m'

In thisequation m. is the concentrationof diSusingsubstanceat zero
distance,m' is someconstantconeentrationmuchlowerthan Mo,and X.
isthedistanceof theconcentrationm'fromthesurfaceofthegelat timet.
U is themobilityof the diffusingionandMgiventhe signof the charge
onthe ion. E is the potentialof thesolutionrefcrredto that of the gel.
Uforthecupricionwasgivena valueof4 X 10~cm.persecond,whichis
approximately0.7 of thé value at infinitedilution. Whi!ethis is an

TABLE!1

77tfd<yM<t'o~co~oett<att~apparentrodiu,o/thecupricion<n~)';<Mgels

arbitraryvalue, the errorthus introducedinto the finalresultsis small

onaccountof the factthat the valueof
~n,

is smalleomparedto 1.
A~/t

Inderivingequation1,it wasassumedthat themobilityofthediffusing
ionisconstant throughoutthe system. Thisis probablya satisfactory
approximationin the caseof the silicagels,wheretho ionicstrengthsof
the diffusingsolutionandof the gelareuniformlyhigh. It probablyis
notsatisfactoryfordiffusionintogelatingelsor intopurewater,whereU
issomefunctionof Xaandt. In thesesystems,a calculationofD (taking
E = 0)shouldgivea valueof the"mean"diffusioncoefficientof the two
ionsofthe diffusingelectrolytem the mediumused. The resultsin the
5 percentgelatingelhavebeencalculatedin thisway.

Thelastcolumnoftable1givesthevaluesof theapparentradiusof the

OMTCmtMMt,UT)Ott
StOtMxuTsa ––– 100 B D X 10~1 X108

AdM~~

~t.~ <~ ~y
M~O 0.5 0.795NaCt 1233 -3.0 3.59 975

1.58 HCI

KM.e 1.0 1.58 HO 1.293 -2.6 3.47 6M
697 1.0 0.594 HC) 1.796 +0.6 4.M 5.22
697 1.0 None 1.659 +9.5 393 617
52.3 1.0 0.594 HCI 1.791 +1.3 4.60 5.27
~S LO None 1.67l +8.4 4.00 6.06

5 per cent 1.0 None 1.153 (3.00)
gettttin



CUPKtCIONtNB!MCAGELS 59

oupricionascatcutatedbymeansof théStokes-Einsteinequation;

1
(2)

'"y 6~ff gimd

In thesecalculations,was taken as the viscosityof water (0.0089&).
Whiletheusefulnessof this equationforcaloulatingtheradiusof an ion
bas not beenestablished,it has beenshown(3)rocentlythat the similar
Einstein-SutherIandequation maybe usedforthécateutationof motec-
ular diametersundercertain conditions.Anexcellentdiscussionof the
validityoféquation2has beengivenbyWilliamsandCady(5).

Dt8CU8BION

In systemswhichcontain cupricohloridein the presenceof other
solublechlorides,anappreciablefractionofthecuprieionsmaybepresent
in the formof complexions. Thusan errormayhavebeenintroduced
into thecalculatedvalues,owingto thefactthattheconcentrationof the
cupricionswasassumedto beequalto thatofthecupricctuoride. How-
ever,sincethechloride-tonconcentrationwasuniformlyhighthroughout
the system,it is probablethat the extentofsuchcomplexionformation
wasrelativolyconstant,and that thevalueofthoconcentrationratiowhich
was usedin thé ealculationswaspraeticallyunchanged.Furthermore,
an errorofeven10per cent in thé ratio,me/m',wouldcausean errorof
only 1percentin thevalueofthe diffusioncoeBicient.

Acomparisonoftheresultsin thesecond,third,andfifthlinesoftable1,
wherehydrochloricacid wasaddedto thediffusingsolutionsin approxi-
matelytheamountspresent in thegels,showsthatthehighestgelconcen-
trationhadanappreciableretardingeffectonthediffusionprocess. How-
ever thesmalldifferencebetweenthediffusioncoefficientsin the twomore
dilutegelsindicatesthat the retardingenectwasrelativelyslightforthese
gelconcentrations,and that thevaltiesarepracticallythosewhichwould
beobtainedinthéabsenceof thegelstructure.

Thépronouncedincreasein the diffusioncoefficientfora givengelcon-
centrationcausedby the additionof hydrochlorieacidto the diffusing
solutionseemsto ittustratethephenomenonof"acceterated"diffusiondis-
cussedbyMcBainand his coworkers(4). Thisaccelerationwascaused
by otherdiffusionprocessestakingplacein thesystems. In thesesilicic
acidsystems,the diffusionof waterwasprobablynegligible.The con-
centrationofthe chlorideionwashighandrelativelyuniformthroughout
the system,andthéeffectofanyspontaneousdiffusionofthisionsecmsto
be takeninto accountin the oateutations.However,whennohydrochloric
acidwasaddedto the diffusingsolution,therewasa rapiddiffusionof
hydrogenandsodiumions fromthegelintothesolution.Thusthécupric
ionsdiffusinginto thé gel wereretardedby "collisionwiththe molecules
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of a dMîusmgcolumn" (4)ofpositiveionsdiffusingspontaneouslyin the

oppositedirection. Additionofa suitabteamountofhydrochlorieacidto
thediffusingsolutionpracticallyeliminatedthiscounterdiffusionofhydro-
genions,andenabledthécupricionstodiffusemorenearlyat theirnormal
rate. ThestightdiSerencecausedby theadditionofsodiumcMorideto
thediffusingsolutionat thehighestgelconcentrationindicatesthat similar

compensationfor the moreslowlydiffusingsodiumionia relativelyun-

important.
It seemsprobable,therefore,that thévaluesof the diffusioncoefficient

obtainedin thé more dilutegelswithhydrochlorioaoidaddedto the dif.

fusingsolutionare verynearlyequaltothévalueforundisturbeddiffusion
of the cupricionin water. Likewise,the eorrespondingvaluesofr prob-
ablyareaceurateapproximationsof thé effectiveradiusof the hydrated
cupricionin sofar as the useof theStokes-Einstdnequationisjustified
for this catcuiation.

8UMMARY

1. Aphotometricmethodbasbeenusedto studythediffusionofcupric
chlorideintogels.

2. Themostprobablevalueof thediffusioncoefficientofthe cuprieion
inwateris 4.6X 10'' cm.~persecond.

3. Avalueofapproximately5.2X 10'' cm.issuggestedfortheeffective
radiusofthe hydrated cupricion insolution.
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METALMC 8ULFÏDES

S. FREDERICKRAVITZ

t/<o/tNttj~tteeftH~Ba'pert'MeM<Station,~M'Mf~'tttc/ Ulah,<Sa<<I akeCity,Utah
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In a récent paper, Kotthon (18) made a criticalsurveyof the literature

regardingthc solubilitiesof metallicsuindes, andpointedout the surprising

disparity to bc foundin thé various values reported. He showedthat thé

déterminations foreach sulfide fall moreor lessdistinctly into two groups,
in one of which, represented principally by the resultsof Weigel(33) and

of Biltz (3), the solubilitiesare of the order of 10'' molesper liter, while in

thé other, representedprineipally by the results ofBrunerand Zawadzki(6),

they are very much less. Kolthoff showed that thé values in thé first

group cannot possiblybe correct, and suggested that they might really

represent the solubilitiesof oxidation products present at the surfaces of

sutMes. This idea is supported by the well-knownfact that oxidation

products are usually present at the surfaces of sulfideminerais (27), and

by the data in table 1, in which thé solubilitiesof somepossibleoxidation

products of a fewof the sutodes (4, 7, 8, 19, 28) are compared with the

solubilitiesof the correspondingsulfidesas reportedby Weigel.
Kolthoffgave an improved list of solubilities and solubility products,

but made no attempt to correct for aetivities, which,in many cases, cause

appreciable changes in the values. Since accurate solubility and free

energy data of the more important sulfidesare requiredfor research work

in pyrometallurgy and in flotation, it was consideredadvisable to make a

careful study of the results of previous investigators, and to recatcutate

their results with the aid of récent activity data

In order to détermine ion-activity coefficients, it bas bccn assumcd

that the activity coefficientsof potassium and chloride ions are equal in

potassiumchloride solutions, and that the activity coefficientof any ion

dépendsonly on thé ionicstrength (20).

ZINCBULB'IDE

Maier (21), usingentropy data and the value 43,000calories (2) for the

heat of formation,obtained AF~t = -41,600 for zincsulfide. From this,

Untessotherwiseapeci6ed,freeenergie8,activitydata,electrodepotentials,and
ionizationconstantsare fromLewiffand Eandat)(20).
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thésolubilityproductofzincsulfideiscatcutatedtobe6.4X 10- These
resultsare ratheruncertain,however,owingto considerableuncertMnty
coMemingtheheat of formation.

Glixelli(9)hasmeasuredthe solubiMtyof titncsulfidein sutfuricacid
solutionsofvariousconcentrationsat 25"C. Hefoundthat thezincsulfide
precipitatedfromalkalinesotution(~.Zn8)is severaltimesas solubleas
that precipitatedfmm acidsolution(a-ZnS);the j9-Zn8,however,slowly
changesintothe a-ZnS, whichGlixellifoundto bestable,so evidently
onlythe lattershouldbe consideredincalculatingthesolubilityproduct.

TABLE1

Compart'Mno/ M<t<KM<Mo/poMt'Mef'.ndah'enpM<<Mc<<o/tx~MwithWeigel'sdo<<t
forthe«)<«MK««ofthe<Mi/!<<«

TABLE 2

Equilibriumco~Mtonhfor <to<tfMh'<yc/ zinc<«(/i~ in <tt</tt)'t'eacid

For thesolubilityequilibrium

ZnS(8)+ 2H+==Zn+++ H~aq)

theequilibriumconstantis

R'i = (Zn++)(H:S)/(H+)'

In table 2 areshownthe resultsof the rec~tcutationsof Glixelli'sdata.
The ionicstrengths(~) andthe hydrogen-ionactivities(H+)werecalcu-

t'MmBMOMMTMXt'Hoeucr Mn'zujnrT «tnfM eommjTT

tWBMEt<aOATA)

mo<«tKrht<f mo!M]wtfttr

Hydratediiineoifide. 1 XIO' Z<tS(ppt.). 0.7tXtO'
Zineoxide. ? X10-* Sph<tterite. 0.6 X!0-'

Le.d.arbon.te.{
{ PbS(ppt.).

3.6 X10-. <

6.3X10-' Gatena. 1.2X10-'
r~eadoxide. M XM~

Coppercafbonate CuS. 3.5 XtO''

(Cu0.0.5MCO,0.61H,0). 13 XtO-'
Cu~ 3.1 X10-'

t.J~.M 'M)XW (H*) =zn K.XXX

/orm(tf m<<«p<f M<r

0.001 0.024 0.00275 0.00178 0.72 1.31
0.01 0.207 0.0205 0.01393 0.52 1.15
005 0.927 0.0844 0.05672 0.36 0.96
0.25 4.376 0.35 0.25 0.24 0.74

Mean. 1.04
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latedfromthe data ofSherrilland Noyes(30)foraoidconcentrationsof
0.05molalandtess;theactivity ofhydrogenionin0.25molalsutfuricacid
wasestimatedto be0.25. Theactivitycoefficientsof zincion(a~) were
calculatedfromthé data of LewisandRandallonpotassiumehlorideand
ofScatohardandTefft(29)on zincchloride.

Ina similarway,thevalueof = 0.91X 10~wascalculatedfromthe
resultsofMoserandBehr(24),whofoundthesolubilityofzincsulfide(pre-
cipitatedby hydrogensulfidefromzincsulfatesolution)to be6.34X 10-'
molesper liter in 1 molal sulfuriea<:idsaturatedwithhydrogensulfide
at atmosphencpressureand 20"C. It basbeenassumedthat thedecrease
in solubilityof hydrogensulfidefrom20*C.to 25"C.wasapproximately
compensatedbythe increaseinsolubilityof thezincsulfide.

Althoughthésulfuricacid concentrationvaries1000-fotdin thé twosete
ofdata,theextremavariationofthe equilibriumconstantisonly1.8-fotd.
ThevalueXt = 1.0X 10"~ia thereforeprobablyquite reliablc. From
thisvalueit is foundthat the solubilityproductofzincsutBdsis1.5X 10*"

andAF~ = -46,960;with the aidofMaier'sentropy data,thevalueof
~is foundtobe-48,355.

LEAD SDfLFtDE

Unfortunately,thereare fewdata availablefromwhichan accurate
valueforthe solubilityproductof leadsulfidecanbecaloulated. Bruner

andZawadzki(6) measuredthé solubilityof leadsulfidein hydrochlorie
acidsolutionsand obtained = 3.1 X 10~ whichcorrespondstoa solu-

bilityproductof3.6X 10~. Theygiveno experimentaldata,however,
but merelystate that their resultwasobtainedfromseveralexperiments
whichagreedwettwitheachother;it isimpossibte,thereforo,to recatcutate

theirvalue.

JellinekandCzerwinski(14),frommeasurementsof the potentiatsofa
leadelectrodeinsodiumsulfidesolutions,obtainedvaluesfrom6.4X 10'

to 13.0X 10""forthe solubilityproductof leadsulfide,andfromsimilar
measurementsm sodium hydrosulfidesolutions,obtainedvalues from

1.4X 10""to 5.0X 10* Trumpler(31),however,basshownthat lead
electrodesin sulfidesolutionsdonot exhibittheirtrue potentials,and by
makingthe propercorrectionshe obtainedthe value15 X 10" from

measurementsof the potentialof a leadelectrodein 2 Nsodiumsulfide

solution.

Trumpleralso foundthat thé highestconcentrationof hydrochloric
acidsaturatedwith leadchloridefromwhichleadsulfidecanbeprecipi-
tatedby hydrogensulfideat atmospheriepressureis2 normal;fromthis

he calculatedthe solubilityproductto be 4.9 X 10~ A muchmore
accuratevalueeaubecalculatedwiththeaid ofactivitydata. Fromthe
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data of Lewisand Randatt on the solubilityof lead chloride and on the
aetivity eoemeients of hydrochloricacid, and of Harned on the aetivity
coefficientsof potassium ehloride (10), the value = 7.87 X 10-' is
obtained for the equilibrium

Pb8(s) + 2H+ = Pb~ + H,S (aq)

whieh corresponds to the value 9.05 X 10-" for the solubility product of
tead sulfide.

Maier (23) has recentty calculated from the thermal data of Jellinek
and Zakowskt (16) and of Jellinek and Deubel (15) thé value AF~, =

-21,977 for the free energy of formation of leadsulfide. From this the
solubility product of lead sulfideis foundto be7.00 X 10- whichagrees
excellentlywith the va!ue catcutated above.

COPPER&Ut.FtD)':8

Except for the values of Weigeland of Biltz, the only determinations
of the solubility of cuprie sulfideseem to have beenmade by measuringthe
potentials ofcopper eleetrodesin sulfidesolutionsagainst a normal calomel
electrode. From such eleetromotive force measurements by Immer-
wahr (11)and by Knox (17),Bruner andZawadzki(6)calculatedthe values
5.9 X 10~ and 1.2 X 10-~ respectivety; Jellinekand Czerwinski (14)
from similarmeasurements obtained valuesfrom1.0X 10"" to 5.0 X 10*
In spite of the agreement among these results, they very probably are
incorrect, sinec Trumpter (31)has shown that in strong sulfide sotutions
the only stable copper sulfideis Cu~S.

C«pn'c N«{/t(fe

Randall, Nielson, and West (26) have ca!eu)atcdthe free energy of for-
mation of cuprie sulfide to be -11,755. This correspondsto 3.48 X 10-~
for the solubility product. If thé other valuesgiven above for the solu-
bility product were correct, thé free energy value of Randall, Nictson,
and West would ).? in error by more than 5000calories,whereas it very
probably is correct to within less than 1000calories.

CMproM~sulfide

It was pointed out above that the measurementsof Jellinek and Czer-
winski are inapplicable to cuprie sulfide. Their measurements can be
used, however, to calculate the solubility product of cuprous sulfide, and
seem to be the best available for this purpose. They give quite complete
data, but unfortunately their experiments wereperformedat 10*C. Since
there are no data from which the electrode potential of cuprous ion at
10°C.can beobtained, it appearsthat the best procédureisto use the 25°C.
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valuesfortheelectrodepotentiatsofcuprousion'andofthenormalcalomel
cteetrode(againstwhichJellinekand Czcrwinskimade thoir measure-
mpnts). ThtsMequivalentto a~sumingthat the potentialsof thesetwo
electrodeschangeapproximatelythe sameamountin pasaingfrom26"C.
ta 10"C.,whichisnot Improbable.

The sulfide-ionconcentrationsin sodiumsulfideand in sodiumhydro-
sulfidesolutionsasgivenby Jellinekand Czerwinskiare undoubtedlyin-
correct. Muchmoreaccuratevaluescanbedeterminedfromthc ioniza-
tionconstantsofhydrogensulfideandofwaterat tO'C.,whichcanreadily
becalculatedfromthédata of LewisandRandall.

Inevaluatingthesu!6dè-!onconcentrations,the ionicstrengthofsodium
sulfidehasbeentakenas twice its molality(sinceit is atmostcompletely

TABLE3

So<«MM<~product«/cuprous'x<~eal /0"C.

(a)N<~8

(b) N&H8

hydrolyzedto sodiumhydroxideandsodiumhydrosulfide),and that of
sodiumhydrosulfideas equal to its molality;the activitycoefficientsof

hydrosulfideionandofhydroxylionhavebeenassumedto be equal,and
havebeencalculatedfromdatagivcnby LewisandRandallforpotassium
hydroxide.

In table3areshownthe resultsofthecalculations.Thecolumnheadcd
F. gives the potentialsagainst the normalcalomelelectrodeas deter-
minedby Jellinekand Czerwinski. The constantsobtainedfromthe
measurementsin sodiumhydrosulfidesolutionsare rather inconsistent,
and din'erconsideraMyfrom thoseobtainedfromthé measurementsin
sodiumsulfidesolutions. Jellinekand Czcrwinskipreparedthcir sodium

E'c, -0.522.Fenwick:J. Am.Chem.Soc.48,860(t926).

MMC~mTMK Bt'KVOMB

·

fC<t*)X10" (S--)XtO' ~c~XtO"
(

0.5 1.131 0.395 056.0 1.02
0.1 1.100 1.41 86.2 t.t3
0.06 t.079 333 15.6 1.73
0.01 1.060 7.25 0.792 0.417
0.005 1.041 t6.8 0.212 0.529

Mean. 0.963

Wttano

O.S 0.990 t28.0 0.436 7t.3
0.1 0.982 t77.0 0.0559 t7.5
0.05 0.980 t93.0 0.0212 7.91
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hydrosulfidesolutionsbysaturatingasodiumhydroxtdesolutionofde6nite
concentrationwith hydrogensutMe,sweepingout thé excesshydrogen
sulfidewitha stream ofhydrogen,anddilutingto the desiredconcentra-
tion. It is possible,howover,that the removalof hydrogensulfidewas
incomptete,forit is very interestingto notethat if it is assumedthat an
excessof 1percent of hydrogensulfideispresent,the followingvaluesfor
the solubilityproduct of cuproussulfideare obtainedfrom the three
sodiumhydrosulfidesolutions,respectivety:1.88X 10" 1.21X 10~
and0.774X 10-< ThesefiguresagreeweUnotonlywitheachother,but
alsowiththoseobtainedfromthesodiumsulfidesolutions.

Randall,Nielson,andWest(2C)haveeatcutatedthefreeenergyofforma-
tionofcuproussulfideas -19,955at25"C.,whichcorrespondsto36X 10-"
for the solubilityproduct. Theagreementbetweenthis valueand the
value1.0X 10- obtainedabovefor10"C.maybeconsideredquitesatis.
factory,sincean increaseof3.3-foldin thesolubilityof cuproussulfidein
passingfrom10"C.to 25"C.wouldaccountforthedifference.

THALLOU8SULFIDE

Thesolubilityproduct of thalloussulfidecanbe recatoutatedfromthe

completedata given by Brunerand Zawadzki(6) for the equilibrium

Tt,S + 2H+= 2Tt++ H,S(aq)

Theyobtained~t = 0.637. Theyreachedequilibriumbyfourmethods:

by predpitatingthe sulfidewithhydrogensulfideat a pressureof one
atmospherefrom neutral or slightlyacidifiedsolutionsof (a) thaUous
sulfateand(b)thallousnitrate;(o)bydissolvingthalloussulfideinsulfuric
acidsolutionsin the presenceofhydrogensulfideat atmosphericpressure;
and (d)by dissolvingthalloussulfidein sulfuricacid in sealedtubes, in
whiehcasethallous ion and hydrogensulfidearepresentin equivalent
amounts.

In makingthe calculations,onlysolutionsin whichthe ionicstrength
waslessthan0.1havebeenconsidered.Thehydrogen-ionactivitieswere
determinedfromthe data ofSlierrillandNoyes(30)forsuifuricacidsolu-
tions activitycoefficientsfor thallousionwereobtainedfromLewisand
Randall.

In theirexperimentswithsealedtubes(methodd),BrunerandZawadzki
measuredboth the thallous-ionand hydrogensulfideconcentrationsat

equilibrium,and used both in theircalculations.The valuesforthe two
shouldbeexactlyequivalent,but thevaluestheyobtainedfor hydrogen
sulfideare consistentlylow. Therecaioutationsare basedon the thal-
liumdéterminations,whichareprobablythemoreretiabte.

Theresultsofthe calculationsaresummarizedintable4. Thesolutions
consideredcovera sixfoldrangeof thallous-ionconcentrations,and a
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sevenfoldrangeof hydrogen-ionconcentration. The valuesof ail
agreequitewell,althoughthose obtainedfrommethodb aresomewhat
high. If the latteraredisearded,the compositemeanbecomes0.520with
an averagedeviationof 6.70per centanda maximumdeviationof 11.92
per cent; thereseomsto be no valid reasonto discardthem, however.
The mean,0.5S6,correspondsto 6.39X 10~ for thesolubilityproduct
and -22,365 forthé freeenergyofformationof thalloussulfide.

Moserand Behr(24)haveobtained0.00329moteperliteras the mean
ofseveralmeasurementsof the solubilityof thalloussuIËdein 0.005M
suifuricacidsaturatedwith hydrogen8u!6deat atmosphcricpressureand
20°C. Assuming,as in thé caseofzincsulfide,thatthe decreaseinsolu-

bilityofhydrogensulfideat 2S"C.is balancedbyanincreasein the solu-
bilityof thalloussutnde,the valueof ~i is calculatedto be 0.42,whieh

agréesreasonablywellwith the morerellablevaluefoundabove.

TABLE4

EquilibriumcctM<<(t<<</ofM<t<MK<yo/<taMcu<aulfide<Macid«'<x<«MM

~n Kt'MBt!)tOf MtMNV*H)ZOf .X' iBqÇILIBR'l'M MtmlOD
Hl'MIISIt Op MilANVALUII0p

D~O:'OM MAXIHDNB<,nu.M~M~ .~X!

ftrtt0< ptremt

a. tO 0.5)0 4.82 9.22
b. 4 0712 ii.t3 7.30
c- 3 O.MO <.H 0.07
d. 4 0.5t0 6.42 10.20
Compoeite. 2t 0.5536 tt.53 37.&t

BILVERSULFIDE
From data givenby Jellinek and Czerwinski(14)on the potentials of a

sih'er électrodein sodium sulfide solutionsat 10°C.,the solubility product
of sih'er sulfidecanbe calculated in the samemannerasfor cuprous sulfide.
In this case, however, information is availablefromwhich the electrode

potential of silver at 10"C. can be determined. For silver ion, AHtt~ =

24,870 (12). Assumingthis to be constant between25C. and 10"C., the
electrode potential of silver at 10"C. is calculated to be -0.8206 volt.
For the hatf-ee))Hg, HgCl, Cl-, A~ = 8291(Lewisand Randall (20)),
and from this, the potential of the normal calomelelectrode at 10°C. is
ca!eu!ated to be -0.2862 volt. Using these values, the silver-ion con-
centrations in table 5 were obtained; the sulfide-ionconcentrations were
determined in the considération of cuproussulfide.

From thé mean va!ue, 1.04 X 10' of the solubilityproduct at 10~'C.
its value at 25°C.can be ca!cu!ated with the aid of the values of AH for
silver sulfide, silver ion, and sulfide ion. These are -5022, 24,870,and

10,043, respeetively (13). Assuming these to be constantbetween 10"C.
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and 25"C., the solubility produot is cakutated to be 3.28 X 10' which

correspondsto -9930 for thé free energy of formation of silver sut6des.
The equilibrium

Ag.8(s) + H,(g) 2Ag(s)+ H,S(g)

has been investigated at temperatut'ef fromabout 4SO"C.to 700''C. by
Watanabe (32), who found A~ = -9098 for the formation of silver

sulfide. This determination, however,probably involved a long extra-

polation with the aid of somewhat uncertain heat capacity data. Noyés
and Freed (25)have made a oarefulstudy of the sameequilibrium at 25*0.

and obtained values from -1350 to -2116 for the standard free energy

changeof the reaction. The free energy offormationof hydrogen sulfide

is -7840, hencethé correspondingvalues of the free energy o{formation

TABLE5

.So<t<M<t<yproduelo/ st'~er<M~ o<~0°C'.

ofsilversutBdeare from -9190to -9956. Thevalue-9930, caleulated
fromthe solubilityproduct,thusfa)Isbetweenthesetwovalues.

CADMIUMSULFIDE

Thereseemto be no veryreliabledata fromwhichthe freeenergyor

solubilityproductof cadmiumsulfideeau be accuratelydetermined.
BrunerandZawadzki(6)studiedtheequilibrium

CdS(s)+ 2H+= Cd~ + H~8(aq)

underseveraldifferentconditionsand obtained~i = 4.6X 10"'forcad-
miumsulfideformedfrom cadmiumsulfate,and Ki = 6.6 X 10-1for
cadmiumsulfideformedfrom the chloride;thesevaluescorrespondto

solubilityproductsof 5.3 X 10-" and 7.6X 10- and freeénergiesof
formationof -34,106 and -31,916,reapectively.Theystate that their
constantsvariedrather widely,andthat thesolidphasedidnotappearto
bowell-defined,varyingfromredtoyellowaccordingto the precipitation

Solubitily producto/ st'~er<M~ o<~0°C'.

F. (A<')X)0' (S--)XK)' ~MSXM"

m~ ~b

0.5 0.928 0.922 (?6.0 0.558
0.1 0.8895 4.47 56.2 1.12
0.05 0.869 10.M 15.6 1.67
0.01 0.842 31.3 0.792 0.776'
0.005 0.822 7t.11 0.212 1.07

MeM. t.04
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conditions and thé duration of the expérimenta. Sinee they giveno ex-
périmenta! data, tbeir results cannot bc repatcutated.

Aumcras (t) recentlyobtained tho value 1.06X 10-"fortheabove
equilibrium by measuring thé Hotubitityof cadmiumsulfide (precipitated
from the chlorido)in hydrochloric aeid solutions (0.24N to 0.885N) in
thé prpMttpeof varying concentrations of hydrogensutSde; the cadmium
concentration varied from 0.00025M to 0.003M. These meaaurements,
howevpr,.<e(-mto be quitc unnuitaMt'for the determinationof ~'1, since
Lewisand Randati (20)hâve shownthat the activity coenioientofcadmium
chtoridcbecomesderidedly abnormalat concentrationsgreater than about
0.0005M, and this effect would undoubtedty begreatly enhancedin thé
presence of relatively strong hydroehtoricacid.

Maicr (22), fromentropydata and Thonrsen'sva)ue, = -34,350,for
cadmium sulfidehas calculated thc freeenergyofformationto be -33,038.

TAMLE6

~ee energyandsolsbililydatalor <M~M<f!

Britzke and Kapustinsky (5), from equilibrium measurcmentsof the
réduction of cadmiumsulfide by hydrogen at hightempératures,obtained
~M< -19,800, and they suggest the possibilitythat cadmiumsulfide
precipitatcd from sotution may have thé compositionCd(CdSt)at room
temperature, dissociating into CdS at highor températures. In view of
thc agreement betwecnMaier's freeenergyvalueand thosecalculatedfrom
the t-esu!tsof Bruner and Zawadzki, it appears that the former(.-33,038)
is thé most reliablc value available at the present time for precipitated
cadmium sulfide.

RÉSUMÉ

In table 6 are listed the values recommendedfor the standard free
énergiesof formation, the solubility products, and thé solubilitiesin water
of the sulfides whichhave been considered.

vu- ov,vwug uufuwr auy<u6ai

M~tOt! TMtMtttTCHE ~F* <K)H)BtUTTPXOt)po' MMBtUTYtHWATXR
'w

MohtptrMtr

zns. M -46,900 t.t5XtO-'< t.47xt0"'
PbS. 25 -21,977 7.00 Xt0- 3.02X10-"
Cu8. M -H.7M 348XtO-" 2.55XM-"
CM,8. M -t9,995 3.00 XtO-" 1.19x10-"
ThS. 25 -22,365 0 39 X 10-" 3.55 X 10-'
Aj!,8. 25 -9,930 3.28X10-" 248X10-"
Cd8. -33,OS8 1.14X10-" 1.46X10-"
Cu:8. 10 1.0 X10-" 4.24X10-"
~'8. 10 1.04X10-" 4.29X10-"
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VISCOSITYRKLATION8HM IN EMULSIONSCONTAINING
MILK FAT

ABRAHAMLEVITONAMcALANLEMHTON
ReMareA~6oM<on'M,Bureauo/ Da<~Mt<«)'~U.S. Departmento/Agriculture,

Washington,D.C.

~eeetfedMarch<,~M
Onthe basis of theoreticalhydrodynamics,the viscosityof a dilute

emulsionis a linearfunctionof the vo!umcpercentageof the dispersed
phase,andis independentof particlesize. The equatlonderivedbyTay-
!or(4)expressingthis relationshipis:

9 1 + 2.5 ~+1~ lr
to t + to

wherett = viscosityofemulsion,
te =~viscosityofcontinuousmédium,
)?'= viscosityofdispersedphase,and

= ratioofvolumeof dispersedphaseto totalvolume.
When<)'{sinfinite,i.e.,whenthe suspendedphaseissolid,the equation
becomesidenticalwiththe Einsteinformulagoverningthéviscosityrela-
tionshipsina suspensionofsolidsphères.

Theapplicabilityof equation 1, as woiias the Einsteinequation,is
limitedby the assumptionsundcrlyingthe theoreticaldevelopmentof
theseéquations.

Smoluchowski(3)baspointedoutthat thé rangeofconcentrationover
whichthe Einsteinequationis applicableis so narrowthat the accuracy
withwhichviscositymaybemeasuredMinstifficienttoestablishthevalid-
ityoftheequation,andthat consequentlyan investigationofa suspension
overa widerangeof concentration,leading to the developmentof an
empiricalrelationship,is desirable. Such a relationship,accordingto
Smotuchowski,shouldbe reducibleforvery smallconcentrationsto the
relationshipexpressedin the Einsteinequation,andshouldbe generally
applicableto suspensionsofsphericalparticles.

Forvariousreasons,and under certainexperimentalconditionswhich
willbe disoussedin otherparts of thispaper, viscositydataobtainedin
the investigationof milkand relatedemulsionsshouldbesusceptibleto
treatmenton thé basisof the conclusionsdrawnfrominvestigationsin
theoreticalhydrodynamies,providcdthat in theemulsionsunderinvestiga-
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tien thé medium containing the ingredientsother than fat may properly
be regarded as thé continuous médium. An cmpiricatequation dovetopcd

for these emulsionsshould be generallyapplicableto suspensionsof spheri-

t'a) partiotos.
In view of thé foregoing considérations, an investigation was under-

taken of the viscosityof emulsions containingmilk fat suspended in skim

milk, in dilutedskim milk, in concentratedskimmilk,and in a very viscous

sotution of sucrosein skim milk; tirst, in order to establish empirically thé

relationship existing between the foitowing: (1) the viscosity of an emul-

sion and thé concentration of thé dispersedphase, (2) the viscosity of an

emulsion and the composition of thé continuons médium, and (3) thé

viscosity of ancmulsion and the degrecofdispersionofthe dispersedphase;

and, finally, in order to discuss the significanceof thèse empirieal rela-

tionships.

EXPERIMENTAL

Smoluchowski(3) has pointed out that, m order to test the validity of

the Einstein equation, it is necessary to workwith suspensions in which

the hydrodynamical volume of the suspended material does not differ

measurably from the actual ~'oiumebecauseof the association of part of

thé continuous medium with the suspendcd material. ïnasmuch as the

ctumpitig of the fat globules is a phenomenonusuallyencountered in milk

and related emulsions,which wouldcontribute towards an increascin the

apparent volumeof thé suspendcd material, it is necessary to work under

conditions such that thé dumping is minimizedto the extent where its

pncct on viscosityisentirely negligible. For this reasonviscositymeasure-

mcnts by meansof a capillary pipet wcremade at 64°C.on samples stirred

uniformly and continuously prior to measurement. The stirring, carried

out in such a manneras to avoid the incorporationofair, permitted of uni-

formity in the distribution of the fat phase,and minimizedth<-probability

of the formationof stable clumps.
The temperature of the measurement was selected as one at which,

according to the results of Troy and Sharp (5), fat clusters do not form at

a!! in unhomogenizedmilk, and at which those that are present tend to

disintegrate. It may be observed, by means of a microscope,that when

milk at approximately this temperature nows through a capillary under

the application of a very stight pressure head, the fat globules, as they

movc past the field under observation, a.re dispersed as single globules.

Although rigid proofof the complete absence of clumps in the more con-

centrated emulsionsis extremely difficult,if not impossible,to obtain, yet,

if the empirical equation developed from the viscosity data obtained in

thé investigation of UM~eemutsions is reducible to the Taylor equation,
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thenit maysafolybe inferredthat theextentofclumping,if dumpaare
presentat at),issmallenougbto bcentirelynegligible.

A part of thé mixunder investigationwasforcedup undera known
pressureinto thé viscosimotcr,the capillarytubingof whichwasfor thé
mostpart immerscdln the sample,althoughpartlysurroundedby a hot-
airjacket. Precautionswere taken that the temperatureofthe capillary
shouldbe the sameas that of the mixpriorto théapplicationofpressure.

Thepressureat whiehthe déterminationwasmadewascorrectedto
eompensateforthébackhead createdas the fluidrosein thépipot. Tho
correetedmeanpressurewas obtainedby mean'!ofthefollowingformula:

P~ ==

2.303bg~~
ogPo had

wherePm= the meanpressure,
d = the density,

Po = the recordedpressure,
= thé distancebetween thé top of tho capillaryand the top

markof the pipet, and
Ai;= the distancebetweenthe tevetof the fluidin the container

andthe top mark of thepipet.
Théformutamaybeeasilyderivedandshownto beapplicableto the vis-
cositydata reportedin this paper.

Viscosityvalueswerecalculatedbymeansofthefollowingfundamental
equationfor flowthrougha capillarytube as determinedby Poiseuille,
andamplifiedby Couette:

n = P Ka“ =
X.p< ~?

where = thoviseosity,
P = the pressuredifferencecausingnow,
< = the time required for a definitevolumeof fluidto enter

the viseosimeter,and
A'tand = constants,the valuesof whichdependonthe dimensions

of the viscosimeter.
In oneexperimentthe pressurewashalvedinordertonotewhetherthe

mixesweretrulyviscous. No indicationwasfoundoftheexistenceofany
significantplastieeffects.

Thepressuresusedin the variousmeasurementsrangedfrom78.1to
183.9g. per squarecentimeter,dependingon thé viscosityof the mixes
investigated. Bothtoo rapid, as wellas too slow,ratesof flowwere
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avoided, since these were conditions conduciveto turbulent now on ono

hftndand to oreamingon the other.

Compositionof~K<MMM

In order to ascertain the relationshipexisting between the viseoaity of

an emulsionand its fat percentage whenthe compositionof the continuons

mediumis varied, the foUowingseries ofemulsionswere investigated:
I. (a) Cream containing 38.5 per cent fat; (b) skim milk contain-

ing 0.02 per cent fat; (c) emulsionscontaining (a) and (b)
in the foUowingproportions: 3:1,2:1, 1:3,1:5.

II. (a) Emulsion containing 20per cent fat, 30 per cent skim milk,

and 50 per cent water; (b) suspensioncontaining 50 parts
water to 30 parts skim milk; (c) emulsionscontaining (a)
and (b) in the followingproportions: 4:1, 3:2, 2:3, 1:4.

III. (a) Emulsion containing 20 per cent fat, 30 per cent skim milk,

and 50 per cent condensedskim of a 28.6 per cent mitk-

solids-not-fat content; (b) suspensioncontaining 50 parts
condensed skim muk of a 28.6 per cent solids content to

30 parts skim milk; (c) emulsionscontaining (a) and (b)
in the foUowingproportions: 4:1,3:2,2:3,1:4.

IV. (a) Emulsion eontaining 28 per cent fat, 42 per cent skim milk,

30 per cent cane sugar; (b) suspensioncontaining30 parts
cane sugar to 42 parts skimmilk; (c)emulsionscontaining

(a) and(b) in the followingproportions:4:1,3:2,2:3,1:4.
AUemulsions in each of the series were derived from skim milk and

creamobtained from thé same batch offresh wholemilk. Fat determina-

tions (Babcock)in triplicate on samplestaken fromthé cream used in the

preparation of the various mixesservedas a basisforthe calculationof the

fat percentageof thé various mixes. The densitiesof the various suspen-

sions containingno fat, that is, of the continuousmedia,were determined

at 64"C. From these values and that of the densityof milk fat at 64"C.,

as recorded in the literature, the densities of the variousemulsionswere

calculated.

In each of the series of emulsions I, II, III, and IV, only the fat per-

centage wasvaried. In the emulsionsofseriesI, II, and III, thé continu-

ous medium consisted of skim milk, diluted skim milk, and concentrated

skim milk, respectively. In thc emulsionsof series IV, tho continuons

medium contained, m addition to thé skim milk, sumcient cane sugar to

give a rather viscous suspension. The variations in the composition of

the continuousmedium weresuch that a very widerangeof viscosityvalues

belongingto the continuons medium wasobtained. Thèse variations were

necessaryto the development of an empirical relationshipof wideapplica-

bility and of theoretical significance. The results of viscosity measure-

ments on the various emulsions are given in table 1.
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In orderto ascertainthe relationshipexistingbetweenthe viscosityof
an emulsionand the degreeof dispersionof thefat phasethé following
emutsionswereinvestigated: (I) creamcontaining10per cent fat and 1

part of sodiumcitrate per 100parts ofmix;(II)emulsioneontaining10
percent fat, 23~percent skimmilk,66§percentwater,and 100gramsof
sodiumcitrate per30poundsofmix.

Theseemulsionswere heatedto 60"C.and dividedinto two portiona;
oneportionwashomogenizedat 2500pounds,andrehomogenizedat 500
poundspressure. Viscositymeasurementswerethenmadeonthe homo.
genizedand unhomogenizedportionsofemulsionI. Themixesobtained
fromemulsionII werecondensedundervaeuumto eontainapproximately
40 per cent fat, after which they werestandardizedto eontainexactly
30 per cent fat. Viscositymeasurementswere then tnade on thèse
emulsions.

TABI,E2

~Autcj'n~<~e<'<«/an i'acrfOM<'ndispersion<a< globulesunpt'MM)'~t~t~nny <;j/c~t u/ M~t <nttcu<fc ifs m~~cr~tun t'~ ~m {ftu~Ktca un t't~cuotty

fKKM'M
fATCOMCBtt- CtAMtTfMOt' rttBCtK

TBtTtOS iMTUt.OBt't.M VtMOOtTf
TtMBO~~OW

""?NX~
MNABCmmtXT ATM~

t~ < f ))<-amt pcr <<;< me. «f. <ft. «tttfpetm*

30 3 t45.0 59.9 M6 59.4 2.476

30
0.7 t-)S.O 59.8 59.5 59.4 2.476

10 3 152.0 24.6 24.7 24.7 0.9Z4*

t0 0.? 152.0 24.C 24.7 24.7 0.024

Viscosimetersusedfor 10pcrcentmixesand30percentmixesdiffered.

Microscopieobservations under a magnificationof 800to determine the

average size of the fat'gtobutes were made on samplesdiluted 1:200 and

mounted as hanging drops. These results, together with the results of

viscositymeasurements, are tabulated in table 2.

The addition ofsodium citrate to thc emulsions,andsubséquent rehomo-

genization, serve to render decidedlyunfavoraMethe chancesfor the forma-

tion and the existence of clumps. Thus, Henmgand Dahtberg (2) report
that the addition ofsodium citrate to an icecreammixprior to homogeniza-
tion serves to reducethé size and the numberofelumpsin the homogenized

mix, while rehomogenization is wellknownas a meansto disintegrate the

clusters formed during homogenization.

DISCUSSION

That the suspensions containing no fat may be consideredidentieat in

composition with thé continuons media of thé correspondingemulsions

containing fat presupposes that thc extent to whichprotein is adsorbed
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bythéfat is negligible.Evidencecxiststo supportsuelianassumption.
TheratioofWaterto mitk.soMd8-not-fatincream,accordingto information
containedinfwM~MM-n~of DairyScience(t) basrepe&todtybeendémon.
stratedto be thesameas the ratio in thé milkfromwtuchthe creamwas
produced.Proofof a moredécisiveeharacterto justifythéassumption,
however,may beobtainedfromthe investigationofTroyandSharp(5),
whoreportthat the variationof the rate ofriseofindividualfat globules
in milkwithvariationsin the radiusof the globulesobeysquiteexactly
Stokes'law. Thisconformationto Stokes'lawshouldhaveits counter-
part inthe conformationto Taylor'sequation,inthecaseofdiluteemut-
sions,ofthe viscositydata reportedin thismanuscript.

Table1,whichgivesthe resultsof the viscositymeasurementsonemul-
sionsvaryingin theirfatcontentandin thecompositionofthecontinuous
medium,alsogivesthc valuescalculatedfromthe followingreiationship
deduciblefromtheseresults:

'(~)~ (2)

wherethesignincanceofthe termsmaybeobtainedbyreferencetoequa-
tion1. It is readilyseenthat forsmallvaluesofVthéequationmaybe
reducedto:

=1+2.5-±-V
'?o ? + to

whiehis identical~'iththe equationderivedby Tayloron the baxisof
theoreticalhydrodynamics.

In connectionwiththe powerseriesinvolvingV,andoceurringin the
exponentof equation2, it may be explainedthat Vl is inctudedas the
nexttermin thé seriesin conformitywith the suggestionofSmofuchow-
ski (3)that, if the developmentof the Einsteinequationis cxtendedto
applynot on)yto verydilute suspensionsbut ako to moreconcentrated
ones,theseriesdevelopmentinvolvingV shouldinclude,in additionto
V,Vlasa verycloseapproximationto thenextterm. Thethirdterm,F'
in theserieshas no theoreticalsignificance,and is includedin orderto
effectan agreementbetweenthe measuredand cnlculatedvaluesof for
theemulsionscontainingcomparativelyhighconcentrationsof fat.

The formof thé equationand the constantoceurringin it arc inde-
pendentof the mitk-sotids-not-fatcontent of the continuousmedium.
The equationmay bereducedfor dilute emulsionsto that derivedby
Taylor,regardiessof the compositionor the viscosityof the continuous
médium. Consoquentty,the designationof the suspension,containing
particlessmallinsizerelativeto thefatgtobutes,asthécontinuousmedium
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is justified,and thevalidityof the applicationofTaylor'sequationto thé
emulsionsunderinvestigationmay beconsidercdto beestablished. The

multiplicationof the constant 2.5 in the Einsteinequationby the term

'?'+~.

t'+~

to compensatefor the curreots set up withinthe partiele,whenthe dis-

persedphaseis fluid,is supportedexperimentaûyby the resultsgivenin
table 1. Thus,~omay be variedby the additionofwater,condensed
skimmilk,orcanesugarto skimmilk,so that theexpression

~+!~

')'+'

is variedfrom2.27to 2.45,and yet the calculatedvaluesof the ratiobe-
tweenthe viscosityof the emulsionand that of the continuousmedium

agreewithinexperimentalerrorwith the measuredvalues.
Consideredtogetherwith the évidencealreadyofferedin the experi-

mentalpart, the factthat empiricalequation2isreducibleto thetheoreti-
calequationmaybetaken as proofthat thécxtentofdumpingi6insignin-

cant, not onlyin thedilute emulsionsunderinvestigationbut alsoin the
moreconcentratedones.

Thé resultscontainedin table2, concerningthéeffectsofsubdivisionof
the fat globuleson the viscosityof thé emulsionscontaining10per cent

and30per centfat, indicatethat, withinthe limitsofexpérimentaierror,
no measurableincreasein viscosityattendsa fourfoldréductionin the
diameterof the fat globules,in agreementwiththe theoreticaldemanda

implicitin equation1. This independenceof viscositywithrespect to

the sizeof the fat globulesindicatesthat the viscosityrelationshipsob-

tainedfor the unhomogenizedemulsionsmay beappliedwithoutchange
to the correspondinghomogenizedemulsions,providedof coursethat thé

homogenizedemulsionsare freeof fat clustera.

Althoughadsorptionof protein undoubtedlyoccuisas a resultof the

increasein areaof the fat phase,there is correspondinglynomeasurable

increasein the viscosityof the emulsion. Thismaysignifyperhapsthat

onlyan insignificantquantity of proteinbas beenadsorbed. However,
it isextremelydoubtfulwhetheran increasem viscosityshouldattend an

increasein thequantityof adsorbedprotein,primarilybecauscadsorption

maybe consideredto result only in a changein the distributionof sus-

pendedmaterialina suspensionin whiehwateristhesuspendingmedium,
rather than in a changein the hydrodynamicalvolumeof thesuspended
material. Thisconclusion,of course,followsas a resultof a changein

viewpointfromtheconsiderationof themediumcontainingthé ingrédients
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otherthan fat as the continuouamediumto the considérationofwateras
such. It wouldalsofoltowif the increasein viscosityassociatedwiththe
increasein thé hydrodynamicalvolumeof the fat phaseisconsideredto
be exacttycompensatedby the decreasein viscosityof the continuoua
mediumdueto the removalof protein fromthismedium.

Anincreasein the viscosityof an emulsionmayattendanincreasein
thespecifiearea of the dispersedphasebecauseof a quasi-viscouseffect
dueto eleet.rokinetieinfluences. ThemodifiedEinsteinequationfnwhioh
the contributionto the viscosityof the quasi-viscouseffectappeara,la
givenby Smoluchowski(3)

H')]110
1 `l. 2̀.5 V ï -i-

-36»aaâ~Ji

whereD = the dieiectncconstant,
R = the specificrésistancein c.a.s.units,
{'= the zetapotentialin volts,
a = the radiusofglobulein centimeters,and

and ~e= theviscositiesin{xtisesofthésuspensionandofthecoatinucua

medium,respectively.
In suspensionscontainingvery smallquantitiesof ealt, the specifie

résistanceis sufBcienttylowto renderthequasi-viscouseffectnegligible.
Thus,m the caseofmilk,the factor 2.5appearinginequation3 is multi.

pliedby 1 + O.OOOBfwhenthe approximatevalues60forD, 2 X 10-"
c.a.8.unitsforR, 2 X 10'~cm. for a, aud0.01poisesfor areinsertedin
theéquation. Consequentty,untessthézetapotentialof thefat globules
? inordinatelyhigh,thequasi-viscouseBectand theinfluenceonviscosity
ofthefactorscontributingto the effect,particularlythedegreeofdisper-
sionof the suspendedmaterial, may beneglected.

It is reasonableto concludefrom theresultspresentedin table2 and
fromthe discussionpertainingto theseresults,that the viscosityof a

suspensionis independentofparticlcsize,andthat anydéviationfromthis

relatlonshipmay be attributed to the amplificationof thé volumeof the

suspendedmaterialbymeansof the suspendingmédium.
In viewof the generalapplicabilityofequation2to emulsionsvarying

bothin the degreeofdispersionof the fatphase,andin thecomposition
ofthecontinuousmedium,and in viewofits reducibifityforlowconcen*
trationsof fat to Taylor'stheoretical equation,it seemsreasonableto
assumeits applicabilitynot only at thé températureemployedin thé

measurementshereinrecorded,but at ailtemperatures,andnot onlyto
the suspensionsunderconsiderationbut to ail suspensionsof spherical
particles.

Obviousiy,however,thèse conclusionscannot be construedto apply
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without further investigation to emulsions exhibitingmarked ptastic or

elastie properties.
In view of the resultsobtained, the increasein viscosityusuallyattend-

ing thé homogenizationof cream and ice cream mixesmay now be attrib-

uted 8olely to dustering and, consequently, this increase may serve as a

basis for thé évaluationof an appropriate indexof the extent of dumping.

Sharp and Troy (5)haveshown that the variationof the rate of riscof fat
dusters of indeflniteshape in milk, with variations in thc mean diameter

of the cross-sectionof these ciusters, obeys reasonably well Stokes' law

governing thé relationship existing between the rate of rise of sphcrieal

particles and their diametcrs. If, accordingly, thc fat clustors in cream

and ice cream mixesmay be considered to behave asaggregates spherical
in shape, then cquation2 may be applied to such mixesprovided that thé

significanceof F, the volume of fat per unit vo)um<*uf mix, is extendcd to

metude, in additionto the fat volume, thé apparent volumeofthé contiuu-
ous médium includedin thé interstices of thc fat ctusters per unit volume

ofmix. Thc evaluationof this volume ofcontinuonsmediumwith thé aid
of equation 2 nécessitâtestwo viscosity mea.surHnents–oneon the mix

under considérationand the other on tho continuousmédium. Thé dif-

ferencebetween the measured and catcutatcd vatucsof r, dividedby the

measured value of givcs the apparent volume of continuons medium

associittedwith the fat clustcrs per unit votmneof dispersedfat; and this

quantity may appropriately be designated as a dumping index.

SUMMARY

The viscosity of emu)sions containing milk fat does not vary within

the limits of experimentalerror with variations in the degreeof dispersion
of the fat phase, providedthat in thèse emulsionsthe actual volumeof the

fat phase is not measurabiyamplified by thé associationwith the fat phase
of a portion of the continuons médium.

An empiricaléquationexpressing thé relationshipbetweenthé viscosity
and the fat content of thèse emulsions bas been obtained. For low con-

centrations of fat, thisequation reduces to that derivedby Taylor on the

basis of theoretical hydrodynamics, regardless of thé compositionof thé

continuous medium,that is, of thé medium in whichthe fat is suspended.
The difference between thé hydrodynamical volumeof fat, catcuiated

from viscositydata, and the actual volumeprovidesa basis for the calcula-

tions of a elumpingindexapplicable to creamand icecreammixes.
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ADSORPTION AT CRY8TAL-SOLUTION INTERFACES. VIII

tNFM'ENCK Of DYES AND OTHEB OMOANtC CoMPOUNUf) ON THE CttYBTAL

HABIT 0F BARIUM AND Lt!AO NtTKATES'

PHOEBEPAINEDAVI8AN&WHSLEYG. FRANCE

P<'por<tt!<M<o/Ctemt't~,TheOhio.S<aiet/Kt'ferM'fy,C~Mmtto,Ohio

Roceived/tprf<?, /M~

Bariumandtcadnitrateswereselcetcdfor studybecausetheyare iso-
morphousand becausex-rayévidence indicatcsthepossiMMtythat the
threeectsofmostcommonlyappearingfacesarepoput&tedbyalternating
planesofM'~ ionsinoneplaneand (N0,)' ionsin the next. Thusthe
effectofvariousdyesontwo crystals differingonly in thesizeof their
unitcellscanbe eompared. Furthermore,if threediferentsetsoffaces
existpopulatedby planesof ionsof like charge,onewouldpredict,on the
basisofthe theoryofadsorptionand habitmodificationdevelopedin the
previousinvestigationsofthis series (1),that certainfaceswouldadsorb
givendyesandotherfacesdifferent dyes,dependingin parton thedis-
tributionofpolargroupein thé dye moleculeandon the ionicspacingof
the faces. It wasalsothoughtthat the dataobtainedfromtheseadsorp-
tionstudiesmight beof value in detenniningwhichof the twoforms,
pyriteor distortedcalciumfluoride,is the moreciosetyapproximatedin
thèsesalts.

EXPERIMENTAL

Thcleadnitrateandbariumnitrate sattswerepurifiedbyreorystaHizing
thc c.p.materialtwicefromwatcrsolution. Thcsolutionsin whichthe
crystalsweregrownwereprepared by adding the requiredvolumesof
solutionsof the foreignmaterials to the warmsaturatedsalt solutions.
Thesolutionswerecooledto roomtemperature,and thesmallamountof
saltwhichoftencrystallizedout on coolingwasfilteredoff. Smallregular
seedcrystalsweremountedoncopperornichromewiresbymeansofa tiny
spotofsealingwax. Thewiresweresuspendedfromnotchedcorksfitted
into vialscontainingthe varioussaturated solutions,and the crystals
allowedto growundisturbedforperiodsrangingfromtwoor threedays

PresentedinpartbeforetheDivisionofColloidChemistryat théEighty-eighth
MeetingofthéAmericanChemicalSociety,heldin Cleveland,Ohio,September,
t834.
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TABLE 1

Influencep/cr~ern'ccompounds(w the cr~<o<habit of&aftKMand lead t)<(fo<«<f~tw<nce(~organiceempoMtKtaun anecr~tot HOMte/ oartKMana (Mot~tfom

"?i?*'
NMCMfTTOKe~CHTeTAt.

DOEElOtt 9U86'tANCFI
T10N tN

uuMMMMeuM'MXCBoESaMR ––––––––––––––––––––––––––––––––––––––PORBIONeUBIn'AJlCIII
M.

PBR
Ba(NO,)< fMNO,),

PicricacH. 0.0005 traces ZtO–p~e

yellow
Pierte acid. 0.001 Ill,t traces tOO–yettow~O*–yeUow

p-NitrophenoL. 0.001 traces 100and 210 ~n.twolOOfMes

p-Aminophenol. 0.001 Insoluble

p-Nitrosniline. 0.001 < &)eo100, traces 210 a)M 100,traces 210

BeMamtdo. 0.001 a)tt0100,traces 210 also 100,traces 210

Acetanilide. 0.001 111, also 100 /traeesl00

Hydroquinone 0.001 atso 100 ~<, also 100and 210

Dye No. 4. O.OOOZ5 ~0,-viotet ~0,'a)sot00

Dye No. 4. 0.001 210,–viofet 2t0,'choco!ate

Dye No. 5. 0.00025 mxndZtO

Dye No. 5. 0.001 Ht'andIOO-pateptnk

Dye No. 6. 0.00025 3t0,–patep!n)<

Dye No. 6. 0001 Hl*and210-pa)epink

DyeNo.7.0.001 j~–traoeslOO n/pink

DyeNo. 8. 0.001 ~–trM6BlOO–yet- ~'–tinted

toa'ish

DyeNo.9.0001 /–a)MlOO tnsotuMe*

DyesNo.tO-No.lô.. 0.001 /–traces 100 tinted in some

cases

Dye No. 16. 0.001 ~andZlO.pategreen /btui)!h

Dyes No. 17-No. 18.. O.OOt 111, traces 100 tinted

Anthraquinonegreen. 0.001 Ili, traces 100-green Insoluble'

Bismarck brown. 0.0005 111,also 100-tan

Bismarck brown. 0.001 III, traces 100,tan 111,-brown

Methylene blue. 0.001 lllandIOO-MueontOO MO-btue

Congo red.1 Insoluble

Diamine sky b)ue. 0.0005 Irregular lU, tOO,2t0-
Muish

Diamineakybtue. 0002 1

bluish

~–tightbtue

Oxamine blue. 0.002 t2t0, traces 100, lH– ~n'–btue

green

fMethytenebtue. 0.00002)
SM-viotet

\DyoNo.4. 0.001
t'!0-violet

fMethytonebtue. 0.0001
~1,,) /a)sot00

~DyeNo. 4. 0.0005 J UledgesandIOOfaces
blue

~MethyteneMue.
0.0005

1

~OO–purptish blue

~DyeNo.4. 0.0005 ` elump

Results of Staff: Master's thesia, Ohio State University, 1933.

t ItatietMft facesare predominant onee.
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TABLE 1-CuMcM~

tO.NCRR9RA· ~URBCRIPI'lON09CRYR'PAL

·T,

"T~!TTX*
ttMt;)Mfnox 0)~ c)t<*)'<t.

IONCION RI'RRTA2lCR
TION IR

tOMMomt'afTANCB
ntMMtFBtt

rORllON ni BBTÀ!lct

M. Ba(N<),). Pb(NO.),

fMethyteneMue. 0.00008~ ).ht.

Pb(N0,)e

{Methylene

blue O.

OM
210, light green

~Dy.No.5. 0.0005 ;hght~<.n

fMethyteMbtue. 0.00002

lDyeN..O. 0.0005 } ~00-t.n

fMethyteneMue. 0. 0001 t tOC-smatt.muddy

Dye No. 6. 0.0005 J brown

Methylene b)ue. 0.0005

}

100-deep blue, elightly

\DyeNo.6. 0.0005 J irregular

fMethyten<Mue. O.OOOOZ~tUandtOO.patebrown 111-slightly morepre-

~BhmaMttbrown. OOC05j I dom!nMtthan!00–
111mottle gray, tOO

mottled blue

Methylene blue. 0.00002 /~–motttedbrown

Bismarck brown. 0.0005 J

f Méthylèneblue. 0.0001
100-black

iBi.mM.kb~wn. 0.0005
~"t.-a.eBtOO-bt.ck

{Methyleneblue. 0.0005
l

Littte growth; slight

~BiBmarckbK'wn. 0.0005 j darkeningoUOOfacee

inthecaseoftheleadnitratetonearlya weekinthecaseofthe lesssoluble
bariumnitrate.

Tabie1givesthe substancepresentas impurity,its concentration,and
the typeofcrystalformedbyboth lead nitrateandbariumnitrate. The
formulasfortheseriesofdyesdesignatedbynumberhavepreviouslybeen

published(1d).

DISCUSSION OF REBULTS

C~M structure

Considerabledoubtstill existsconcerningthecrystalstructureof thé

isomorphousnitratesof bariumand lead. Certaincrystallographicevi-
dence(2) leadsto the assigumentof an isometrictetrahedrat(T'~)sym-
metry. On the otherhandcertain other faets,inctudingevidencefrom

x-raystudies(4,a),indicatea pyritohedrat(7'~)sytnmctry. AssumingT~
as correct,an eartyestimationof the parametersofbariumnitrate ledto
theconclusionthat the structureis a distortedcalciumnuoridegrouping,
whilea later det~rmut&tionof parametersbasedon powderphotographs

TtttJOCRMAt.O~PHTBtCAt.fXEMtttOY,VOL.XL.NU.)1
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indicatesa pyrite (FeS~)arrangement. Wyckoff(5)states that, "Since

thepositionsdevelopedfrompowderdatadonotgiveplanarnitrategroups
or interatomicdistancesthat agreewiththoseinNaNOt,additionalexperi-
mentsarc to bedesired."

If the structureMa pyrite arrangement(whichmaybe mostsimply
consideredasa sodiumchloridegroupingofironandpairsofsutfuratoms),
it iseasilyseenthat the111faceshavealternatingplanesofM~ in one

planeand(N0<)' in thénext,and that the 110and210facesbothpossess
a checkerboardarrangementof théaboveionsbuthavedifferentinterionic

distances. If,onthéotherhand,thestructureisa distortedcalciumfluo-

ridegrouping,the 110facehas atternatingrowsof positiveandnegative

ions,whilethé 111,100,and 210facesaUconsistofalternatingplanesof

M~ and(NOs)"withvaryinginterionicdistances.

Whileneither structurecan explainperfectlythe habitassumedby

crystatsofleadandofbariumnitratesgrowneitherfrompuresolutionor

fromsolutionscontainingforeignmateria!,theevidenceobtainedin this

studyshowsthat the distorted calciumfluoridegroupingcornesmuch

nearerto nttingtheexperimentalresnits.

Purecrystalsof bothlead nitrateand bariumnitrateshow111planes

predominating,usuallyaccompaniedby verysmall100planesand some-

timesbyother forms,especiallythe210. Theresultsof thisstudyshow

that foreignsubstancesmaybeadsorbedonthe 111,100,and210facesof

thesesalts.
If Spangenberg's(3)theoryis correct,that thosefaceswhicharepopu-

lated by like ionsgrowmost rapidlyand hencetend to disappearthe

soonest,whilefacespopulatedby unlikeionsgrowmoreslowlyandhence

beeometheprincipalforms,it isseenthat a pyritegroupingisimmediately
ruledout. If thisstructurewerethécorrectone,thé111faces,populated

by likeions,wouldgrowmost rapidlyandtend to disappear,whilethe

100and210faceswouldgrowmoreslowlyandbecomethepredominant
forms. Also,accordingto the theoryof modificationof crystalhabitby

foreignsubstancesdcvetopedin theearlierinvestigationsofthisseries(1),

impuritiesshouldbeadsorbedat thosefaceshavingthéstrongerfieldsof

force,in this casethe 111. Actually,however,dyeshavebeenobserved

to bcadsorbcdat the210and 100facesas wellasat the 111face.

If, on the otherhand,the distortedcalciumfluoridegroupingis taken

as théunit cell,the 100,111,and 210faces,att populatedby altemate

planesof like ions,wouldhave strongelectricalfieldsand hencerapid

growthrates. But,owingto the dînèrentinterionicspacings,thesefacea

wouldaithavedifferentratesofperpendiculardisplacement,and therefore

varyingdegreesofprominencconthe crystal. Atso,it is to be expected
that dyewouldbeadsorbed,ifat at),on oneormoreofthesethrcefaces,
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whifhiswhatactuallyoeettrs. One discrepancy,howevcr,exists,namely,
thefactthat the 110face,withalternate rowsofpositiveandnegativeions
andhcncowitha relativelyslowgrowthrate,doesnotappearonthepuro
crystal. Thisdintcuttyisnodoubt lessseriousthan it at firstappearsto
be,sincetheslightdistortionfromthe truecalciumfluoridegroupingwhich
isknowntoexistmaybesufficientto accountforthefailureofthe110face
toappear. Likewisethcapparent taekofagreemcntbctwcentheextemal
andinternaiformabasedoncrystattographicand x-rayévidence(2)may
alsobedueto thisdistortionof the calciumfluoridegrouping.

HabitMO<<(~C<!<MK

Anexaminationof table 1 shows that in generalthe influenceof thé

simpleorganiccompoundsandalsoof thédyesusedissimilarforbothlead
and bariumnitrates. This similarity, however,does not hold in att
cases. Forexample,dyesNo. 5 and No. 16andexamineMuefavorthe
210facesofbariumnitratebut not of leadnitratewiththeconcentrations
used;again,whilemethyleneblue producessimilarmodificationswith
bothsalts,a givenconcentrationproducesa muchgreatereffecton lead
nitratethanon bariumnitrate. This generalbut notcompletesimilarity
in behavioris in accordwiththe theoryof habit modificationsuggested
previously(1). It is to be expected fromthis theory that adsorption
wouldoecuroncorrespondingfacesofsaltshavingsimilar.structures(since
thesefaceswouldhavesimilarforce ne!ds),but that the actualforeign
substancesadsorbedat a givenfacemightnotbethc samein thetwoerys-
tals,owingto their différentinterionicdistances. This is borneout by
theexperimentaldata.

It isalsointerestingto notethat in someinstancesonlyoncsetof faces
adsorbsdye,whileinothersmorethan oneset iscolored. If thédistorted
calciumfluoridestructureis acceptedas correct,the 111,100,and 210
facesareaUpopulatedbyplanesof likeions,so that it mightbeexpected
that a givcndye wouldbeadsorbedon one,two,or eventhreeof these

faces,dependingon whetherthe nature and positionof its polargroups
weresuchas tofit théinterionicspacingsonone,two,orthreeofthefaces.
Thusif thestructureof theforeignmoleculeweresuchthat it couldhe
adsorbedonboththe111and210faces,but slightiymoreonthe210,then,
as in thecaseof picricacidand lead nitrate,a greaterretardationof the

growthrateof the 210thanof the 111faceswouldbeexpected,withthe

resuttingappearanceof bothfacescoloredyellowat lowpicricacidcon-
centrationsandthedisappearanceof the111facesat higherconcentrations.
In thecaseofméthylèneblue,which isadsorbedonlyonthe 100facesof
leadnitrate,or of Bismarckbrown, whichcoloraonlythe 111faces,it
fotiowsthat a kind and distributionof polargroupsprobablyexistsin
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thesedyessuchthat the former fitsonlyinto theionicspacingof the tOO
face,andthé latteronlyinto that of the 111.

~M'eddyes

The influenceof a mixture of twodyes on crystalhabitprovidesan
interestingproblemwhichis worthyofeonsiderablymorestudy. For thé
mostpart, the mixeddyes used in thisstudy exertedan approximately
additiveeffect. In aHcasesmethylenebluewasoneof thédyesused;thé
seconddyewasonewhichfavored eitherthe 111or the210faces. Where
thé concentrationofmethylenebluewasvery low(0.00002g. per cubic
centimeter),the effectof the seconddye usuallypredominated;with a
higherconcentrationofmethylenebluethe effectofthisdyemaskedany
influencethe seconddyemight havehad,or thesetsof facesfavoredby
eachdyeappeared. Whenfairly highconcentrationsofbothdyes were
used,growthwasgreatlyinbibited.

In twocaseswheremixeddyes wereused,oncewithBismarckbrown
andoncewithdyeNo.4, the effectwasnot additive. Theabsenceof the
expectedadditiveresultsin this case indicatestheneedforfurtherstudy.

PowderpAo~apAs

X-raypowderphotographsof thé opaquecrystalsof leadnitrate ob-
tainedfroniwatersolution,of the cîearcrystalsformedina solutioncon-
taininga littlenitricacid,and of the deepbluecrystalscoloredbymethyl-
eneMue,ai) indicatedthat thé latticeconstantsare thesameforeachof
the threetypesofcrystals.

8<JMMARY

1. Thehabitassumedby crystals ofleadnitrateandofbariumnitrate
grownboth frompuresolutionsand from solutionscontainingforeign
materialsindicatesthat of the two possiblestructures-pyriteand dis-
tortedcalciumfluoride-suggestedby x-rayand crystallographicevidence
for thesecrystals,the latter is most eloselyapproximated.

2. Theresultsobtainedon the adsorptionof foreignmaterialbygrowing
crystalsofleadandbariumnitrates furnishesfurtherevidencein favorof
the theory previouslysuggested,in the earlierpapersof this seriesof
investigations,to accountfor adsorptionand habitmodification.

3. Theeffecton thecrystal habit ofbariumandof leadnitratesofa
mixtureof twodyes,bothof whichproducca modificationwhenpresent
atone,isReneraiiy,butnotalways, approximatelyanadditiveone.
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OBSERVATIONSON POLYMORPHÏSM'
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t. THE DETERMINATION 0F TRANSITION POINTS BY MEANB OF THE NPPÏNQ

REFRACTO?4F,TER

Thedeterminationofenantiotropictransitionpointsis generallybased

on oneof twomethods:first,the study of propertieswhieharedifferent

foreachcrystallineform,asspecifieheat, specifievolume,specifierésist-

ance,etc.;second,the studyof propertieswhiehbecomeidenticalat the

transitionpoint,suchaasolubility,électrodepotential,propertiesof satu-

ratedsolutions,etc. Tammann(26)barelymentionsthesecondmethod

becauseofthedifficultiesinvolvedindeterminatiomofthisnature. How-

ever,whenthe differencesin the physicalpropertiesofthe twoformsare

verysmalland the changefromoneformto thé otheroccurssiow!y,the

secondgroupof methodsis the moreaccurate,providedchemicallyand

physicallypureenantiomorphscanbe prepared. Thespecifieproperties
can bedeterminedoverdefiniterangesof tempemtureon both sidesof

the transitionpoint,so that littleor no extrapolationis necessary.The

solubilitymethodisanexcellentonein suchcases,butit istime-consuming

and difficult. Dunstanand Langton(7) triedto avoidthèsedifficulties

by plottingthe viscositiesof saturated solutionsagainsttemperatures.

However,therearemanypossibilitiesforerrorin theprocédureandtheir

resultswerenot highlyaccurate. Cohen(5)has determinedthe conduc-

tivitiesofsaturatedsolutionson bothsidesof the transitionpoint. This

methodisveryaccurate,but it involvesthe transierofasaturatedsolution

to a conductivitycell,or elsethe use of a ceUm whichthesolutioncan

bc stirred.
Weproposethe followingmethod,whichis freefromthe dimculties

foundin otherprocedures.Thercfractiveindicesof the saturatedsolu-

tionsofthé twocnantiomorphsaredeterminedoverthérequiredtempera-

1ThisarticleMbaseduponpartofa thesissubmittedbyH.E. Phippsto the

FMuttyoftheGraduateSchooloftheUniversityof Illinoisinpartialfutaitment

of théroquirementsforthedegreeofDoctorofPhilosophy,May,1931,andwas

presented&ttheEtghty-CtBtMeetingof theAmericanChemicatSociety,heldin

!ndiaMpo)is,Ap)'H,t93t.
'PresentaddreM:Departmentof PhysicalScience,EastemIllinoieState

Toachera'College,Charteeton,Illinois.
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turerangebymeansofadippingMfraetometcr.Thedataarethonptotted
ortreatedmathematically,and the pointofintersectionof the twocurves
determined.Thismethodis supedor to the ordinarysolubilitymethod
because(1)thcreadingsmaybetakenat anytemperaturewithinthérange
of the instrumentm lessthan one minute,(2)anystightchangein con-
centrationiseasilyandquicklydetected,(3)readingsaretakenwhilethe

liquidis in intimatecontactwith thé suspendedsolid,and (4) after the

apparatusissetupandthédeterminationstarted,noexperimentalmanipu-
lationsarenccpssaryotherthanreadingtheBéateoftherefractometerand
thetemperaturp-recordingdevice. Themethodis liinitedto the tempera-

ture range of the instrument and to solutions which transmit the sodium

line. Other types of refractometers might be used to overeome these

difficulties.

APPARATU8ANDPROCEDURE

The apparatus is shown diagrammatically in figure 1. A is a Bausch

and Lomb dipping refractometer equipped with interchangeableprisms.
The dipping prism is inserted through a cork which is fitted into the top
of a 125-cc.beaker. The thermometer B was graduatcd to 0.05"C. and

had beencaHbrated by the United States Bureau of Standards. C is a

small ccntrifuga!stirrer operated by means of a jet of air. Thé tube D is

added to the apparatus to simplify addition of the solid or removal of
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solutionfromthebeakerwhUeadeterminationisinprogress. Thebeaker

andcontentswereplaced in a thermostat whichcoutdbe regutatedto

0.01"C.ofthodesiredtemperature. The watertevetin the thermostatis

shownbythelineE. The lightwassuppliedbya MazdabulbH andwas

renectedbythomirrorG. ThégroundglassF wasplacedsoas to give
thémaximumsharpnesato thedivisionline in therefractometereye-piecc.
1wasashieldtostopoxtrancoustightfrom reachingtheeyeoftheobserver.

Temperatureand refractiveindex measurementsweremadesimui-

tanoousty,andin order to be certainthat the solutionwaasaturatedand

that thematerialwasnotchangingfrom onephysicalmodificationto an-

other,repoatedreadingsweretakenat the sametemperature. Anychange

takingplaceinthésolutioncouldbefollowedeasitybythe refractiveindex

measurements.Whenthe readingsof temperatureand refractiveindex

remainedconstantfor an intervalof 30 minutes,it wasassumedthat

equilibriumhadbeenestablished. In somecasesas muchas twenty-four
hourawerenecessaryfor constantreadingsto beobtained. In orderto

bedoublycertainthat the solutionwas saturated,tho finaltemperature

wasapproachedfromboth directions.

Dc<enMt'M<!<tOHofthe<roKMMoKtemperaturesofsodiumsulfateandsodium

carbonateas <tcheckonthemethod

Themethodwascheckedoxpenmentatlyby determiningthe transition

températureofthe hydratesofsodiumsutfatc. Richardsandhiscowork-

ers (24),and Dickinsonand Mueller(6) had previoustydeterminedthe

temperatureof the transitionNaiSOt.lOHtO<~Na~SO<+ lOHtOto be

32.383*0.and32.384"C.,r~spectivety,the latter valuebeingmoregener-

allyaccepted.
Thestartingmaterialwas c.p.sodium sulfate. It wasrecrystallizcd

fourtimes,completelydissolved,filtered,and recrystallizedagain. Thé

motherliquorwasdraincdoffandthe crystalsplacedona suctionfilter

andwashcdwitha littleeoldwater. Whennearlydry,theywerecrushed

inamortarandstoredina tightlystopperedbottleuntilwanted. During
theactualdetermination,enoughcrystatswerealwayspresentto causea

stightturbidityin thé solution. Fourseriesof determinationsweremade

withsodiumsulfate,représentativeresultsofwhicharegraphicallyshown

in figure2. Eachscalereadingrecordedis thé averageof threeor more

separatereadings.Thé readingsvery rarely differedfromthe meanby
morethan0.01scatedivision. Thethermometerreadingswerecorrected

forémergentstemand calibrationerrors.

Thétransitionpointwasfoundto be 32.36'*C.ineverycase. Usingthe

hydratedsalt,thesaturationpointwasquicklyreachedwitheitherrising
or fallingtempératures,and theresultswereeasityreproduced.Thiswas

not the casewiththe anhydrousmaterial. It wasnecessaryto stir thé
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solutionfor a considerableperiodof timein orderto obtainoquitibrium
conditionswithfallingtemperature.

Sineethe transitionpoint was foundto be 0.02"C.lowerthan the

acceptedvalue,the transitiontempératurewasdeterminedbythe method

reeommendedby Dickinsonand MueHer(6),in whichthe crusheddeca-

hydmtewasplacedin a tube in coldwater until recrystattizationcom-

menced. The tube wasthen jacketedand placedina thermostat. The

valueobtainedby thismethodwasidenticalwiththe first,viz.,32.36"C.

This probablymeans that thé thermometerreads 0.02°C.lowat this

temperature. Sineeit was catibratedto 0.05"C.,this differenceis not

outside the limits of experimental error, especially since there was no ice

point markcd upon it.

A second check on thc dipping refractometer method for determining
transition points was made by checking the two followingwell-known

points: N~CO.-lOHsO Na!:CO,.7H:0 + 3H:0, and Na,CO,.7H:0 <~

NaiCO~HtO + 63:0. Using highly purified material, Richards and

Fiske (23) found the transition temperature of the first to be 32.017"C.

Othcr determinations were as fotlowa: 31.8°C. by Epple (8), 31.8ô''C. by
Ketner (17), 32.00°C.by Wells and McAdam (29), and 31.85"C.by Us-

sanovich (27). Wells and McAdam seem to be the only ones who have

determined the hcptahydratc-monohydrate transition with great care,
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obtaining 3S.37'C. as thc best value. Epple gave the temperature as

35.1"C.,whiJeRichards and ChurchiU recorded it as 35.2"C. Wellsand

MeAdamalsodetermined the temperature of the metastabto decahydrate-

monohydrate transition and found it to be 32.96"C.

The startinR material used in this investigation was a high grade of c.p.

sodiumcarbonate. It was purified in thé same manner as the sodiumsul-

fate, cxccpt that it was rccrystattized ten times instead of five, the final

recrystauization bcing carried out just before the material WMused.

Richards and Fiske found that if the crystals stood for some time before

they wereused,they took up earbon dioxide from the air and werepartiatty

convertedto the bicarbonate. They carriedout their finalrecrystattiza-
tioninplatinumdishes,inorderto avoid contaminationbysiticafromthe

glassware.Sincethis misedthe transitionpointonlya fewthousandths

ofa degree,andsincePyrexdisheswereusedthroughoutthepresentwork,

thiswasthoughtunnecessary.
Twodeterminationsof the transitionpointsof sodiumcarbonatewere

made. Nodifficultywasfoundin obtainingperfectchecksat thevarious

temperatures,as m the caseof the anhydroussodiumsulfate. Equitib-

riumwasquicklyestablishedwitheither risingor fallingtemperatures.
The resultsare shownin figure3. From these data, thé decahydrate-

heptahydratetransitiontemperaturewas foundto be32.02°C.,theheptar
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hydrate-monohydrate temperature was 35.34"C.,and, by extrapolation,

themetastabte decahydrate-monohydrate températurewas 33.1°C. The

tinu~ of error wereof the order of 0.02°,0.02', and 0.1"C., respectivety.

These résulta show that this mcthod can be used to détermine transition

points with constderaMeaccuracy.

H. THECRYSTALLINEFOMMOFAMMONIUMN!TBATËIII

During the courseof some unpublished workon the transition tempera-

ture of ammonium nitrate III ammoniumnitrate IV (also dosignated

as y and P), it was found that there was no general agreement in the

various références in chemical literature as to whether ammonium ni-

trate III is orthorhombic or monoctinic.

Ammonium nitrate was 6rst reported to be dimorphicby Frankenboini

(10)in 1854. Later,Lehmann ( 19)showedthat thoreare Evedistinct forms

stable at atmospheric pressure, and Bridgman(2) has found a sixth form

stable only at highpressures. In reportinghis work,Frankonhcim placed

the form stable at roomtemperature (NH~NO)IV)m thc rhombic system,

but was undecidedas to what system NH<NO!)III belongedto. Marignac

(20),von Lang (30),and others have studied the crystalline properties of

ammonium nitrate, but seem to have workedwith form IV exclusively.

Lehmannplacedbothforms inthé rhombicsystem,andreported that IVhas

a higher birefringencethan 111. He designated them as a-rhombic and

~-rhombic, respeetively. In 1905 Wallerant (28) reported the crystats

to be "monocliniquesquasiquadratiques." He stated that if Lehmann

had examined form III with oblique polarisedlight, he would have found

that it belongedto the monocUnicrather than the rhombicsystem. How-

ever, Wallerant workedwith thé solidifiedmeltsofmodificationIII whieh

had been stabilized by the addition of potassium nitrate. Caillart (3)

studied the solubility curves for mixtures of ammoniumand potassium

nitrates, and found that crystals separating from different compositions

have different crystal structures, as follows:crystals containing less than

17.2mole per centofammonium nitrate showthé regularrhombicstructure

of potassium nitrate; crystals containing 55to 94.5moleper cent of ammo-

nium nitrate are monoclinie (cf. WaUerant'scrystals); and crystals con-

taining 98 to 100moleper cent ammoniumnitrate are rhombic (modinca-

tion IV). As Janecke (14) has pointed out, Wallerant was probably

working with a solidsolution of potassium nitrate in ammonium nitrate.

It is also possiblethat equilibrium had not beenestablishedin the crystals

on the microscopeslide. In this way it is easyto explainhowhe may have

assigned the crystais to the wrong system. Ftôrke (9) referred to both

forms as belonging to the rhombic system. Bowen (1) reported that

modification III was monoclinic or orthorhombicwith a moderatoly high

birefringence,but not as high as that of form IV. Sincethe complotioit
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ofour work (193t), Hemtrit'kft,Posnjak, and Kracfk (12), fftm an x-ray
<'xamination,iun'c comc tu thf corcinsion tttat form III is pr()))ab]yor-
thorhombic.

&C/'(W<'H<<t<

Thf ammonium nitrate )M'din tttLswork wasof e.i'. gra<f<r<'(-ry.sta)Ii!K'<t
thn'ctimf.s.

'l'hc first cxpcritncnt))wcrcmadc with crystais whichhad bpcnmettt'd
an(tattowcdto coolstowiyon thé 8taK<uf a petroK~phic micmseopc. Tix'
throc transttions wcn' not idwaysobscn-pd witti this pure matenuJ;somc-
timcson)y two wcrpfound. On thc uthor tmnd, if ct'yxtatswhtchhad not
b<-t'nn'crysttdtizt'd wcrcu~'d, thn'c transitions were alwaysbund, cithf-r
on h<'<ttinf!or cooiinK. Thc ftu)un' to Hnd thé ÏV-~IU transition was
at first thought to bc due to thc KHj)(.'rt'oo)innof modificationIH, -'t
bchn\ior not unc'ommonin vcry pure substances. \'ery earcfutexamina-
tion showed that form III was cntircty absent, :md that the transition

proKK-sscdin the or(k'r 1-~11–~ÎVon ('oo)inf! and Î\'–~H–'I on heating.
Tius isin aK''c<'tn<'))twith(hc worko) Bowcn, whofound that a metastaMc

régionbctwccn II and n' oftcn dc\'ctojM uponcooting a mdt of pure sint.
He a)so found thftt, in som~ways, thc II–~IV transition Mmore casity
revcrscd than with thf nMrc.stabtu form. Howevcr, if modiËcationIII
wasfornM'dut any tinK-,thf direct transition I!IV cou)dnot bcobscrvf-d
unk'ss thc matcria) was mcttcd or etsc comp)ctcly convcrtcdto modinca-
tion I. Thc differcuccb<'tw<-cnfonns III and IV is shownin the micro-

photograph (Hgurc4). Thé pcrfect crystals of form III obtaincd from f
mFttswcrcaKvaysrhombic. Howevcr, since this is not thc bcstprocédure
for determining crystat System(vide Chamot and blason (4)),a second
écriesof experiments wasundertaken.

An etectricatty heated hot stage was dcvised, and adjustcd to 37*C.by
meansof ar thermostat. A drop of a hot conecntratcd solutionof ammo-
nium nitrate was placed on thc stidc, povpred with a covpr glass, and
attowed to crystattiM'stow)y. When cquitibrium bctwccn the crystals
and thé mothcr hquorwasn'achod, a.coating ofeoitodionwasplacedaround
thf edgcof ti)Gco\'crgtassto prevcnt crceping and ('vaporation. This had
nodetrhnt'ntfu effort,and tuadca mort' teisurcty andthoroughoxamination

possibtc. At Icast two hundrcd crysta.ts wcrc ('xamined in this way.

\tany wcn' so oricntcd asto ~ive a good biaxiat intcrh'rt'nccn~tre with

convcrKcntpotariM'dtight. AU thc crystats cxamhx'd showcd para))ct
pxtinction,and wcrc )onKncpdtcsor diamond-shapcd ptatos. If the tcm-

pcraturc was a!towcdto faHhciow32°C. and n'main thcrc fora. fcwhours,
thcscnec())t'san() p)atcschant!<'din appt'aranfc, and showrdthc prcscncc
of many smaiter ('rysta)swhichaiso bptongcd to thc rhombicsystem, but
w('rcmort' hif;h)ybircfrin~'nt. If thé tt'mpcraturc was raiscd to 37"C.,
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thc chanp- took phtccin th'' <'p))t).«;tct!h-('cti<')).TiK'tttr«t'crystntsa~t't

appcKrt'd pt't-fcctty h~tnu~'ncous, wUy occasioaatty showint! etcavit~'

cntt'ksur cry.sta!ttoundaric.swtM'n'th<-n' wcrcft'Jt«'tx-fon'.

Sincc it was tx~sibic t)t()t thc o'ysttds cxumim'd t)Ui{htt'avf )w< Mo

oncfttfd that unty tw~f-t'ystitth~ntphit'axes wo'c<'xnn)i)x'()fur th<'cxtint--

Fto. 4. ~<'r<'ph''t<~rHp)M<)fammoniumnitrate Ufand IV. a, ammonium

nitt-i'tptH; h, ammoniumnitrate IV;c, <UMmonit)n)nitrateIV ()))ack)gnmincHt

tht'expcnscofnmntmttmnnitrate tH(tigt't).

tion angle (vntt- Johannscn (15)), smut- tat-gc wdt-fornK'd~ry.~tniswcn'

p-ftwnat K7"C. Thèse wcn-oricntcd so that ttK'diffcrf'ntcrystnHHK)'u))hK'

axes wcK'piu-attc!imd pfrtK'))(Hcu)tn-to ttte optit'at t~is of t))(-mit'roscopc.

Mcfnn'tivcindex nK'asun'mf'ntsindi('ttt<'()that thf axesof <asti<'ityf'otn-

(-idcwith <hc<-ry<!tit))<~r:tt)hi<'ax<'«. Pnrattc) ('xtioctiottwas fomut in all
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cases,so that thora can be nodoubt that ammoniumnitrate III is or-
thorhombic.

III. THE TRANSITION POINT OP CARBON TËTRACHLOHtOE

Thotraneitiontempératureofcarbontetrachloridehasbcenpreviously
detcrminedby several investigatots.Gotdschmidt(11) reportedit as
-45 ±: &"C.,Latimer(18) -48.&"C.,McCuUoughandPhipps(21)-48.54
±0.02"C.,and Skau and Meier(25) -47.5S ± 0.12'*C.Sincethe last
valueis a degreehigherthan thatpreviouslyfoundbythe juniorauthor,
a redetenninattonwasundertakento locate thé causeof the différence.
Sincethis workwascompleted(1931),Johnstonand Long(16)havere-
portedavalueof -47.66 =t:0.05''C.,and haveproposedthat it beusedaaa
fixedpointin thermometry.

B~enme~a~

Thecarbontetraehlorideusedin this workwasobtainedthroughthe
UnitedStatesBureauof Standardsfrom Dr. Timmermans,whogaveits

TABLEt
7'fM~'h'ottpo<n<a7 TOtWMOttpOtttta

tCBMjtMO! t.)tet.om)XOK MATtNO COOUMO

T~
VAM!M

'c- 'c. 'c.

CC)< Freezing point -2Z.83d:.01 -22.84 ±.0t

-2286
CC)< TransUtonpomt -47.40 -47.87
CtHtC). Freezîngpoint -45.32 =b.01 -45.35~.0! -45.35

freozingpoint as -32.85°C. A sample of chlorobenzenewith a freezing
point of -45.35"C. was obtained from the same source, and served ad-
mirablyas a check on thé thermocouple cahbration.

The thermocouple used in this work was made of No. 30 constantan
and No. 36 copper wire. There werc 6ve junctions, each of whichwas
placedin a very thin-walled capillary tube, containing a drop of light cil
to improvethe thermal contact. The thermocouple wastested forinhomo-
geneitiesby interchanging the ends in stcam and icc and in icc and liquid
air. No differences in the readings were detected under these extreme
conditions. The couple was calibrated at the steam point, the ice point,
the freezingpoint of moreury (-38.87"C.) (13), and the sublimationpoint
of carbondioxide (78.2"C.). Ofthèse points, thé last is thé least reliable.
A carefullycalibrated type K potentiometer and type HS galvanometer
wereused to détermine the E.M.F,of tho thermocouple.

A 10-g.sampie was placed in a specially constructed Dewar tube, so
arrangedthat the air content betweenthé walls couldbcvaried. The tube
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wasplaced in small cryostat, the température of whichcouldbochanged
siowly. Besidesthé thermocoupie, thé tube alsocontaineda smallstifrer.

The third and fourth columnsof table 1show the valuesobtaincd for
the freezingpoints of earbon tetrachloridc and clitorobenzcne,and for the

transition point of carbon tetrachloride. Both the heating and cooling
curves were used in obtaining thèse values. For comparison,Timmer-

mans' values are placed in the last cotumn.
A température gradient of 0.1"C. per minute was used. A more rapid

change (e.g., 0.3"C. per minute) did not change the freezingpoints, but
thé transition point wasnot sharp. Evidently the velocityof the reaction
is not sufficientto maintain a constant température.

In a later run, a.slight amount of impurity was accidentallyintroduced
into the carbon tetrachloride, resulting in a loweringof the freezingpoint
of O.rc. and of the transition point of 0.27"C. Timmermanshas stated

that the freezingpoint of carbon tctrachloride is very sensitiveto minute
traces of impurities. Evidently the transition point is affectedto a much

greater degree. In the determination made by thé junior author in 1928,
the material was not as pure as might be desired, as shown by the fact

that its freezingpoint was -22.95"C., and there wasno evidenceofsuper-
coolingat the transition point. With very pure carbon tetrachloride,

supercoolingof 2 to 3''C. wasextremely difficult to prevent. The results
in this earlierwork were basedentirely upon coolingcurves,and the rate
of temperature change wasapproximately 0.2-0.3"C.per minute. Thèse

faetsexplain why the first result was 0.9*0. lowerthan the present value,
whichis in practical agreement with that of Johnston and Long.

In their paper on the transition point of carbon tetrachloride,Skau and

Meier (25)make the followingstatement: "It was foundthat thé heating
curvevalue was fairly reproducible, but that the valueobtaincdfromcool-

ing curves varied from -47.67 to –47.99°, dependingon the conditions;
that is, on the degree of supercooling and on the rate of cooling. In such

casesas this, whereone cannot establish equitibriumbystirring,due to thé

fact that the change takes place in the solid state, it is of course to be

expectedthat the proper degreeof supercooling beforothe transition takes

placeis very important. Ourbest curves for this pointwereobtained with

a supercoolingof 3 to 4", the rate of coolingbeingabout 0.3"per minute."

Thèseauthors cited Nernst's discussion of the dangerof supercoolingtoo

little or too much in cryoscopicdeterminations in dilute solutions (22).
On the other hand, the conditions prevailing in dilute solutionsmay be

vastly different from those prevaituig in the enantiotropic transition of a

pure substance. Tammann (26)states that supercootingandsuperheating
should be avoided as much as possible, because they changethé form of

thé curves at the point of hatt. This makes thé truc equilibriumvery
dimcutt to obtain. Consequently excess su))ercoo)ingshould be avoided.
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SUMMARY

1. A new method for determining the transition température of soluble

substances by means of the dipping refractometer bas been dcvised. This

method t! especMIy useful in cases where the velocity of transition ia so

smait that ordinary methods are inaccurate. It is much simpler and faster

than the solubility method and just as exact.

2. Examination of ammonium nitrate III by means of a petrographic

microscope indicatcs that it is orthorhombie.

3. The transition point of carbon tctrachloride has been redetermined

as -47.66 ± 0.2C. from heating and cooling curve measurements. This

température is affected by impurities nearly three times as much as the

metting point, and Mnot recommended as a fixed point in thermometry.
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AD80RPTÏON ON CHROMITE CATALY8TS
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The closerelation botween the adsorption ofgases by solidsand contact

cataJysisis quite generally acccpted, and bas been much discussedin the
literature. In this laboratory the chromites hâvebccn thoroughlystudied
as catatysts for thé oxidation of carbon monoxide by Lory (5) and later

by Loekwood(4). This suggestedthat a detaited study of the adsorption

by ehromite catatysts of carbon monoxide and oxygen, paying p&rticuiar
attention to the so-caUed"activated adsorption," would not be without
interest and value in shedding more light on the question of the relation
betweenadsorption and catatytic activity.

If adsorption does play a major part in contact catalysis, it is certainly
this high-temperature variety, with its "energy ofactivation," whichmust
be considered. For, as Garner pointed out (3), when Taylor (7) described
the phenomenonin 1931,he suggested the term "activated adsorption"
merelyto indicate that the processtaking place was one whichinvolveda

temperature coefficient,although the fact that it occurs at the tempéra-
tures at whichthe surface underconsidération is catalytically activemight
be construed as indicating that the term might equally well have been

used to meanthat the adsorbedmolecules are insome active state.

Sincethe surface of thé ehromite catalyst under consideration is cata-

lytically active for the combination of carbon monoxide and oxygenat

temperatures of 100-200"C., its adsorption of both of these gases was

studied over this range in température, noting particularly thé rate at

which the adsorption process takes place. The purpose of tho investiga-
tion was to measure the extent to which the adsorption takes place, and

also to obtain sumcient data on its rate to permit thc calculationof the

energyofacth'ation associated withthe process in each case.

APPABATU8

The apparatus used in making these measurements was essentiallythe

same as that described by MeKinney (6) and used also by Taylor and

Froma diMertation8ubmittedto the Faoulty of the GraduatoSchoolof the
JohnsHopMnsUniversityinpartialfulfillmentof therequirementsforthedegreeof
DoctorofPhilosophyJune, 1935.
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Strother(8). LiJœMcKinney'sappar&tus,it wassodesignedastopermit
themeasurementofadsorptionat constantpressure,withits rate,andalso
to measurethe adsorptionat constant volumein orderto plotthoiso-

themals.
Thegasburetusedin thèsemeasurementswasgraduatedinhundredths

of a cubiccentinteter,and the distance betweenthesegraduationswas
overa miUimeter,–largeenoughso tbat fractionsofa divisioncouldbe
estimatedwithconsiderableaccuracy. The buretwassurroundedby a
waterjacketthroughwhicha constant8trea.mofsmallbubblesofairwas

keptftowinginorderto insureuniformityof températurealongthclength
of the buret. A thermometer,graduated in fifthsof a degree,wassus-

pendedin the waterjacket,andthe temperaturewasrecordedeachtime
a readingwasmade.

THE CATALYST

The sampleof copperchromiteused in the adsorptionmeasurements

wasthe CopperChromiteNo.1preparedand testedforits efficiencyby
Lockwood(4). At the conclusionof the adsorptionmeasurements,the

TABLE1

~Motcyo/copperchromiteNo.a/<e)' theadsorptionmeasurement8

catalyst was again tested, using the same apparatus used by Lockwood.

The results obtained were, within a reasonable experimentalerror, the

sameas those of Lockwood,whichare summarized m table 1.

MATEKÏAL8

Thc gases used in the adsorption measurements were very carefuUy

purifiedbeforebeing placed in their storage bulbs. Each gas waspassed

through its purification train for at least an hour, in order tosweepout the
`

air, beforebeing admitted to thé system.

EXPERIMENTALRESULTS

~4~orp<M)Moxygena<co?n<<t?t<pressure

The adsorption of oxygenat a pressure of 350mm. Hg wasstudiedat

temperaturescoveringthe rangeoverwhich the activityofcopperchromite

as a catalyst for the air oxidation of carbon monoxidevaries fromprae-

.E~Motcyo/ copper etroott<eNo. a/ter <Aea<h<M~<<ottmeasurement8

tMMMWM COHVtttHOtf

'C. txremt

139 40
166 85
181 100
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tieatiynoactivityat all to 100per cent conversionofcarbonmonoxide

to carbondioxidc.
In ordertomakethe resultsat differenttemperaturescomparable,the

catalystwasheated, beforeeachrun, to 300*0.under400mm.Hg oftUyStWttH))<;ttM!U,)WtUH:COKtttut') M~uuv unu~t~Wtumt.tt~ v~

~-< -(~––co'<~

0 ~'<
–––––––

_–
V ~er-–

ë 0.)5 ––––––=~–~––––––

K ,M-.c.

s<j <rr

J'
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<t-/«'<~
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TttlE!Nt1!NUTES

FM.1.Adsorptionofcarbonmonoxideandoxygenoncopperchromiteat350mm.
of mercury

carbottmonoxide,and then thoroughlyevacuated. Lory(5)statesthat

any surfacechromateformedis reducedby carbonmonoxideat 100°C.

Thotreatmentgiventhecatalyst,then, shoutdsurelypreventanychromate

formedduringthe previousrunfrommtcrfermgwiththeresults. AUof
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the runswerecheckedseveraltunes, and the curvesobtainedcouldbe

duplicatedwithmabout2percent. The dataontheadsorptionofoxygen
arerepresontedgraphicallyinfigure1.

It isevidentfromthefigurethat the adsorptionofoxygenat thèsetem-

peraturesexhibitsthé onechiefeharacterist{oofactivatedadsorpMonto
whichTaylorcalledattention,–arate which,overtho températurerange
studied,showsa markedincreasewith increasingtemperature. In thM

TABLE2
Activationenergieso/adsorption«/ oxygenOHcopperchromite~MtfOMOMet(~)M «/ a<M<M'~K<Mt«/ oxygenOHcopperMfCMtM

B(.N~<~)_
AMeBtBC

––––––––––––––––––––––––––––––––––––––––––––––––––––––

tM-Mt'C. t(M-tM*C. tM-tM'C. tW-nt'C. tM-MO~ tM-MO'C.

0.00500 15.43

0.00626 15.78

0.00750 17.41 16.19 14.79
0.00875 17.71
0.01000 19.11 17.50 15.66
0.01125 20.61
0.01250 25.51 22.62 18.60
0.01600 22.04

0.03 9.69 9.31 8.99
0.04 9.46 964 9.63
0.05 10.19 M.29 10.40
0.06 11.76 11.53 11.28
0.07 1307 12.29 11.41
0.08 16.60 13.79 10.76
0.09 17.19 10.61
0.10 10.89
0.11 10.96
0.12 11.03
0.13 11.61
0.14 12.72
0.16 15.64

case,notonlytherate,but alsothe extent to whichtheadsorptionoccurs,
inereasesgreatlywithrisingtempemture.

If, at twotemperaturesTtand T!, adaorpttontakesplaceto thesame

extentin the timeintervalsand < the energyofactivationto beasso-

ciatedwiththeadsorptionprocessover that temperatureintervalmaybe

calculatedfromthe equation

,S/J_~"'<R~ T,

Calculating,with this equation,the energyofactivation,B, fromthe
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data illustratodin figure1 onthe adsorption ofoxygpnat constant presssure

by copperehromite,we obtain the values for E listed in table 2.

The fact that thé activation energiesfor the lowertempérature ranges
comeout considerablyhigher than those at somewhathigher temperatures

is due to the fact that the calculationsat the lowertemperatures involve

a muchmorenearlysaturated surface,since thé total amount ofadsorption
which takes place at these temperatures is so much less. At the higher

temperatures, the energy of activation is rising to similar valuesas more

of the gas is adsorbed.

Adsorptiono/carbonmoKO.tt'~eat coM<< pressure

Thé adsorptionof carbon monoxideon copper chromite at a constant

pressureof350mm. Hg wasstudied at thé same temperatures usedin thé

study of the oxygenadsorption.
A great deal bas been written, particularly by Burrage (2), about the

importance,whcncomparing thé rates of réaction found in diNerentruns,

ofbeingcertainthat thé surfaceof the absorbent wasin the samecondition

at the start of eaehruti. Wheneaehcarbon monoxiderun wasmade after

simply pumpingoff the gas fromthe previous run at the temperature at

which thé run had been made, the results obtained could not be checked

and appeared to be without meaning. Evidently the condition of the

catalyst surfaceat the beginningof a run varied considerably,according

to whether the previous run had been made at a température higher or

lowerthan that at whichthe succeedingrun was to bemade.

It was dccidedto makea set of runs after givingthe catalyst a definite

treatment, the same treatment beingused before eachrun. The catatyst

wasfirst heated to 27S-300"C.foran hour under a definitepressureof car-

bon monoxide. Then the catalyst was thoroughly degassed,and aUowed

to cool down to the desired temperature. Runs made in this manner

couldbe checkedto within 2 to 5 per cent. A set ofdata fromsuch runs

isshowngraphicallyin figure1.

These runs, in which the conditionof the catalyst surface should have

been about the same, indicate that the amount of adsorption is less the

greater thé température. Obviously,it is impossibleto apply the formula

used beforoto thé data of figure 1and to calculate energiesof activation.

It is apparent, however,that thé order in which the curves faUis det~r-

mined by the amount of instantaneous adsorption.

This part of the adsorption has thé characteristics of van der Waals

adsorption. Benton (1) stated that in most cases the van der Waals

adsorptiondisappearedat about 200'C. above thé boilingpoint of the gas.

However,he found a type of adsorption which showed thé speed char-

acteristicofthé van der Waalsadsorption with carbonmonoxideoncopper

at 110"C.,whilethe boiling point of carbon monoxideis -192"C. The
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van der Waalsad~orption in tho easeof carbon monoxideon copperchro-

mite app<;arsto be promincnt evenat a temperaturo nearly 400"C.above

the boitingpoint of thé rarbon monoxide, as is shown by thé 0.11ce. per

gramMisorbedinstantam'onsty at 200"C. Abrief run wasmade at 300"C.,

and thé 1-minutereading at thia température, in ce. per gram, was0.03,
the curve starting out similarly to those for oxygen at the lowertempéra-
tures. This would indicate that finally, 600"C. above the boilingpoint
of thé carbon monoxide, the van der Waals adsorption is disappearing
from the picture.

If we take the 1-minute reading for each of thc carbon monoxideruns,

whateverit may be,as zero, and plot the amount adsorbed over and above

this fixedquantity against time, curveslike those in figure2 are obtained.

Ffo.2.Activatedadsorptionofcarbonmonoxideon copperchromite

Thesecurvesaresimilarto thoseforoxygen,and aresuitablefor thécal-

culationofenergiesofactivation.
Sincethe amountsadsorbeduscdin plottingthe originaladsorption

versustimccurvesof figure1areobtainedbysubtractingoneexperimental
valuefromanothernearlythesamesize,the porcentageerrorinthéreading
isgreatlymultipliedbythc timetheadsorptioncurvesareobtained. The

finalcurves,thoseoffigure2,areobtainedbyrepeatingthe processofsub-

traetingonevaluefrom anothervery nearly thé samesize. Thus the

originalnumbcrs(thevolumesrcadonthe gasburet)havenowshrunkto

newvaluesnumericallyonlyaboutone-fiftiethof the sizeof the original

ones,andit isto beexpectcdthat asa conséquenceofthis the percentage
prrorswillhavogrownto largeproportions.

Nevertheless,it is possibleto takethese last curvesof figure2 andto

calculatefromthemfairlyconsistentenergiesofactivation,althoughthe
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agreementis quitonaturallynot nearlyas goodas in tho case of the

adsorptionof oxygenat constantpressure. Someof the calculationsof
enorgiesofactivationaresummarjzedln table 3.

Therapiditywithwhicha considerableamount of carbonmonoxideig
adsorbedonthechromitesuggestedthatperhapssomethtngapproximating
a monomolecularlayerisformcdat once,and that the"activated"adsorp-
tionconsistaof buildingup a thiekerlayer.

TABLE3
Energies «/ ac<tm<«)n; eaf~OMmonoride ott copper c/!ronn<<'

TABLE 4

CarbonMMtOM'dead:o)~«M in the ~fs< minute

Lory(5)studiedtheamountofohromatethat couldbe leachedoffsam-

plesofvariouschromiteswithwater,afterthe chromiteshad beenheated
in theair to forma surfacelayerof thechromate. Fromthe data which
heobtainedin thismanner,hecalculatedthe numberof chromiumatoms
onthesurfaceofthecatalyst. Forcopperchromiteheobtainedthevalue
4.11X 10"atomsofchromiumonthesurfaceforeachgramofthecatalyst.

Thesampleofcopperchromiteusedmthesemeasurementswasprepared
byfollowingLory'smethodto thesmallestdetail,andmaybe assumedto
haveapproximatelythesamenumberofsurfacechromiumatoms. If we
assumethat the adsorptiontakes placeon the chromiumatoms,then a

f(tH)tO-C*L.) âO.CAL.)Il (III ItO-cAt..)
t)t0<!)t't *MOBMe

t!t-)M'C. t!5-MO''C. tM-ZM'C.

O.OtOO 8.J7
0.0t25 7.93
0.01M 9.34
O.OtM tO.H
0.0200 tt.06 8.6t 7.M
0.02Z5 H.29 8.M 7.07
O.OZM ti.?4 8.45 6.49
0.0275 U.38 8.42 9.67
0.0300 tO.43 8.28 7.01
0.0325 C.70 7.83 6.7t

MMHMtATOMt AMOMTtOK

*C*. <t<om<per~«m

100 &.64X10"
125 6.2CX10"
150 4.75X10"
175 4.16X10"
200 2.76X10"
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moaomotecuiarlayertnust beconsideredas onemoleculeofcarbonmon-
oxideto oachsurfacechromiumatom, or about4.11 X 10" atomsper
gmm. Theobservedamountsofearbon monoxideadsorptioninthéfirst
minute,eonvertedfromcubiccentimeterspergram to atomspergram
aregivenin table4. Obviousty,the amountofthis rapidadsorptionis,
at the temperaturesstudied,of thé same orderof magnitudeas that re-
quiredtoforma monomoiocujarlayer on the surfaceof thccatalyst.

W LJJVI~L 111 IIIL (jy

Fta.3.Adaofpttonofearbonmonoxideoncopperchromiteat eoMtttntvolume

~~orp<MtofcarbonMo~o~e a<constantfohttM

Thedifferenteharactcrof theadsorptionversustimecurvesforcarbon
monoxide,as comparedwiththoseforoxygen,suggestedthat theprocesses
takingplaceweronot of thesamenature.

Inorderto obtaina betterunderstandingof thequestionofthoadsorp-
tionofcarbonmonoxide,it wasconsideredworthwhiletoobtainthedata
necessaryto plot the isothermsfor the adsorptionof carbonmonoxide,-
thetotaladsorptionofallkindswhenequilibriumhadbeenreached. With
thisin mind,constant volumeruns were madeat seventemperatures,
eoveringthe entire range wherethe catalyst isactive. The data thus
obtainedareshowngraphicallyin figure3.
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Theadsorptionofoxygenby copperchroma appearsto be a straight-
forwardprocese. It seemsprobablethat it is simplya chemicalreaction,
thatofsurfacechromateformation. Atthe températurerangeoverwhieh
theadsorptionwasstudied,whichistheimportantrangeasregardseataly-
sis,theactivatedadsorptionis theonlyprocesstakingplace,sothat there

arenocomplicationsintroducedbyconcurrentreactions.
Thecaseof the adsorptionof carbonmonoxideon copperchromiteis

not sosimple. Twoadsorptionprocessescombineto givethe observed

results,andit isonlybyseparatingthetwoand constderingeachoneindi-

viduallythat wecanobtainany understandingofeitherone. Thecurves

of figure4 represent both the sum of thé van der Waab and the activated

adsorption,and each one separatety. Considering only the one pressure
used throughout thé rate measurements, 350 mm. Hg, curve 1 is taken

from the isotherms in figure 3, and shows the total amount adsorbed at

equilibriumat this pressure and at each of the temperatures considered.

These amountsdiminish regularly with increasing température except in

the neighborhoodof 160°C., where a sharp maximum is observed. It

wouldbeexpectedthat this maxitittum,eoming at such ahigh temperature,
wouldbedue to the activated adsorption rather than to the van der Waals

variety.
Curve3,whichshows the 1-minute rcadings from the constant pressure
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runs,bearsoutthisexpectation.Thiscurvemaybetakenasrepresenting
the vander Waalsadsorptionaloneat eachof thé temperatures.Evi.
dentlythis type of adsorptionfallsoff rapidlywithrisingtemperatures,
andexhibitsnomaximaorminima.

The differencebetweencurves1 and 3, then,mustobvious!yrepresent
thetotalamountofactivatedadsorptionwhiehtakesplace. ThisisMpre.
sentedgraphicallyin curve4,and the maximuminthe regionof1SO°C.is
verypronounced.Thetemperaturerange inwhichthécatatyticemciency
of the chromitein assistingthé combinationof carbonmonoxideand
oxygenrisesfromabout40percent to 100percentisshownbytheshaded
area. In thisrangeoftempératurethe amountofactivatedadsorptioni9
considerablylessthan theamountofvan derWaalsadsorption,although
it appeaMlikelythat thisconditionwillbe reversedat a somewhathigher
température.

Curvc2 is thé représentationof the 30-minutereadingstakenfromthe
curvesof figure1. Thedi~erence,then, betweenthis curveandcurve3
willbethéamountadsorbedat eachtempératureinthe intervalfromone
to thirtyminutes,and willbeproportionalto thérateoftheactivatedad-
sorption. Thisdifferenceis representedby curve5. It is evidentthat
thereis a maximumin therate of the activatedadsorptionat aboutthe
sametemperatureat whichwenndthé maximumin theextentto which
it takesplace.

Thèsemaximain the amountof activated adsorptionand in its rate
suggestthat perhapsthereare twodistinctly separateandentirelydif-
ferentprocessestaking placeat thé surface in additionto the van der
Waalsadsorption,which,forthe moment, we are neglecting.Bothof
theseproeesses,of course,wouldbe ineludedina generaldefinitionofad-

sorptionasanywayin whicha gasis taken up bya solid. Butalthough
eachtakesplaceat a measurabterate, the amountof onefallsoffwith
risingtemperatures,whereason the contrary, the amountof the other
becomesgreateras the temperaturebecomeshigher.

In figure5a the solidlinecurve is a duplicateof curve4 in figure4.

Similarly,in figure5bthesolidcurveis a.duplicateofcurve5 infigure4.
Ineachcasethe broken-linecurvesmarked a and barearbitraritydrawn,
regularcurveswhich, whenadded together, give thé curveswith the
maxima.

It doesnotseemwhollyimprobablethat whatwehavebeenconsidering,
then,as thé activatedadsorptionof carbon monoxideon the chromite
surfacemightpossiblybe reallythe summationof twodiatinctiysepa-
rate processes,which,althoughin no sense do they workat crosspur-
poses,neverthelessvaryma differentway withtempérature. Thèsetwo

processes,ifsuchexist,couldthenberepresentedbycurvesofthetypeof
thosedrawnin brokenlinesinfigures5a and 5b.
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In figure5a thesecurveswillrepresentthé extent to whiehthèseproc-
èdes take placebeforcequilibriumMreachedat a pressureof350mm.

Hgandthe temperaturesindicated,whilethé curvesof figure5bwouldbe

proportionalto theratesat whichtheprocessestakeplace.
If wemayrepresentthe adsorptionas the sumof twosuchhypothettcai

processes,oneofthem,that representedby b, diminisheswithrishigtem-

pérature,jtotontyas regardstheextentto whichit occum,but sboin thé
rate at whichit takes place.

It must bo rememberedthat the differeneesbetweenthe adsorption
curvesfor carbonmonoxideare notlarge in comparisonwith thevalues
involved. It may be possiblethat experimentalerrorsare responsible
for the maximaobtainedin figures4and 5. However,the.factthat the

maxima occur in the same température intcrva) in each case and are so

similar appears to bring thé hypothoticalprocessessuggested into the realm

of possibiHty. If they do exist, perhaps one of the processesis one of

solution, or diffusion,or somc such phcnomenon. At any rate, the exact

nature of the two processes is of no importance as regards the relationof

thé adsorption processto catalytic activity, as we shaUsecdirectly.
In the range over which the efficiencyof thé chromite as a catalyst for

the oxidation of carbon monoxidc nears 100 per cent, the adsorption of

carbon monoxideis faUingoff rapidly from its maximum, whichmakes it

seem doubtful that it is of major importance in the mcchanismof the

catatytic reaction.

As the temperature is increascd over this range, however,the adsorption
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ofoxygenrisesoxtremetyrapidly. It seemsmoretitceiy,then, that the
determiningfactorinthoactivityofthosurfaceistheadsorptionofoxygen.
AsuggestedmechanismwhichseemsreasonaMois that thooxygenis firat
adsorbedonthechromitesurfacewith anonergyofactivationofthéorder
of thosecalculated. If thetemperatureis itighenoughsothat theadsorp-
tion of thé oxygenreachessuNicientpt-oport!ons,any carbonmonoxide
passingoverthc catatystsurfacecither rcactsdireettywiththe.adsorbed
oxygen,or elseis firstadsorbpdand thenreacts,after whiohthe carbon
dioxideproducedMdesorbed.

Lorysuggestedthat thefataiytieactivitywasdueto alternateoxidation
of thechromitesurfacebyoxygenand its reductionby carbonmonoxide.
If theterm"adsorption"isdeËnedas includingallwaysmwhicha gasis
takenup at a solidsurface,withoutregardto the natureof the binding
betweenthe surfaceand the adsorbedgas,adsorptionwouldof course
includethe oxidationof thesurfacechromiumatomsbygaseousoxygen.
Soin thé strictestsensethereis no real dinerencebetweenthésuggested
mechanismandthat proposedbyLory.

However,sincethe oxidationof the ohromiteia probablya process
invoivingtheadditionofoxygento thé .m~a~chromiumatomsonly,it
seemswiseto speakof it asan adsorptionprocess,thus emphasizingtho
fact that it isa surfacephenomenon,-forthésurfaceisaU-importantin
contactcatalysis. At least,untilit maybeshownthat thebindmgof the
adsorbedgasto the surfaceis idcnticalwiththat betweenatomsof the
surfacematerialandof thegasin theirknowncompounds,it appearsmore
to the point to use thé term "adsorption"rather than "oxidation"to
describetheprocess.
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PENETRATION OF SOLAR AND COSMIC RAYS INTO FRESH

WATER LAKES

GEOROE A. LINHART
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The purpose of the present article is to show tbat the equation given in

a récent paper (2), expressing the relation botween turbulence and depth

of the océan, applies equally well to the decrease in temperature and to

TABLE t

Relation 6e<«eett<<tttp<fa<t«'eand depth

the penetrationof so!arheat and cosmicrays with increasein depthof

freshwaterlakes. Ofthe accumulateddata givenin the literature(3),

twoexamplesofcachtopicwillsufficeto illustratethesephenomena.

Themethodsof calculationandoftabulation arefullydiscussedin the

paperrefcrredto (2). The resultsof the presentcalculationsare pre-

sentedin threetablesand are illustratedgraphicallym six Sgures. In
09

MMCA~OOA tJtMHHntCt

t~- M.))!K"').M<!to<A--T.MtM te.O:<.M!)!!o);t -MKM

m<f<f< °C. "<r' 'C-

0 20.0 0.0 0 20.0 0.0

10 19.8 0.2 5 19.4 0.6

14 19.6 0.4 10 19.0 1.0

M 19.0 1.0 12 18.8 1.2

t6 18.6 1.5 15 18.4 1.6

17 16.1 3.9 IC 17.3 2.7

M 13.8 6.2 17 149 5.1

19 11.5 8.5 18 12.3 7.7

M 10.1 9.9 19 11.1 8.9

? 7.0 12.1 20 10.2 9.8

30 5.9 14.1 M 6.8 13.2

40 4.8 15.2 30 5.8 14.2

50 4.5 15.5 40 4.8 15.2

60 4.5 155 50 4.3 15.7

70 4.4 15.6 70 4.2 15.8

80 4.2 15.8 80 4.2 15.8

100 4.1 15.9 100 4.1 15.9

121 4.1 15.9 120 4.1 15.9

tt~ ~t~~t:nn ~f on)nr haot- onf< ffMmif MtVRwith increaae m deDth of
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TABLE 2

Relation between A<o<and depthtf~MHOtMf<OMMMOtan<!<KpM

tAMCAItMA MMM~M

N~ MMOiX MN:b< -<M<! ~<, MMO!K t.eM:tôt t -a.MOM

D -M M B -M

m<to'< M<M~M eo~onM m<fa'< cof~r~< «t<n~M

0 26COO 0 0 32COO 0
M t8600 8MO M 2t000 H900
? 9900 2COOO M !t)800 SStOO

? 3100 23800 ? 6600 26300

40 t800 ZStOO 40 4800 2MOO

M 1400 M500 60 3800 M600
60 HOO Ï6MO 60 2600 30300

W 860 26040 70 MOO 30900

80 590 26MO 80 800 3MOO
tM 320 MMO 100 800 32t00

1SO 290 32010

TABLE 3

Relation betweendepth and ccsMMray ionilation

MM ANnOttHBAtt OEM m~t!

MJM;X t.M3;te~k -O.MM7 M.OO; H)3:bt t -0.479M

D f'febtd.) t'tottcd.) 0 /'(oM.) J''((ated.)

<))<<«'< mt<tr<

0.82 4380 43.80 9.20 0.85 64.10 62.70 17.30

t.50 37.50 38.00 t6.00 1.00 60.10 60.M 19.90

2.00 33.50 34.49 18.41 2.00 43.80 46.61 33.39

3.00 29.50 29.25 23.75 4.00 30.40 31.38 48.62

4.00 25.50 25.38 27.72 43.00 3.02 352 70.48

5.00 23.10 22.17 30.77 50.00 3.30 2.96 77.04

6.00 21.10 19.79 33.19 60.00 2.49 2.48 77.52

6.25 20.60 19.29 33.71 72.55 2.00 2.00 78.00

8.25 17.33 15.90 37.10

10.64 14.52 13.10 39.90

15.90 10.23 9.43 43.57

21.10 7.89 7.37 45.63

26.25 6.07 6.20 46.80

30.35 5.21 5.26 47.74

37.05 4.25 4.35 48.65

42.78 3.79
1

3.76 49.24
11
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table1aregiventhe depths(D),the temperatures(t),andthetotaldrop
in temperatureat eachpoint (C);m table2, the depths(D),thesolarheat
(-~) in caloriesper unit of surface,and the total dropin heatat each
point(H);andin table3, the depths(D),the cosmioray ionizations(J')
perunitofsurfacepersecond,andthe total dropincosmicray ionization
at eaohpoint(f).

CONSTRUCTION OF THE QRAPHB

Theconstants(Kandlogk)necessaryfor the constructionof figures1
and2 wereobtainedfromthe datagivenin table 1andthe straightline

equation

!og<(~-9) = Klog D+ log k

thosefortheconstructionof figures3 and4, fromthedatagivenintable2
andthe equation

togH/(~)=~logD+iog& k

andthoseforthe constructionof figures6 and 6, fromthedatagivenin
table3 andthe equation

!og~/(~-f)==~togD+togib k

Thequantitieswiththe infmitysubscripts(~, andf~)werereadily
foundfromthegraphsof the respectiveequations,whiehmaybewritten
in thegeneralform

y=~<(l +A-<)

Thisisobviousfromthesymmetryof the curvewheny isplottedagainst
logx;forifthésecondderivativeofy withrespectto logz isplacedequat
to zero,y = Thevaluesof thesequantities,togetherwiththosefor
K andfor logk, aregivenat theheadofeach table.

DISCUSSION OF THE BEaUMS

Aglanceat thegraphswillshowthat thé experimentalvaluesdistribute
themselvescloselyalongthe calculatedcurves,and,consideringtheuncon-
trollableexperimentalconditions,the fit in eachcaseisasgoodas canbe

expected. Thisis especiallytrueof the experimentalpointsin figures1,
2, 3, and4. However,the experimentalvaluesshowninfigures5 and6

representa muchhigherdegreeof expérimentalcontrol,and it seemed

worthwhile,therefore,to placein table 3 calculatedvaluesalongsidethe

experimentalonesfor comparison.The agreementis quitesatisfactory.
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In conclusionit maybenotedthat thesimitarity in thebehavioroftho

threeprocesses,prcsentedin the threetabtesand in thesixgraphe,isnot

accidentât. Acomprehensivetreatmentof these andofsimilarprocesses,

toctudingthederivationof thegenaraléquation,isresetvedfora finalpaper.
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CARBONDIOXIDECLEAVAGEFROMDIBROMOMALONIC
ACID. II

JYTTEMUUS

The!/mMMtt~~MiftMieo/ BteeAsMM~,CopettAa~Mt,DtMMft

Rete~M~e, 1986

The decompositionof dibromomalonicacid into carbondioxideand
dibromoaceticacid

BhC(COOH), CO,+ B~HCCOOH (1)

wasstudiedinapreviouspaper (1). It wasshownthat theunivalention

decomposesspontaneouely,the undissociatedacid and thé divalention

beingstable.
Thecarbondioxidecleavageof~.keto.and a-tutfo.carboxyiicacidsbas

beenexaminedby Pederson(2). Fromthe fact that û',o;-dimethy!aceto-
aceticacid andof,of-dimethyhitmaceticacid take up brominewiththe
samevelocityas theydecompose,heconcludesthat an intermediateun-
saturatedcompoundis firstformedbythecteava~e:

CH,.CO.C(CH,),COOH

CO,+ CH,COH:C(CH,)~CH, CO.CH(CH,~

CH,.CO.CBrt(CH~+ HBr

0,N.C.(CH,),.COOH-~

CO,+ HOON:C(CH,), OtN-CII(CH,),

0,N.CBr(CH,)<+ HBr

Thestructureof dibromomalonicacidbears someanalogyto that of

~-ketoacida. A mechanismanalogousto that of scheme2 is therefore

suggested:

HO CO.CBc.COO"

COt+ HO.CO-:CBr< -0-CO'CHBr<

-O.CO.CBn+HBr
121
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In order to test thia suggestionsome brominationexpérimentawere
carriedout. It wasshownthat bromineis takenup duringthe decom-
position. Sinceneitherdibromoacetieacidnordlbromomalonicacidreaets
withbromineunderthe experimentalconditions,an intermediateproduet
issurelyrcsponsibtefor thé disappearanceof bromine.

KXPNBtMEtfTAL

In ordertocomparethe resultswith thoseof theproviottecommunica-
tion (1) the experimentswerecarriedout at 25"C.and in the following
solutionsof hydrochloricacidandpotassiumchloride:x MHCl+ (I x)

KC1 x MHC!+ (0.2 x)MKCt;andx AfHCt+ (0.1 x)M KCI.

Fto.1.AbsciMa:molesof bromineaddedper moleof dibromomalonicacid. Ordi-
nate molesof bromineused per moteof dibromomalonieacid. CBnOtCOOHh
7.26X 10' theoretiealvalueifail the dibromomalonieMtdreactsaccording
to scheme4b. B B expérimentain 0.1 hydrochlorieacid; o o, exporimente
in0.1 Nhydrochtorioacid and 0.9N potassiumchloride.

In addition, known amounts of brominc and dibromomalonicacid were
present. A suitable time after the start of the reactionan excessof 0.1 .V
arsemousacid was added. The arsenious acid rcacts instantaMousty with
bromine.

A~O, + 2Bf! + 2HsO AsiOf + 4Br- + 2H+

but doesnotreactwîth the other substances present. The excessofarsem-
ous acid was titrated with brominewater.

In most experiments the dibromomalonic acid waa about 0.007 M.
The amount of bromine taken up during the reaction increases with in-

crcasingbromineconcentration. However, when the initial concentration
ofbromineis about 0.012 M,further incrcase doesnot inerease the amount
of bromine taken up (Sgure 1).
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The amountofbrominedisappeatingwhen thé reactionis aUowedto

procceduntil comptetionabo dépendsuponthe concentrationofhydro-
ohtortoaoid,asshownin table1.

Thefaotthatonlya fract'onofdibromomalonicacidreaetswithbromine,
andthat this fractionis indepcndentofthe bromineconcentrationwithin
a largerangeofconcentration,ienot inaccordancewithscheme4. Part
of the dibromomalonieacid muetbe convertedinto dibromoaceticactd
withoutforminganintermediateproduct'eapabteofreactingwithbromine.

Thefoilowingmechanismof reactionissuggested.

HO.COCBr,COO-– HOCO-:CB~+ CO,

HOCO-:CBr, HO.COH:CBr~-i-B'~ HOCO.CBr,+ HBr,~

HOCO.C-Br,~-H~ HO.CO.CHBr,

TABLE1

B~cwMelakenupbyt<)'&rcmom<<w«:acid

CBf.CfCOOH))7 X10' CBr<'=' 12X M* M= molesof brominereaetingper
tnoteofdibromomalonicactdtno<eo) tnoromomfuonK:scia

tMHC) tMHC) n~HC)
(t-OMKCt (0.x)MKCt (0.t-t)~KC)

n n n

«

t.00 0.832

0.76 0.859

0.50 0.868

0.29 0.838

020 0.8t5 0.820

0.10

1

0.792 0.795 0.781
0.08

I

0.753 0780 0.770

0.05 0.7t8

It fulfillsthé requiromcnt,and it seemslikely that thefirststepof the

reactionis muchsiowerthan thé followingand thus determinestherate
of thereaction. Butof courseothermechanismsmay beproposed.

Withoutstatinganythingdefiniteaboutthe mechanismofthe reaction,
it isobviousthat tworeactionstakeplacesimultaneoudy. Theoneleads

directtyto dibromoaceticacid,the otherto thé formationof a product
whichreactswithbromine. If theratioofthe vetocitiesofthesereactions

is (1 K): weseethat, at the timet, whenc molesperliterofcarbon

dioxidehavebeensptitoff,ne molesperliterof brominehavebeenused.

If the initialconcentrationofdibromomalonicacid is co,wemolesperliter

ofbrominehavebeenusedat theendoftheréaction. Fromtheexpression

Ce– C MCo– M
-~< = )og -–– = log–––

C, MCe
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it Mreadityseenthat< oomputedbymeansof thedcveiopmentofcarbon

dioxide,shouldbe ldenticalwithk computedfromthe disappearanceof

bromine,whenwesubstitutethéamountofbromineaetuaHytakenupfor
the amountwhichwouldbe takenup if only tribromoaeetioacidwere
formed.

tn table2 Aiis the velocityconstantproviouslyfoundfor the carbon
dioxidecteavage. isthe velocityconstantof the brominationcomputed
as just expfained. doesnot differmuch from ki,indicatingthat tho

assumptionof the formationof an intermediateunsaturatedcompound
is correct.

In orderto showthat the presenceof brominedoesnot interferewith
the firststep of reactionS, thé veloeityof the carbondioxideoleavage
wasdeterminedbythe methodpreviouslyused inO.ÏAfhydrochloricacid,

TABLE2

t~<<oc(<~coulante «f the tMMt<Ma<)'ott

_CB~(COOH).° ?XM- Car,= t2 X t0- 1 M'C.

containingbromineofthesameconcentrationas in thebrominationexperi-
menta. Withoutbrominethe velocityconstant was4.31 X 10' with
bromine4.30X 10-3.

8UMMARY

Themechanismof the decompositionofdibromomalonicacidhas been
studied.

It hasbeenfoundthat simultaneousiywith the carbondioxidecleavage
brominewastakenup. Therateof the reaction of thebrominationwas

approximatelythesameas that ofthe carbon dioxidecleavage.
Fromthis resultit wasconcludedthat the first stepofthe reactionwas

theformationofanunsaturatedcompound.
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*MHC) «MHCt tMHCt
~j O-~MKCt (M-jt)JMKCt <e.t-)t)JtfKC)
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MOLECULABDIMENSIONSFROMVISCOSITYSTUDIESI

ROBERTM.THEIB*ANDHENRYB. BULL

Dt~ttMto/eM!<Mra!B«)<~en«'<<Univaraily<Af<MfM«'<o,Jtft'MttMpch'a,
Aft'ftn«o<a

R«:etM<tjMtte!M,MM

THEONETtCAL CONStDERATtONS

Theviscoaityofa bulkliquidisknownto be increasedby thepresence
of a suspendedparticle. The completemathematicattreatmentof thia

problemforthecaseofsphedca!particlesbasbeensotvedbyEinstein(1).
Jeffery(6)basextendedthe workcarriedout by Einstein,forthe case

ofellipsoidalpartictes. GreatdiScultiesweree&counteredin thesolution
of the problemandthe resultswereleftin a rather indeterminateform,
owingto thefactthat a numberofmotionswerepossiblefora givenset
of boundaryconditions.

Eisenschitz(2),assumingthat theellipsoidalpartictesoorientsitsetfat
thotimo<= 0(beginningorientation)that itsaxescoincidewiththeprinci-
palaxesofdéformationof the fluid,calculated,both for puremotionof
deformationandforplanelaminarflow,thevalueof this numericalfactor
intermsofratiooflengthto diameter. Hisresultsfor planelaminarflow
are as fottows:

'1
1.15?

a
v

1+_L.
"o

rlog.2,
V

wherea = thelongaxisof the ellipsoid,
b ==thoshortaxisof the ellipsoid,

nand tte= viscositiesofsolutionandsolvent,rcspectiveiy,
v = volumeofparticle,and
F = volumeofsolution.

Weappliedthisequationtostearicaciddissolvcdin carbontetrachloride
as wellas to lecithinin thesamesolvent.

1Publishedas JournalSeriesNo.1363,MinnesotaAgriculturalExperiment
Station.

ThMpaperiatakenfroma thesiapresentedbyRobertM.ThN8tothePaoutty
oftheGraduateSchooloftheUniversityofMinnesotain partialfulfillmentofthé
requirementsforthedegreeofMasterofScience,June,t635.

iat
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VtaCOStTY MEA8UREMENT9

McasuremcntsweremadewiththoOstwaldtype of viscosimeter.For

8 cc.ofearbontetrachto'idethe timeof out-nowwasabout90seconds,

whileforthesamevolumeofwaterit wasover 120seconds. Thoneck

of the instrumentwasdrawnout toabouthalf its thieknessto faciMtate

therecordtngofan accuratestartingpoint. This narrowconstrictionwas

etchedwithhydrogennuoride,asalsowasthe capiUarytube. Théinstru-

mentwaskeptBUedwith deanhg solutionwhennot !n use,especiaHy

ovemight.Thedeasiticsof the solutionswere determinedby meansof

a pycttometer,whichwasaccuratotycattbrated. As the spparstusmust

beextremetydean to get reMaNemeasuremcnts,the fottowmgprocédure

wasfollowed:Théapparatuswaswashedtwicewithwastecarbontctra.

chloride,oncewithpureearbontetrachlorideand oncewtthacétone,and

driedby evacuating.
Thestearioacidusedwas recrystaUizedfrom benzène. It meltedat

69"C.,whichindicatedthat it wasquitepure. Thesolutionswerepré.

paredbydissoMnga knownweightofstoaricacid in oarbontetrachloride

and makingup to correct volume. The data are givenin table 1 and

graphedinfigure1.

FikentsoherandMark(3),takingintoaocounttheprooessofsolvation,
haveproposedthe followingformula:

"a" te

100 ~e

where is the volumeoccupiedby 1g. ofsubstanceinsolution(volume
ofsolvatedparticte),c the concentrationingramsper MOce.ofsolution,
and "e" equals2.5.

$cinthedenominatorof theaboveexpressionisanalogousto thebterm

in vanderWaab'equationofgases. Thévalueof the constant"a" will

be2.5forsphericaiparticteaonly.
Treating"a" and as generalconstantsand rearrangingthe above

expressioninthefollowingform,oneobtains:

c 100 1– s= – – -c
'?.“ <!<f' a

where l

Il
~=~-1~e

Thevariablesin thisequationare andc. If onepiots as ordinate
t.p t'p

andcasabscissa,asisdonein figure1,a straight linewithtntorceptoquai
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ÎOO
to – and witha négativesiopeof I/o Mobtaincd. Fromthevaluesof

thestopeof thélineandtheord!natc{otercept,a b 0.886and4' is4.t8Sce.

pergram.

TABLE1

W«:OM<!fc/M<Mi<'<ttt<?/ <<eon'cac:'dtttmr6ottte<M<<<cnde

COttOSNTBMtOKtMoaAMMa
tMm.MMhc'nott

2.0 1.0809 Zt.7Z
1.6 1.059 26.83
1.0 1.0387 25.8Z
0.5 1.0186 M.87

Thespecifiegravityofstearioacidat momtempératureisapproximately
0.85. Thiscorrespondstoaspecificvolumeof1.17ce. Onthe otherhand,
the apparentspeciScvolumefromviscositymeasurementsturnedout to
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be 4.185,about 3.5timesthe expected value. There is no reasonto beticve

that a gramofsubstanceshould occupythé same volumein both thé solid

state and in solution. However, whensolvation takes place, in the case

of stearic acid, the carbon totrachloride becomes part of the stearic acid

partie, so that the apparent specifievolume now becomes the volume

oecupiedby 1g.ofstearic acid plus an unknown number ofgrams ofcarbon

tetrachloride, but this total volume is calculated on the basis of 1 g. of

stearic acid.

We do not knowwhether the solvent is ineluded between the particles
ofsolute or a shellofsolvent is buUtaround each particle. In eithercase

the particle assumesa definite shape with some deformability, so that thé

solution stUJbehaves as a homogeneousliquid. The value of the con-

stant "a" (found)indicated that stearie acid does not form sphericalpar-

ticlesin solution. Assumingthat we aredealing with euipsoidsof revolu-

tien instead of spheres, we applied Eisenschitz's equation to détermine

what ratio of length to diamoter corresponds to the value of thc con-

stant "a," obtainedexperimentatty. If we assume that the motionof the

particle is plane laminar flowand that the ratio of length to diameter is

6 to 1, then the value of "a" by the aboveequation is:

0.159 (6/1)a = –,––,– = u.oo4
togio 12

whichcorrespondsto the value of "a" (0.885), found experimentaUy.

From x-ray data of Francis, Piper, and Malkin (4) thé diameter of a

stearic acid moleculeis 3.7 to 4.0A.U. and thé !ength of a singlemolecule

is 23.4 A.U. (this is calculated on the basisof the above work). Thiswill

give us a ratio oflength to diameter of approximately 6 to 1.

Thé lecithin was prepared by a modification of thé method of Suey-

oshi (7). The reagentswere carefullypurified and tested for their purity.

Analysisof thé lecithin gave the followingresults: total nitrogen, 1.835

weight per cent; phosphorus,4.094 weightper cent; N:P ratio, 1:1.007;

aminonitrogen,0.39weightper cent.

Van8iykeanalysisshowsa highcontamination of cephalin (21per cent),

but sinee the N:P ratio is practically 1, it indieates that the material

obtained is freefromother lipids. Thepresence of cephalin wouldhardly

affcctviscositymeasurements,as there is little differencebetween the mo-

lecularstructure of lecithinand of cephalin.

In table 2 are the résulta of our viscosity measurements of lecithinin

earhontetrachlorideat various concentrations. These values are graphed

in figure2.

Treating the data obtained for lecithin in the same way that we did for

stearic acid, wefound a similar relationbetween viscosity and concentra-

tion. Acomparisonoffigures 1and 2 willdisetose the fact that the points
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TABLE 2

t~teet~ e/ M<t<<<onte/ <eet<MHin carbon tetrachloride

<!<Hf<!N<ttt*'nO)tMOtttttt fXK
)Otcf.<'f)omTten

!tr t.49ZO 2B.M7
8 1.33t8 M.Ht
5.7 1.3209 25.H1
3.7 1.14M MM
1.8 l.OtMS 27.77
0.9 1.0259 34.74
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do not lieonastraightlineforsmallconcentrations, If onerewritesthe

ordinateintheform–"L it canbeseenthat smallerrorstn willgreatly
'?

affectthe results. This usuallyoceursfor small concentrationswhere'1/

is notmuehdifferentfrom))o.

Carryingout thesamesortofcalculationfor lecithinas forstearicacid,

wcfound =1.99ce.pergramanda ==1.76.

Assumingthat lecithintonnaetttpsoidatpartielesandapplyingEisen-

schitz'sequation,"a" fromcxperimentcorrespondstoa 17to 1 ratioof

tcHgthto diameter,i.e., if a/b is17/t then:

0159(17)a ==-,––– ==i.7uQ-
iogM34

u

AccordingtoLeathes(6)thécrosssectionof a lecithinmoleculeisabout

70(A.U.)/whichcorrespondstoadiameterof a littleover8 A.U. Fora

17to 1ratiooflengthto diameterthelength of lecithinmoleculeswould

haveto beabout136A.U. Thiscorrespondsto the lengthof fourlecithin

mdecu!esin astraightchain.

CONCLUSIONS

Theinformationwhichwehopeto gain by this typeof researchisnot

as completeas expccted. Thediscrepancylies not mthe fact that the

measurementsyieldresultswhicharenot reliable,or that wearedealing
withtoocompticateda material,butthat we arehandieappedin theappti-
cationof equationsbasedon purelytheoretical grounds. Thus it can

readilybeseenthat whenonetriesto apply the Eisenschitzequationto

expérimentalresultscertain limitationsarise, as forexample:(1) The

équationof Eisenschitzhas beenderived under thé assumptionthat

c»< Astheeilipsoidalparticleapproachesthat ofasphere,theeqtta.
tioncannolongerbe applied. (2)Thequestion arisesas to whetherthe

equationcanbeappliedto caseswherethere is a formationof longchains.

If theratioof lengthto diameterof lecithin is toosmall to applythe

aboveéquationto the resultsobtained,then lecithinmustbe approaching
the formof an oblateor prolatespheroid. However,if weassumethat

the equationis applicable,then lecithinforma chainsof four molecules

on théaverage.
Moreexperimentsmust be performedto determinethe limitationsof

Eisenschitzequation,as wellas théapplicabilityof thesa.meto associated

systems.

SUMMARY

1. Viscositymeasurementsof stearieacid and lecithindissolvedin

carbontetracblorideweremadeat various concentrations,and a linear

relationfoundwhenc/);,pis plottedagainst c.
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2. Thé application of the Elsenschitz equation to experimental fesu!ts is

discussed with refetence to ratio of length to diameter of both stearie acid

and lecithin.
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THE PRODUCTIONOFFURFURALFROMXYL08ESOLUTIONS
BY MEAN8OF HYDROCHLORICACID-SODIUM

CHLORIDE8YSTEM8

ELUSî. FILMER.L. M.CHR!8TEN8EN,R.M.HIXON,A~R. L.F08TRR

Deporfwettta/CAeM«</ox)tt<Sfa<eCuf~, /t~tM,/ow«

<{<cetM(<M~ ?, f9M

t. INTRODUCTION

Oneof the outstandingachievement~iin the utilizationof agricutturat
wastesin the manufactureof industrialchetnicatsis the developmentof
thc furfuralindustry. The furfuralis producedby heatingoat itutbat
about60poundspressurewithabout5percentsulfuricacidforSveormore
haura(14,16,5). TheyieldisaboutSOto 60percent of the theorettcat.
Thestudiesreportedin the presentcommunicationhave to do with thé

productionof furfuraifromstrongxylosesolutionsby variouseombmtt-
tionsofhydrochloricacidandsodiumchloride,inorderto establishgeneral
priliciplesofprocedurewhichcouldbe applieddirectlyto thé agricuhura)
materialor to thexylose-containinghydrolysatesmade therefrom. The

presenceof the salt decreasesthe solubilityof the furfural,ensuringits
morerapidandcompleteremovalby thesolvent. Thesalt likewisei)i-
creasesthe activityoftheacid. ThislatterphenomenonhfMbcenstudied
withréférenceto varioushydrolyticactions(2,3, 4, 0, 7, 8,9, 10,11,20).
Ingénérât,théhydrolyticactionofastrongacid,suchas hydrochloricacid,
is proportionalto thé "apparent"hydrogen-ionconcentration,whichis

conveniontlyexpressedin termsof pH. Sofar as the authorsareaware,
this principlebasnot beenappliedto a dehydrationactionsuchas the

productionof furfuralfromxylose. Adamsand Vorhees(1),Hurdand
tsenhour(13, 14),andotheMhaveemptoycdsatts in this reactionforthé

purposeof reduciugthe solubilityof thefurfural in order to facilitate
distillation.

H. ttEMBRAt. PROCEUUHE A.MD PREUMtNAUY KXt'BRtMRSTt;

A. <?eKer<~proce~ttre

Théaqueousxylosesolutionsplusthe dehydratingagentswererefluxed
withan immisciblesolventin whichfurfuralis very soluble. Thesesol-

vents inctudedbenzène,toluene,and carbontetrachloride. Toluèneis
thésolventemployedinthe studiesherereportedin dotait. Thcpurpose

)NR
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of thesolventistwofold. It removesthefurfuratas formed,thuscutting
downthe opportunityfor polymerizationof the furfuralin the presence
of the dehydratingreagents,and it alsopermits the buildingup ofhigh
concentrationsof furfuratin the solvent,thus attowinganeasy andoco-
nomieatséparationby distillation.

Theconcentrationoffurfuralin the toluenewasdetorminedbyspecifie
gravity measuromentwitha Wcstpha!chainomatiobalance. Quantitative
experimentsshowedthospecifiegravityof toluene-furfuralsystemsto be
a linearfunctionof the concentrationoffurfurat. Toiucnewasreftuxed
withequalvolumesofthesodiumchloride-hydrochloricacidsolutionsof
thc strengthemployedinsubséquentoxperiments;therewasnosignificant
changein specincgravity. The toluenesolutionsof furfura!,obtained
by actionof the sodiumchloride-hydrochloricacidsystemsuponxylose,
wereshakenwithsodiumsulfite. Thespecifiegravitywasrestoredto
that ofthepure toluene. Thesetoluene-furfuralsystemswereeubjected
to fractionaldistillation. The distillationcurve corrpspondedto that
obtainedfor knownfurfumi-totuenesystems. The furfuralso obtained
wasidenticalwithpurefurfurat.

The xylosewasanalyzedby three differentmethods,thoseof Shaffer
andHartmam(18),StaterandAcree(19),andKlineandAcreo(15). Thé
puritywasfoundto be95.5,96.2,aud95.5percent bytherespectivepro-
cedures,withan averagevalueof 95.7percent. Sincethe theoretical
yieldoffurfuratfrompurexyloseis 64percent, the maximumyieldfrom
thé xyloseusedwouldbeabout61percent.

B. Theinfluenceofvolumeratiosuponyieldsof furfural
In table1 aregivendata showingthe influenceofvolumeratiosupon

thé yieldof furfuralfrom20percent xyloserefluxedforEvehoursin the
presenceof 0.50N hydrochloricacid-40per cent sodiumchloride. The
concentrationsof sodiumchtorideand of xylosethroughoutthis paper
areexpressedingramsper100ce.ofacidused. It isevidentthat theyield
of furfuralincreasedslightlyup to a ratioof 67:100and waspractically
constantbeyondthat point. In subséquentexpérimentathé tolueneand
aqueousSystemswercemployedin equalvolumes.

C. Z~MMtce~Mc cwtc~ro<(MM<wy:'eMs<M</Mra<
In table2 aregivendataonthéyieldoffurfuratfromvariousconcent.ra-

tionsofxyloserefluxedforfivehour~in thépresenceof0.50Nhydroehtoric
acid-40per cent sodiumchloride. Théresults showa deereasein yiold
with increasein xyloseconcentration,tn subséquentworka xylosecon-
centrationof20percentwasemployed.

D. T'A<!<~fj/'cef«ttmM&s

Preliminaryexperimentsshowedsomeinterestingenectsof satts upon
strongxylosesolutions. Forexample,250ce.ofwaterwasadded to 75g.
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ofxyloseand75g.ofammoniumchioride. Thésotutionwasheatedon a
hotp)ate;a strongodoroffurfuralwassoonevident. However,the fur-
furatcouldnotbereadityextfactedfromthémixturebymeansofbenzene,
toluene,orcarbontetrachloride.Onvigorousshaking,the mixtureproved
to bean excellentemubifyingagent for thé solvent. Wheneubjectedto
distillationthe furfuralbeganto distill overat about 110''C. At 120"C.
thé mixturehada strongtendencyto foamand tho furfuraldietilledin
suchamountsthat eachdropwasdiphasic. Theseresults indicatethe

TABLE1

Effect <wy<Wvolumeratiosof<o<tMMwith.? percentxylosesolutionwith0.60N
htfdroeAioneacidand~0percentsodiumchloridefor~<'e<tOM<'<

TABLE2
&~<;<:<«/ t'ar!i? ''ut<ccK<ra<t')H)!o/~afic,)«t'npO.MNA~)'oe/)!oft'cact'<<attd per <'CH<t

MdtMMtcA<or;defor ~M tourt

formation of an intermcdiatc product, which is Insoluble in the sotvents

employed but whichat highertemperatures yieldsfurfural readily. Simi-

lar results wereobtained with ammonium sulfate, ammonium dihydrogen

phosphate, and ammoniumtartrate.

Strong solutionsof aluminumsulfate and of zinc chloride also gave fur-

fural onboilingwithconccntratedsolutions ofxylose,but in thèse instances

thé furfura) \fas readily cxtracted with the sotvents. Strong solutions

of sodium cMoride,calcium chloride, or of sodium sulfate did not tctid

to the formation of furfural.

TOLURNB AQl'SOt,'611041'TlON
'rOLUp.NYPOU~OOOC.pP Y7B40 OP PURPiIRALpas

.T.
-j~ ~&~S?~

e$. M. te. cMm<

M t03 t9.4 208

? ? 37.0 ?7

M ? M.8 30.7
)00 t50 M.!) 3t.8

go UO fi7.2 ?33
t25 )M 67.0 33.2

M ? M.9 34.0

t60 t88 M.O 34.0

50 M 100.0 33.6

ytELDO~UK- PBttCKHTOt* TtZtfPO~FtR- tURCBSTt~
XÏ).0<M M)tAH'M)OOu.tft<!Ott)!Tt<;A~ XtLOM! t-L)tAt.<'MtOt)t! tMOmïtrA).

OfXTM'tt! U~e OfXTLOm Y)Bht'

~MrccM~ ptr «nt

4 42.5 70 30 29.4 48
8 40.0 CO 40 28.0 46
M 39.4 M 50 25.5à 42
M ?.0 50 M 22.7 37
20 33.6 M
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TABLE 3

f~M~ «/ /<tf/M!-Q<~-CM per Mtt<xyloseW<M<<tMtwith various CMH&!tta<<OHit0/ A~t-O.
cA~n'e M)~<K<t«~ chloride~w-ovuswm wwvr euc

KOt.MAU~ <"<
or fH –––––––––––––––––––––––––––––––

A Ir

jww'

"26 0 0.60 0 Ht.12.8 2.2 2.2 1.8 2.7 2.7 4.7 3.? 37
5 0.40 1.11.61.53.13.1 3.12.63.73.75.16.05.0

10 0.32 1.7 2.0 2.04.04.2 4.2 43 50S.OC.36.868
15 0.18 2.62.82.86.05.76.57.27.10.89.49.387
20 0.04 3.73.83.87.97.97.48.19.68.913.012.6115
M -0.10 6.15.15.110.510.510.012.612.912.317.3174151 1
30 -0.24 7.47.17.113.6 13.216.3 10.620.1 20.0
35 -0.3810.210.010.016.8 17.819.6 22.424.6 257
40 -0.6212.4 12.619.3 22.923.8 26.326.4 302
45 -0.66 20.6 2<t.9 26.4 30.930.4 33.1

0.27 1.6 2.2 23 5.2 4.6 4.63.45.95.S8.3 65 7.1
5 0.13 3.93.13.27.16.26.27.37.9768.78.99.5

10 -0.01 4.34.34.38.88.58.511.711.210.513.312312.9 9
M -0.15 0.05.85.812.211.611.015.513.613.518.216.6166
20 -0.29 8.47.97.9t5.916.51S.119.8a).418.222.8229224
Z& -0.43 10.710.710.719.320.919.524.8 24.028.8 288
30 -0.57 14.814.814.823.3 88.428.8 28.832.9 324
35 -0.71 17.2 19.027.6 28.232.7 32.433.4 33.9
40 -0.85 19.3 N.430.4 30.936.1 36.334.0 3~55
45 -09919.3 25.130.4 32.433.6 37.136.99 38.0

0 0.07 3.73.73.65.66.66.95.08.58511510.710.7
5 -007 5.3 5.1 4.9 9.7 9.10.112.811.811.218.314.8145

10 -0.21 6.97.16.613.012.612.616.716.715.122.420.4)86
15 -035 96 05 9.118.318.217.021.821.920.926.426.324.5
20 -0.49 13.213.212.622.523.431.425.7 7 25.732.4 31.6
25 -0.63 18.018.217.8Z6.8 26.931.8 30.935.8 33.1
30 -0.77 20.2 21 431.6 30.233.6 33.937.6 34.7
35 -0.91 24.4 24.534.4 33.139.0 36.339.8 363
40 -1.05 24.6 27.534.7 34.739.0 38.040.4 38.0
45 -1.19 25.7 20.535.6 36.540.8 40.740.3 39.8

'00 0 -0.01 2.54.24.29.48.96.810.210.010.5
5 -0.15 5.05.65.712.712.011.016.415.614.6

10 -0.29 7.7 7.8 7.817.616.615.120.320.919.1
15 -043 10.710.710.621.2M.420.426.8 24.5
20 -0.57 15.314.414.525.9 25.732.0 28.8
25 -0.71 19.319.617.431.6 29.534.0 33.1
30 -0.85 23.0 22.934.2 31.635.2 33.8
35 -0.99 25.5 26.334.8 34.736.8 34.5
40 -).1326.8 28.838.1 35.837.5 35.5
45 -1.2726.2 30.937.8 36.338.4 363



PRODUCTION <? FURFUBA!< FKOM XYM6E SOLUTIONS ~7

TABLES-CMe<«<M

xoKM~Utv
Nact pif

!)'oo)M <t)ocm eneuM tcooM

OF HC)
––––––– -–––––– –––––––– –––––––

A /t A A A /) /<

N POTMMt

tM 0 -t)M 4t 7.a 7.H30t8.5t8.5tt).8t9.tZO.(t 0
3 -088 9.79.89.6t8.9t8.6t8.0M.425.725.7
M -0.52 14.513.513.2M.025.tZ3.430.3 3 31.6
15 -O.Mt8.0t8.0t8.229.0 28.334.4 33.8
20 -0.80 22.9 22.433.0 30.936.0 34.7
25 -0.94 26.2 25.136.7 33.935.1 35.00
30 -t.08 31.0 28.836.9 35.634.00 35.0
35 -1.22 31.6 36.836.8 36.334.2 35.0
40 -1.36 32.8 31.639.2 36.734.9 35.00
45r -'50 38.9 37.134.7 35.0

2.00 0 -t)45t3.412.611.6t7.4t7.020.4
5 -0.5917.617.4tS.923.423.424.6

10 -0.78 23.523.421.928.6 28.8
15 -0.8728.3 24.632.4 31.6
20 .M 31.5 28.233.8 33.9
25 .18 36.5 30.934.0 35.6
30 -.??.0 32.435.0 35.9

? .4636.4 33.934.7 36.3
40 -.6035.9 35.636.0 M.3
45 .74 36.7 36.036.4 36.7

f C3 GXnf'rbnCtit&l v!nM nf fnffnpnt in n~Mmn tw~~n~ Mar 1M mMW~M ni ~M)~<~experimettta)yioldoffurfural,ingramsprodueedper 100gnuMofxylose.
fi yield caloulatedbytherelationIog/ = a + 0.028X percenttfmCL
~t yieldasreadtromadiagramot)og/againstpHforallvaluesforallcombina-

tionsofsodiumchlorideandhydrochtorioaoid.

Ht. THE YIELD OF FURFURAL !N THE PRESENCE OF VABÏOUB COMBINATIONS

OP SODIUM CHLORIDE-HYDROCHLORIC ACID

In table3aregivehdata fortheyieldsoffut fur&tfrom20percentxy!ose
in the presenceof0.25,0.50,0.75,1.00,1.50,and2.00N hydrochlorieaoid
withconcentrationsofsodiumchloridefrom0 to 45 per cent for various
periodsoftime. Thedatashowthe markedeffectof the presenceof the
salt. Thé highestyieldwithoutsalt is 20percentat 1.50Nhydrochloric
acidafter sixhours. Thissameyieldwasgivenin twohoursbyapproxi-
mately the followinghydrochloricacid-sodiumchloridesystems:0.60~V-
40per cent; 0.76A~Oper cent; 1.002V-26percent; and 1.50JV-16per
cent. 'fhe highoBtyieldsare35 to 40 per cent,or 57 to 65 per centof
theoretical.

IV. THE RELATION OF YIEÏ.D OF FUBMBA)j TO THE pH OF THE SODIUM

CHLORIDE-HYDROCHLORIC ACID aY8TEM8

In table4 aregivendata forthe pH valuesof0.25N hydrocMoricacid
inthe presenceofvaryingeoncentrationBofsodiumchloride. Thesevalues
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weredeterminedpotentiometrically.No correctionsweremadefor dif-
fusionpotential. Dataarealsopresentedshowingthécffectofthesodium
chtorideuponthesolubilityofthe furfumi. Whilethe"apparent"hydro-
gen-ionconcentrationincreasednearlyninefold,thesohtbilityisdeoreascd
onlyto one-third.

The relationbetweenpH and concentrationof sodiumchloridefor
table4 is

pH = 0.60 0.028X per centNaCl (1)

Also,fora giventimeperiod,theyieidof furfuratisa linearfunctionof
thé"apparent"hydrogen-ionconcentration,througha majorportionof the
curvc. Thc déviationfrom this linearrelationshipis associatedwith

TABLE4

~Ffdo/«o<<tMKtcA<o)-<'<<<uponthep7/0/O.MWAt/<f)-ocA<on'eact'd<tM<<«pott<A<M<«Mt'(~
01furfural.al.M"C'.<f/Mf/M)'tt(*0<.M"C.

fMOfNT "APPARENT")t)!<.tT<tZfuttfUttAt.tt< )'t))t)'))K*).))t P<))TMB<!HnM
CM* Ctt* TOt.HBW)5 WATBB MTto

0.67 0.273 t.00 2.90 0.60 0207
().46 0.346 t.Z7 2.08 0.52 O.t74
0.32 0.476 1.74 3.06 0.44 Ot44

15 0.18 0.6M 2.39 3.10 0.40 0.129
20 0.07 0.860 9.16 3.14 0.36 0.114
25 -0.09 1.228 4.50 3.t9 0.3t 0.097
30 -0.25 t.763 6.46 3.20 0.29 0.091
? -0.37 2.331 8.54 3.25 0.25 0.077-«-"

Sovenparcontfurfuralin tojueneused,50ce. of0.26Nhydrochtoncaeid,and
50ce.oftoluene-furfuralsolution.

dccreasedyield,ducto polymorizationof the furfuraland otherfactors
whichcausea markeddarkeningof thc reaction mixture. Duringthe
rangeforwhichequation1 holds,

log = a + 0.028X per cent NaCl (2)

that is,thélogarithmoftheyieldoffurfuralis a linearfunctionofthecon-
centrationofsaltandako ofpH.

Equation2 wasappliedto ail the hydrochloricacid-sodiumchloride
systems;thesevaluesaregivenas/<in table4. Thesgreementis entirely
satisfactorythroughrangesin whiehthe yield of furfuralis a linearfune-
tionofthe "apparent"hydrogen-ionconcentration. In generalthe rela-
tion is linearup to about22 per centyield of furfum!. This treatment
permitsthé calculationof yieldsbelow10per cent,whicharesomewhat
erraticowingto the lowconcentrationsin the toluene.
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GraphsofpHagainstfurfuralyield(/<)forthe0.25N hydrochloricacid-
salt combinationsforthe2-,4-, and6*hourperiodspermittedtho calcula-
tionofthépHofotherconcentrationsofpureacld,on theassumptionthat
thé yieldoffurfurutis a functionof pHonly. Such valuesare givenin
table5. Therearealsoinctudeddata forvariousconcentrationsofhydro-

TABLES

ThepHMt<<e<o/ O.MN,0.7< <.00N,1.60N,andJ9.00A~AydrocAton'eacida8M<-
cu<a<edon6am'<o/ ~'eMtwith0.86NA~roeMortcacM-MtMxMchloridea~fe~,
c(Mnpa)'~<fp~fo<Me<Mca<c<~o(ed/fom<A<activitye<'e~!c<ett<o/ A~foe~tM-t'oacid

TABLE li

Values o/ pH o/ Mft'OMccHtt/ftah'otHo/ «x<t'MWeAtoft'<~eand /(yJfoe/<<cr<cRcid'

Datafor0.25 hydrochtoricacidbasedonexperunentatdatafromthérelation,
pH<=0.00 0.028XpercentNaC).DataforotherconcentrationBcalculatedfrom
tableS,un:MgtherelationpH=-1 0.028XpercentNaCt.

chtoricacidcalculatedfromthe activitycoefficientsgivenby Randall
and Young(17). Ourvaluefor 0.25N hydrochloricacid ispH = 0.60
as comparedto 0.71calculatedfromthe activity coefficient.Relative
valuesoftheactivitycoefficients, wereusedto correctourvaluesto thé
basisofthedataofRandalland Young. It is évident that thépH values

cumporeote pn f0txe<<xcatCMOteo~ront«MoettMt~eo~ptoeMo/ ogo'oe/ttcno000

coXCBMTtttTtO"nH)'t«)MOMmfUe"N«*t.TtBtB ..[t- ~t~

COII<'1IHTHA'tIOIIII
BoROIl.\PIIruapoRAL

TIBLD IIRpaoliV~L\'l\a\lV"HCIo~HCt MHO.MMHa-NeO pHMoMVAMMo~HC)

Italattve HMotMMpM !bm. <hM. OhM. Avera« ï wtue~f -/m ~}~,PH-pHtY

0.25 0.25 07<)t t 0.25 0.00 0
0.60 0.60 O.Z90.27 0.20 0.270757 0.9M 0.50 0.30 -0.03
0.7S0.70 0.04 0.09 0.09 0.070.700 1.03 0.78 O.U -0.04
1.00L02-0.02-0.02+0.0t -0.0! 0.815 t.07 1.09 -0.04 +0.03
1.501.54-0.24-0.23 -0 240901 1.18 1.82 -0.26 +002
200 208-0.50-0.40 -0.45104 t 37 285 -04& 0

NOMMU'nrofHC)
MttCBttTtfttC)–––––––––––––––––––––––––––––––––––––––––––––––––––––––-.–

O.M CM 0.!< [.00 t.M !.oo
––––––– –––––– ––––––)–––––– –––––––

––––––;
––––––

0 0.60 0.27 0.07 -0.01 -0.24 -0~
5 0.4C O.t3 -0.07 -0.15 -0,38 -0.59

10 0.32 -0.01 -0.21 -0.29 -0.82 -0.73

M 0.50 -O.tS -0.35 -0.43 -0.66 -0.87

20 0.04 -0.29 -0.49 -0.57 -0.80 -1.04

25 -0.10 -0.43 -0.63 -0.71 -0.94 -1.18

30 -0.24 -0.57 -0.77 -0.85 -1.08 -1.32

35 -0.38 -0.71 -0.91 -0.99 -1.22

1

-).46

40 -0.52 -0.85 -1.05 -1.13 -1.36 -ICU

45 -0.66 -0.99 -1.19 -1.27
-1.50 -17)
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calculatedfromyietdsof turfuralin the présenceof the pureaoidagn-o
remarkabtywettwith thosocalculatedfromthe activitycoeNcients.

It wasnotedabovethat equation2 applies,withtnapecifiedlimits,to
at)combinationsofhydrochlorioacidandsodiumchloride. Théassump.
tionseemswarrantedthat thepHofotherconcentrationsofaciddccreases
at thésamerateasobtainedfor0.25N hydrochlorlcacid,that is,

pH 6 0.028X percent NaCt (3)

Valuessocalculatedare givenin table6.
Graphswereconstructedby plottinglog1 againstpHforthe2-, 4-,6-,

and 8.hourperiods. Each curveinctudedaUthe data foraMcombiaa-
tions of hydrochtoricacid and sodiumchloride for the givenperiod.
Fromthesegraphsthe furfuralyieldforeach pH valuewasread. Tho
data se obtainedare givenas 1. in table 4. It is évidentthat, within
experimentalaccuracy,theyieldoffurfuralfrom20percentxylosesolution
in the presenceof hydrochlorlcacid-sodiumchloridecombinationsis
determinedbythepHvaluesofthewidevarietyofcombinationsemployed.

V.8UMMARY

Studiesare reportedon the productionof furfuralfromstrongxylose
sofuttonsusinghydrochloricacid-sodiumchloridesolutionsasdehydratit~
agents. The xylose-hydrochloricacid-sodiumchloride systemswere
renuxed,at atmosphericpressure,with toluene. The furfuralyieldwas
determinedfromthe specifiegravitiesof the resultingfurfurat-totucnc
solutions. Thé concentrationsofhydrocbloricacid usedwere0.25,0.50,
0.75,1.00,1.60,and2.00normal,eachin the presenceof 0, 5, 10,15,20,
25,30,35,40,and45per centsodiumchloride. Theyietdoffurfuralwas
twiceasgreatfor 4per cent xyloseas for60 per centxylose. Detailed
experimentswereperformedfor xyloseat 20 per cent concentrationfor
whichthe yieldin furfuratis about20 per cent lessthan for4 per cent
xylose.

Theyieldoffurfuratis increasedaboutone-thirdforeach6percentad-
ditionofsodiumchlorideuptoa furfuralyieldofabout22percent. From
thispointthoincreasein yieldialess. Forail cases,fora giventimeperiod,
thpyieldoffurfuralia, withinrcasonabtetimits,dependentonlyuponthe
pH of thehydroehtoricacid-sodiumchloridecombinations. 'Chatis,the
yieldisdépendentuponthe thormodynamiedcgreeof dissociationof the
acid (theactivitycoefficient).
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A METHOD FOR THE DETERMINATIONOF THE WALL
CORRECTIONFORTHE FALLINGSPHEREVISCOMETER~

ELUS1.FULMERAHoJOHNC.WILLIAMS

D<pa<-<<M<<t<o/CAeMt'«)'y,/<wo~<o<<College,~Me~,/<w<t

Nece<M<</u<y<,1986

INTRODUCTION

TheuseofthesimpleStokes'equationin thedeterminationofviscosity
reatsupona numberofassumptions.Accordingto Arnold(3)theseare:
(a)thereisnoslipbetweenthemediumand thesurfaceof theaphere;(b)
the velocityoffallissmati;(c)thesphereis rigid;(d)the discontinuities
of the mediumaresmaU,comparedto the sizeof thesphere;and (e) the
liquidis infinitein extent.

Thecylindercontainingtheliquidisimmersedinaconstant-temperature
bathand8xedinanaccuratelyverticalposition. Thesphereisintroduced
axialtyintothé liquidbymeansofa glasstubepassingthrougha stopper
at thé top of the cylinder. Ladenburg(8) releasedthe spherebcneath
the surfaceby meansof anelectromagnet.Thevelocityof fat!is deter-
minedoverthenuddtethirdof theliquidcolumn;thetiminglinesshould
extendaroundthe cylinderin orderto avoidpatatiax. Thé liquidmust
befree fromgasbubblesand convectioncurrents. Lemin (9) foundin
measuringthe viscosityof glycerol,that it wasnecessaryto wait ten
minutesbetweenthépassageof thespheresin orderto obtainconsistent
results. Therequirementof spheresis easUymet by the use of baU-
bearings,whicharemadeinstandardsizesWithan accuracyof0.001inch.
Ladenburg(8)foundthevelocityoffallof sphereswithcorrodedsurfaces
to be identicalwith that forsphereswithpolishedsurfaces. Lemin(9)
statedthatwithverysmallspheresthesUppagemusthetakenintoaccount,
but that this factoris notsignificantwith spheresizesemployedin the
laboratoryviscometer.Gibsonand Jacobs (7), Poyntingand Thom-
son(11),andAllen(1)haveemphasizedthe factthat thereis a lowerUmit
to the viscositywhichcanbemeasuredwiththe fallingsphèreviscometer
and an uppertimitofthesizeof thespherewhichcanbeemptoyedusing
the simpleStokes'equation.

ThMworkwassupportedinpartbya gtantfromthéIndustnatScienceRe.
MarohfundaoftheIowaStateCollegeforthéstudyofthegranulationofhoneys.
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ThesimpleStokos'lawmay be formulatedas

,=~~
(t)

inwhichf =<vetocityoffall,di = densityofsphere,<~ densityoftheme-

dium,== absoiutoviscosityof the medium,f c*radiusofthesphere,and

(/= thégravityconstant.
It isévidentthat theextentof the liquidandthe hoightof the column

ofliquidarefactorsintherateoffallofthesphère. Ladenburg(8)applied
twolinearequationsto the simpleStokes'lawto correct for variationsin
the extentofthe liquidandfor the heightof the liquid column. Hiscor-
rectionforthe "waUoffset"is

xd + 2.4r/~) = f. (2)

in whichv is the observedvelocity,f~ the vclocityin infinitemédium,r
the radiusof thesphere,and R the insideradius of the cylinder. The
aboverelationhasbeenverified,withinlimits,by Gibsonand Jacobs(7),
Lemin(9),andothefs. Leminfoundtherelationto ho!dfor valuesof r/R

up to 0.06.
Thecorrectionforthé"endeffect"is

p(l + 3.3f/A)= f. (3)

in whichAis theheightof the columnofliquid.
Shoppard(13)derivedan empiricalequationin an endeavorto extend

the wallcorrectionto widerrangesof r/ Hisrelation is

T = T. +
c

(4)
~~+Wr~

0

inwhiehTistheobservedtimeoffall,?'“thetimeof faUininfinitemedium,
and C a constant. Withreferenceto the above equation Gibsonand
Jacobs(7)Btate,"Althoughthe expressionmayfit the author'sdatawhen
suitableconstantsare chosen,this doesnot prove that the valueof T~
is the correctone."

Equation4 maybewritten,

log(T TJ = -2Jog (&/r 1) + logC (6)

The aboveequationwasappliedgraphicallyto the data of Lemin(3)
(sectable2) for the viscosityof glycerol. The value of 7~ soobtained

gavea viscosityof20.5poises. Thisis higherthanthe threelowestvalues

givenby Leminand 2 poiseshigher than the value using Ladenburg's
correction.
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Gibsonand Jaeobs(7)suggestedthat the viscometershould be cati-
bratedbyusinga liquidofknownviscosity;they employthe relation,

"'=~1~ (6)
? ~)T,

In regardto thé aboveequationBingham(4)states: "Workershave
fett dépendentuponcalibratingliquids,and sincethere is a dearthof

calibratingliquidsofhighviscosity,liquidaareoftenchosen in whichthé
velocityofMis toogreatforstrictapplicationofStokes*law andacor.
rectionbas to bemade."

Theworkherewaaundertakenduringthe courseof studios on various
propertiesof honeyaas conetatedwith their tendencyto granulate(6).
Chataway(6) foundthe watercontent of honeysto be correlatedwith

viscosityasdeterminedby thefallingapitereviscometerand givestables
for this purpose. The valueof r/R for his viscometerwas 0.317,which
involvesa largecorrectionfactor. Hepointeout ina secondcommunica-
tion that his tablesapplyonlyfor a viscometerof the same dimensions
as employedby him.

The determinationof thé viscosityof honeysis complicatedby the
factthat somesampleshavebeenshownto exhibitananomalousbehavior.
Forexample,deBoerand Kniphorst(2) foundthe viscosity of heather

honeyto bodeoreasedbystirring,withsubsequentincreaBein viscosityon
standing. Theydescribethé phenomenonas an exampleof thixotropy.
Paine,Gertler,and Lothrop(10)notedthat certainhoneysshowa stight
decrt-aseinviseositywithincreaseinstress. ScottBlair(12)madedetailed
studiosof the thixotropyofheatherhoneyundershearing in both its
undistnrbed("gel")and stirred ("sot") forma, ïn both cases,the vis-

cosityincreasedat lowstresses,but in neithercasewas there foundany
sharp plasticlimit (yieldvalue). Thé sol formshowed(consideringits

highviscosity)onlya verysmaUdeviationfromtruly fluid behavior."
Hedescribesa viscometrictest to eharaoterizehoneyshaving thixotropic
properties.

EXPENMKNTAI.

In tables1 to 6aregivendata forthe viscositiesof variousliquidewith
variousvaluesoff/R andh. Thedata forcastoroit,glycerol,anda sya-
temof colophony-turpentineare adaptedfromthe literature, whilethose
fora systemofcolophony-turpentineand fortwohoneysweredetermined
in these laboratories.It wasfoundthat, withinlimits, the determined

viscosityisan exponentialfunctionof r/A suchthat,

log(“, b) = mr/~ + log(~ b) (7)
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TABLE1
~MOM'<yo/ca~ofoilal O'C'.

Calculatedfromdataof Gib~nandJaeobs(?). A=' 25. ° 0.0794CalculatedfromdataofQib~nandJaeobs(?). A='25. ° 0.0794

R* f/N os <~ *L

2.270 0.03M tO.M 10.55 9.9t 9.73
t.7M 0.04M M.84 10.73 9.89 9.67
1.050 0.0756 11.51 11.39 9.86 9.M
tCOO 0.079t 11.88 11.76 10.09 9.88
0.570 0.1395 13.35 13.21 9.79 9.80
0.426 0.1870 16.43 16.37 9.89 10.54

tttthieandthe<o))owh)t:tabtes)'r radiuBof aphere, c'MMde radine of cyttn-

der, 7j vbtoaitycatcutatedby simpteStokes*)aw, – vMeositycorrected for end

effect by Ladenburgequation3, = vMcoaityforinBnite liquid calculated by equa-
tion 11, viBeomiyfor in&Mteliquid calculatedby Ladenburg equation 2.

TABLE 2

VMco~ c/ ~eof< <!<~°C.

Fromdata of Lemin (9). A 30.0; r =. 0.07M_Fromdata of Lemin (9;. A 30.0; r = 0.07M

R r/ t, t<,

4.84 0.01M 19.0 !8.8 18.3 t8.t
2.90 O.OZ74 20.3 20t 19.2 18.9
2.35 0.0338 20.2 20.0 18.9 18.5
1.70 0.0467 206 20.4 18.8 18.4
1.43 O.OM7 21.1 20.9 18.9 18.5
Î.30 0.0610 21.3 21.1 18.9 18.4
0.860 0.0923 22.7 ?.6 18.8 18.4
0.435 0.1825 29.8 29.6 19.4 20.5
0.280 0.2835 37.3 37.0 17.3 22.0

TABLE 3

Viscosityo/ ee!opt<)ny-iurpen<ttte

From data of Ladenburg (8)

f/Jt r/A <j' tt) 'L

0.0107 0.00312 1396 1382 1357 1347
0.0141 0.00414 1415 1396 1363 1348
0.0189 0.00312 1424 1409 1364 1349
0.<B13 0.00625 1438 1409 1358 1338
0.0249 0.00414 1447 1427 1367 1344
0.0283 0.00826 1456 1417 1348 1328
0.0340 0.00312 1490 1476 1389 1362
0.0376 0.00625 1491 1461 1394 1340
0.0460 0.00414 1616 1494 1368 1349
0.0600 0.00826 1616 1475 1347 1318
0.0680 0.00625 1600 1568 1378 !3<6
0.09011 0.00826 1681 1636 1370 1348
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<- r/K h or ')~

2.15 0.1181 0.055 33 73.7 72.7 05.7 84.3
2.15 0.1687 0.074 33 76.8 76.5 65.6 64.1
1.26 0.1181 0.095 30 79.2 78.2 04.8 63.7
2.15 0.2380 0.111 33 85.2 83.2 66.3 65.7
1.25 0.1587 0.127 30 89.0 87.4 66.9 66.9
2.15 0.3170 0.147 33 96.1 ?.2 67.0 68.1
2.M 0.3970 0186 33 104.3 100.2 65.33 69.4
1.25 0.2381 0.191 30 107.0 104.2 66.8 71.6
2.15 0.6000 0.232 33 121.3 116.6 65.4 74.9
1.25 0.3170 0.254 30 126.7 122.4 64.4 76.0
2.15 0.6350 0.295 33 160.1 141.2 63.3 82.6
1.25 0.3970 0.318 30 158.2 t49.7 61.3 84.9
1.25 0.5000 0.400 30 216.0 204.8 69.6 104.5
1.25 0.635 0.608 30 372.1 347.8 61.3 156.6

N r r/K A tt

2.15 0.1181 0.066 33 238.1 2353 212.6 207.8
2.15 0.1587 0.074 33 24&.t 2452 212.! 208.2
2.16 0.2381 0.111 33 26S.t1 238.tt 306.4 204.4
2.15 0.3170 0.147 33 285.5 276.7 201.1 204.6
2.16 0.3970 0.185 33 306.0 294.3 191.8 203.8
2.16 0.6000 0.232 33 367.2 349.7 196.4 224.6
2.15 0.6350 0.295 33 451.2 424.2 190.1 2484

? r r/K A

2.!5 0.1S87 0074 33 75.3 74.1 04.3 62.9
2.16 0.2381 O.m ? 84.0 82.4 65.77 (i5.t1
2.tS 0.3t70 O.t47 33 95.9 92.9 07.6 6R.7
2.t6 0.3970 O.tM ? 102.9 ?.9 64.4 98.&
O.SB O.H81 O.ZtS 22 n6.7 H8.7 67.5 75.0
2.16 O.BOOO0.232 ? 1M.7 116.9 66.0 74.4
0.65 0.1587 0.288 22 Hi0.8 !47.0 67.6 86.9
2.16 0.6350 0.29S 33 1S0.9 t4!.9 63.6 83.1
0.56 0.238t 0.433 M 274.7 265.2 66.6 130.6
O.B5 0.3J70 0.576 22 646.6 6J6.3 77.6 258.7

TABLE44

ft'Mo~ <~cofepA<tny-<)<fp<tt<<wot M°C'.

TABLE 5

~MCMt'~e/ M~A<MMyat M°C.

TABLE 6

VtMMttjf 0/ <Ot<)'M'CO<<honey ut .M"C.
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Mwhich is thedeterminedviscosity, the viseosityin iiquidofinnoite

extent,andb isa constant.

Equation7 maybe writtcnas,

~J-~ 10"~ (8)
~-<' b

Whiletherewassomevariationinthevalueofm, the averagevaluewas

2.4,whichis identicalwith tho factor in the Ladenburgequation(equa-
tion3) forcorrectionforthéwalleffect.

It wa.salsofoundthat &is proportionalto or,

b = 0.7Mh?, (9)

Substitutingin equation8

~'7~ ~î.4r/N (10)

~-0.7?.
and,

=0.3X10~"+ 0.7 (11)
'?.

A tableof valuesof 0.3 X 10~ as a functionof r/jRpermittedthe

calculationof for the data in tables1 to 6. Somewhatmore con-

cordantrcsuttswereobtainedbymakingacorrectionforendeffect,using

equation3 (Ladenburg's).Thesevaluesare given as Valuesare

alsogivenfor?“aacalculatedbyequationJl andbymcansofLadenburg's

equation(equation2) forcorrectionfor thewalleEfect. It isat onceévi-

dent that whilethe Ladenburgequationis validup to a valueof r/~ of

about0.100,equation11givesconcordantresultsup to a valueof f/~ of

about0.500. Throughthérangeofvalidityof Ladenburg'sequation,the

twomethodsofcalculationagreowithinrcaaonaMelimits. It shouldalso

benotedthat the valuesfor for the honeys,as calculatedby meansof

équation11,showsometendencytodecreasewithincreasein r/R. This

driftisinharmonywiththe thixotropicpropertiesof honeysas previously
ftiscussed.

8UMMABY

Anequationhasbeenderivedbymeansofwhichthe wallcorrectionfor

thé fallingsphèreviscometercan be made for values of r/7! up to

about0.500.
REFERENCES

(1)AnjM:Phil.Meg.(5)M,323(1900).
(2)MBoEt<ANCKtttPHOMT:Chem.Weekbtad29,526(1932).
(3)ARNOLD:Phil.Mag.f6)N, 755(1911).



MS'FËRMtMATKWOP WAH. COttRECTMN 149

(4) BfNQHAM:HuMityand PtMtictty, p. S2C. MpGmw-H!t)Bock Co., NewYork

(t92!!).
(6) CMATAWAY:Can. J. Researche, 932(t932);8, 435(1933).

(6) FuMm)B,Boacn, PARK,ANDBUCHANAN:Am. Bée J. M, 208 (1934).

(7) GtBBOttANnjACOBe:J. Chem.Boc. 1H,473 (1920).
?) Ï~BBNBtnto:Ann. Phyaik98,447(t907).
(9) Lt!MM:Phil. Mag. {7) 13, ?9 (1931).

(10) PAINI,Gm-fMn, ANDLoTBao?:Ind. Eng. Chem. 29,78 (t934).

(11) PoYNTtNOANDTnoMBON!Properties ofMatter, p.222. Chas. GriBfen,London

(tCM).

(12)ScoTTBt-AM,G. W.: J. Phys. Chem.?. ~3 (t03i;).

(13)SaEppAM: Ind. Eng. Chem.9, S23(1917).





t5t

THE EFFECT OF CERTAIN8UGAR ALCOHOLSAND THNIR
ANHYDRIDESON THE DISSOCIATIONOF BORIC ACID

JOHNC.KRANTZ,Ja., MAROARETHEOAKLEY,ANpC. JELLEFFCARR

Dépotante/P/torMOM~,~etooi!o/~dtM~t'fefM'~ o/~or~attd,
Ba«t')Mere,Maryland

R«'M'MdJune80,MM

INTBOCUCTtON

Théuseofthepoiyhydrioalcoholsinthotitrationofboricacidwithalka-
iiesisawoH-establishedanalyticalprocedure. Theincreaseofthe dissocia-
tion constantof the acid in the presenceof variouspolyhydricalcohols
and phenolswasstudiedextenslvelyby Boeseken(1). The subjectwas
studiedfurtherandcomprehensivelyreviewedby MeUonand Norris(2).
Theauthorsbecameinterestedinthe fateofcertainsugaraleoholsandtheir
anhydridesin the animalbody(3, 4) and in bacterialculture media(5).
Thedifférencesineffectweresostrikingthat a comparisonof the inSu-
encesof thesesubstancesonthe titration curvesofborie acidsuggested
itsetf. Previouslyvan Romburghand vander Burg(6) have measured
thedifferencebetweentheelectricalconductivityofboricacidin mannitol,
mannitan,andisomannidesolutions.

MAT)EBtA!<8

The mannitolused in this investigationwas supplied through the
courtesyofMerckand Company,Inc.,Rahway,N. J. Theaqueoussolu-
tionofthe compound(1:10)isneutralto titmusandvery slightlydextro-
rotatory. Themannitanwaspreparedfrommannitolby a sUghtmodifica-
tionofthémethodofVignon(7),in whichthedchydrationisaccomplished
bymeansofautfuncacid. Thecompoundwasacetylatedandthé resulting
ester distitledin p<!<'«o.Thefractiondistlllingbetween200-210"C.at
10mm.wassaponiBed.Thccaicutatedpercentageofaceticacidis72.31;¡
that foundwas71.70. Themannidewaspreparedbythe methoddevised
by Mebermann(8). Analysisgave:C, 48.37pcr cent;H, 7.32per cent.
Thocalculatedvaluesare: C,49.27percent;H, 6.90per cent. Thoiso-
mannidewaspreparedbyFauconnier'smethod(9). Thecompoundmeltod

sharplyat 87"C.(uncorrected).
ThédukitotemployedwasPfanstieh!'sc.p. product,m.p. 188"C.,free

fromgalactose. The dulcitanwaspreparedby Berthetot'smethod(10).
Analysisgavetho followingcomposition:C, 43.79per cent; H, 7.20per
cent. Theca!cu!atedvaluesare: C, 43.87percent;H, 7.37per cent.

t5t
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The Mtowmgformulasindicatethe structural reiatiotMhipsexisting
amongthocompounds.

CH,.OH CH~.OH CH..OH
H,C_

HO-6-H HO-C-H ~-H HO-C-H

HO-C-H .––C-H \C-H .––c-H?

H-C-OH H-C-OH H-C~ H-C_
0 t)0 0

H-C-OH H-C-OH H-C/
j H-C-OH

CH,.OH '––CH, CH,.OH !––(!?H,
Mannitol Mannitan Mannide Isomannide

CH,OH CHj,.OH

H-C-OH H-C-OH

HO-C-H r-–––C–H

HO-C-H HO-C-H

H–C–OH
O

H–C–OH

CH,.OH –––CH,.OH

Dutoitot Dutcitan

METHOD

Thesolutionsofthévariouscompouadsusedcontained4g.ofcompound
in 100ce.of0.1molarborieacid. To10.cc.portionswasadded0.1normal
sodiumhydroxidein quantitiesvaryingfrom1ce.to 11ce. Immedi&teiy
after theadditionofthealkalithepHof thésolutionwasdeterminedelec-
trometricatlyat25±0.5'C., usinga Wilson(11)type hydrogenelectrode.
Therésultaaresetforthinfigure1.

MSCOSBtON

It wiUbe observedthat the twohexahydricalcoholshavepraotica!iy
thesamedissociation-potentiatingcapacityonsolutionsofborieacid. The
secondanhydrideof mannitol,namelyisomannide,with tworingatruc*
tures in the molecule,doesnot possessthe capacity to innuencothé dis-
sociationofboricacid,and the titrationcurvefor the acidcontainingiso-
mannideispraeticaUyidenticalwiththat of the acid alone. Thecurves
for the twofirstanhydrideslie intermediatebetweenthe valuesobtained
for thé aleohobandthoseobtainedforpureboricacid.

Thé curveforthe doubleanhydrideof mannitol,mannide,showsthis
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substanceto havea greaterpotentiatinginfluenceouthe dissociationof
boricacidthan théSrstanhydrides. A oomparMonof this factwiththe
structureaasignedtontanaidebyLict~rmann(8)is incompatiblewiththe
hypothesisof Bôeseken(1), namely,that the stronglydtssociattngcom-
plexesof borieacidare formedwhentwohydroxylgroupsaresituatedon
thé samosideofadjacentcarboHatomsto whichthey are bound. Tho
authors observedthe rather rapidconversionof mannideinto mannitol
in thepresenceofalkali. It BpossiMethat the partialconversionof this

Fto.1.Titrationcurvesofborieacidin thépresenceofcertainBugaralcohols
andtheirMhydrideB

doubleanhydrideintothepolyhydricalcohotis responsiblefortheobserved
effecton the titrattoncurvo.

SCMMARY

The intluenceof two polyhydricalcohols,mannitoland dutcitot,on
the titrationcurveof boricacidbasbeenstudied. This effecthas been
comparedwith theactionof thé anhydridesmannitan,mannide,isoman-
nide,anddutcitan.
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THE RADIOCHEMICALDECOMPOSITIONOF DEUTERO.
AMMONIA

J. C.JUNGER8'
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INTRODUCTION

The studyof themereuryphotosenaitiseddécompositionof the ammo.
niasat roomtemperature(2)showedthat undercomparableconditions
ammoniadécomposeseleventimesfaster than the anunonia-dt. Part
of this ratio can be ascribedto thé lowerquenchingpowerof deutero-
ammonia thisfacttakenintoaccountbringsthedecompositionratioto 5.
Thiscorrespondsto adifférenceinactivationenergyof960calories(1).

It haabeenshownthat theratesofdécompositionona hot tungetenwire
yieldthe ratio1.6:1,correspondingto a différenceinactivationenergyof
900calories(3).

It wasconsideredofinterestto findouthowthisdifferencein activation
energywouldaffectthe radiochemicatreaction.

EXPERIMENTAL DRTA!LB

For this study the methodof central irntdiationwas choson. This
allowsboth numerousrunsand comparableconditions. The a-ray bulb
wasmountedin the ceaterofa 100-cc.spherein whichthé gaseswere
submittedto irradiation. The gasesproducedby decompositionwere
pumpedon, after the undecomposedammoniahad beenfrozenout, and
measuredina Ramsaygauge. Theammoniacouldthenbevaporizedand
anewrunstarted,thesamesamplebeingusedthroughouttheseriesofruns.
ThefiratrunwassystematicaUydiscarded. Becausethe decreasein pres-
suredue to the removalof the productaofdecompositionis verysmall
(about1/1000of total pressure),the experimentscan be consideredas
carriedoutat the samepressure.

It wasnot judgednecessaryto measurethe emanation,becauseonly
relativevalueswerewanted. TheactivityofaUthebulbsusedwasofthe
orderof50miUicuries.

For the runsat 20"C.the temperaturewascontrottedby keepingthe
reactionvesselin a largeDewarnask6Uedwithwater. For the runsat

C.R.B.FetlowfromtheUniversityofLouvainto theUniveraityofMinnesota.
165



tS& J.c. tUNoBaa

100"C.and184*C.thevesselwaskept insteamand anilinevapor,respec-
tively.

Thegasesusedin thèseexperimentswerepreparedby passhtgH:C&nd
D:0 overmagnesiumnitride,obtainedby interactionofpuriSednitrogen
andmagnesiumat 700"C. Thedeuteriumcontentof thehydrogenin tho
twosamplesofheavyammoniasubmittedtoreactionwas68percentand
98percent. ThelastsampleanalyzedspectrographicaUybeforeand after

a longirradiationdidnot revealadiCerenceindeuteriumconcentration.

DATA

7?~MeM<etemperature

The data on the decompositionof ammoniaand deutero-ammoniaare

givenin table 1. Thefirstcolumngivesthe nature and the pressureat
20"C.of the gassubmittedto reaction. The températureat whichthe

TABLE1

DMompMtOottc/ommonfaando/<<<M<<ro-<tmm<')tt'<tDMompMtOottc/ omwonfaand o/ <t<M<<ro-<tmm<MM

"y T'K'C.Ic. B AP R
!n HK I.

NHa

52.5 20 64558 2446 5.33 M8

20 61648 8373 7.42 222

20.3 578t4 39t4 8.16 224
22 63239 4418 10.12 2Z9
100 48284 2182 9.11 418
100 46442 2129 8.85 4M
100 42797 1904 7.91 415
184 580

ND)

52.6 100 36381 2378 6.67 281

20.7 33647 2830 4.92 174

100 30333 1694 4.86 286

22.1 28437 2810 5.03 179

100 25337 1810 5.18 281

20.55 23283 2535 4.49 177

184 20603 2601 9.21 354

experimentswerecarriedout isgivenin thesecondcolumn. Theémana-

tionE, presentat thebeginning,andtheemanationA~decayedduringthe

reactionare givenin the third and fourthcolumns. Thesedata are ob-

tainedfromKolowrat'stable,thescalingof thebulbbeingtakenas origin.
The pressure~P of thedecomposedga~esmeasuredin a volumeof 2 ce.

is recordedin thefifthcolumn. Thesixthcolumnshowstherateofdecom-

positionAP/&E= R. Thevalueof ? for the decompositionofammonia

at 184"C.is obtainedby extrapolationof Wourtzc!'scurve, withwhich



ttANOCHEMMAï, OBCOMM8NMN Of MM'EBO-AttMONïA t87

our resultsat 20"C.andMO"C.are ln porfectagreement. Thesedata

yieldthefollowingvaluesforthe ratiosofthe ratesofdecomposition.

Tin °C.ZO tOO 184

~H~ND,t-M 1.47 1.<M

f~MeMceof theconcentrationof Ds

Asampleofammoniacontaining68per centdeuteriumcomparedwith

theordinaryammoniayieldedthedatacontainedin table2. Theeotumns

TABLE2

D<co)Mp<Mt'M<mofoM)M<Mt<tcontainingMper«!)<Ax<en'ttMt

ha-vethe f)&mesignificanceas m table1. Thesedatain connectionwith

thoseof table1 givethe variationof the rate of reactionwith concentra-

tionin D~.

Thesedatashowa practicaUylinearre!ationshipbetweenthé rate andthe

deuteriumconcentration.

DISCUSSION

TherateofdécompositionAP/AEisa functionofthestoppingpower,the

specifieionization,andthéionyield,

v.~c[~~]
V

.àE S,K'7

C isa constantindependentof thénatureof thé gas. Ait these data are

wellknownforordinaryammonia. Avery carefuldetermiastionof the

~M** 'c 1

Nt~

M.O 20.2 MMO ?82 !? IN
SO.O M<M6 4490 8.07 179
20.4 7878Z 6574 11.M 187

?. MJ

ND,

M.75 M ?~8 8MS 4.M 182

S 58276 8977 4.52 152

M 54567 5034 7.8$ 1M

?. !58

Concentrationin percent.0 68 98

~H~N(H~Dy). --11 084 0.79
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ionyieldbasbeenmadeby A.Luyokx(6). In the caseofthé dcutero-

ammoniasS oaa be determinedby Gtasson'slaw, givingthe stopping

powerasa functionofthé atomionumber: this gives~at = ~o,. No

determinationof kND,bas yet beenmade,but as the specifieionisation

variesforsimplecompoundebetweenrather restrictedlimitaonecancon-

siderthe specifieionizationof proto-ammoniaand deutero-ammoniaas

beingpracticaMyequal. The fact that the rate of polymerisationis the

sameforproto-acetyleneandacetylenc-ds(4)seemsto justifythisassump<
tion. It is thussafeto admit that the ion yietdsareverycloselyin the

sameratioaatherateofreaction. Thefact that this ratio,closeto oneat

lowtemperature,riseswithincreasingtemperatureis in strikingcontrast

withthe reactionswherethe rateof reactionis detenninedbythe activa-

tionenergy. It hasbeenshownthat thephotochemicalreactionofammo-

nia isa componentofdécompositionand partial recombination.Thisia

mostprobablyalsothecasein theradiochemicalreaction. The lowerion

yield,andespeciallyits slowerrisewithtemperature,cannotbeasoribed

to a moreefficientrecombinationin the caseofammoniac, itsactivation

of formationbeinghigherthan for ordinaryammonia. The lowerion

yictdbasthus tobeascribedto thédécompositionprocessitself.

Nosatisfactoryexplanationisat hand,but the increasein ionyieldwith

temperatureforbothammoniaspointstowardsa chain-llkemechanism,
whichisbestexpiainedby admittingthedusters formedby themolecules

aroundan ionas reactioncenter. It is likelythat it is thé differencein

growthinthischain,determinedbytheactivationenergyofthedecompo-

sition,whichcontrolstheratioofthereactionrates.

8UMMABY

Therate of decompositionofammonia-dawas comparedwith the rate

of decompositionof ordinaryammoniaand found to be inferior,to rise

moreslowlywithincreasingtemperature,and, at constanttemperature,to

increasewithdecreasingdeuteriumcontent.

1wishto expressmyheartiestthanksto ProfessorS.C. Lind,Director

of the SchootofChemistryof the Universityof Minnesota,forhisadvice

and forptacinghislaboratoryandthe necessaryamountof radonat my

disposât. My thanksgoa!soto ProfessorHugh S. Taylorof Princeton

Universityforkindlysupplyingmewiththe necessaryquantityofdeute-

rium oxide.
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THE DETERMINATIONOF CONTACTANGLESFROM MEA&-
UREMENTS0F THE DIMENSIONSOF SMALL

BUBBLESAND DROPS. 1

THE SpHNBOIDAÏ. SEGMENT METHOD FOR ACUTE ANGLES'

GUILFORD L. MACK

Df~M'M CAem<<<ry,NewYorkB<~ ~(~<<w!'«tJ~~ertMMttStation,
Oe<MM,NewYork

Ree«w<<~<t<ttM<~~M

INTRODUCTION

Thepresentmethodsof measuringcontactanglesaU requirethat the
solidmaterialbeobtainablein somespecialshape,such as a flat plate
or capillarytube. Manysurfaces,forexample,thoseof plant materials,
occurin irregularformsand must be dealt with <mM<M,becauscof the
inhomogeneityof the body. The chief value of thé method herein
describedis that i<8applicabilltyis largelyindependentof the fonn of
thesolidsurface.

Someof the earUestdeterminationsofcontactanglesweremadefrom
measurementsof the dimensionsof bubblesand drops. The workhas
beenconfinedto largedrops,buttheuseofverysmaUdropsmaybeshown
topossesssaveraladvantages:(1)SmaUdropsmaybeappliedsuccessfully
to smaUplaneareasin an irregularsurfaceor evento surfaceswith an
approximatelyconstantdegreeof curvature. (2) SmaUdrops showa
muchgreatervariationin heightforsmallvariationsin magnitudeofcon-
tactanglethandolargedrops. Accordingiy,thisdimensiondoesnothave
to bomeasuredwithsuchextremeaccuracyas is necessarywith large
drops. (3) SmaMdropsassumethe advancingangteof contact, while
largerdropsoxhibita fluctuatingangleofcontactvaryingroughlybetween
theadvancingandrecedingangles.

Othergenerallyapplicablemeansof measuringcontact anglesare the
variousmodificationsofthe tiltingplatemethod(1),andmethodsdepend-
inguponvisualobservationof the imageofa drop,bubble, or meniscus
projectedupona screenorphotographieplate (7,8, 3). It maybe noted
that in eachof thesemethodsthe contactangleis measuredat a single
pointon the surface. Sucha procedureis somewhatunsatisfactoryfor

Approvedbythé Direetc)-ofthé NewYorkStateAgnouttunt!Stationfor
publicationaeJournalPaperNo.44.
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workingwithnaturallyoccurringobjectahavingvariablesurfaceproperties.
Theproposedmethodhaatheadvantageofyieidinga valueforthecontact

anglewhichis the intégrâtof thesumof aUtheseparateanglesalongthe
circumferenceof thedrop.

THEOttY OF THE SPHEROtDAL SEGMENT METHOD

Theprincipleof thespheroidalsegmentmethodis baseduponthé fact
that theshapeofa smalldropofliquidhavingan acute angleofcontact
is onlysiighttyaffectedby the influenceof gravity. Consequently,the
surfacewillbenearlyspherical,andasa nrstapproximationthedropmay
beoonstderodto beasegmentofa sphere.

Theanglebetweenthe horizontalplane throughthe baseof the drop
andthetangentto thesphericalsurfaceat thepointof contactis

C 2 taa-~ (A/.c) (1)

whereh is thegreatestheightofthedropandis the radiusofthebaseof

segment. Thedistancex isoasiiymeasuredona scale intheeyepieceofa
lowpowermicroscope,but thevalueofh ismuaUymuchsmaHerandmore
difficultto measure. This is especiallytrue in the caseof smaUangles
on a surfacewhichis not perfectlyplane. Anotherdifficultyis the fact
that smalldropsevaporateveryrapidlyif thesurroundingvaporisnot in

equilibrium,a conditionwhichis difncuttto accomplishand evenmore
difficultto maintain.

Theproblemmaybesolvedbysubstitutingthe volumefor thé heigbt
as a measurabiedimensionof the drop. The volumeof a numberof

equallyformeddropsmaybemeasuredin an auxiliaryréservoirandsuch
measurementswillbeentiretyindependentoftheshapeofthesoltdsurface.

Furthermore,the volumemeasurementis madeat the time the dropis

firstformedandis unaSectedbysubséquentchangescausedby evapora-
tion. It wasobservedexperimentallythat an evaporatingdrop main-
tainedits originalradiuslongafter its other dimensions,suchas height,
volume,and contactangle,hadbeenconsiderablyreduced.

Thusfroman expérimentalpointofview,it appearedhighlydesirable
to determinethecontactanglefrommeasurementaof the radiusandvol-

umeofthe drop. Thismaybedoneby expressingthe valueofAinequa-
tion1asa functionofthe radiusandvolumeofa sphericalsegment. The

equationrelatingthesequantitiesis

hs+ 3hx2= 6(7/<r) (2)

Nosimpleatgebraicexpressionforh in termsofx and Vcanbeobtained,
however. Thésolutionof thecubicequationleadsto a resultin theform

of twoslowlyconvergentinfiniteseries.
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A preferableprocedurela to transformequation2 into the dimension-
legsform

(~/6)(k/x)'+ (~/2)(~) = V/~

andt~butatenumerica!solutionsofA/xintenasofV/a; TaMe1 contains
the valuesofhlz correspondingto valuesof V/a~from0 to 2.0944,this

beingtherangewithinwhiehthéangleremainsacute.

TABLE1
~<oMMt(MMofV/Z'atM<t/ZKMOM«fOtMMe/ f/z' and h/z

0.0 O.OOCO 1.1 ().?<?
O.t 0.0636 1.2 0.66M
0.2 0.12M' L3 0.7089
0.3a 0.188!' 1.4 O.TS04
0.4 0.24M 1.5 O.M(M
0.5 0.8085 1.6 0.8288
0.6 0.3M7 1.7 0.8659
0.7 0.4208 1.8 0.9016
0.8 0.4738 1.9 0.9361
0.9 O.NM8 2.0 O.MM
1.0 0.8737 2.1 1.0018

TECHNIQUE

Thesotidto be investigatedwasimbeddedon a paramnedglassplate.
The liquidwasplacedin a shortlengthofglasstubing,one endofwhich
had beendrawnout into a veryfinecapillary. Aspiral in the capillary
tube facilitatedthe manipulationof the tip. Dropsof the liquidwere

formedslowlyonthetipbygravitationatforce. Bytouchingtheglasstip
to the sotidsurfaceat definitetimeintervals,dropsof a constantand

reproducibtes!zewerodetached. Ten ormoredropsweremeasuredat a
time so that each determinationyielded a truly average result. To
minimizeevaporationthe solidand supportingplatewereenclosedin a
lowfonnweighingbottle. Thecoverofthisbottlewasfitted witha win-
dowofopticauyplaneglass. Thediametersof the dropswereobserved
throughthiswindowin the ocularscaleofa lowpowermicroscope. The
volumeof liquidusedfora givennumberofdropswaaobtainedbymeas-

uringthe différencein heightof the liquidin the upperpart of thé glass
tube beforeandafterthe dropswereremoved. Sincethe diameterofthe
tube wasknown,thécylindricalvolumecouldbecalculated.

In this investigationa tiltingplate methodand a direct observation
methodwereusedinorderto checkthe measurementsmade bythe sphe-
roidalsegmentmethod. Theprocedureusedin the tilting platemethod
wasthat of AdamandJessop(1). In the visualobservationmethodthé

apparatuswasarrangedso that the dropcouldbe vieweddireettyin a
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microscope.Théeyepiecewasfittedwithan accuratelycentorederosa.

linemicrometerdiseanda pointerwhichindicatedtheangularmeasureon

a scalefastenedaroundthe drawtube of themicroscope.The ~asa tip

on whichthe drop formedwasallowedto remainon the surfaceunder

examination,so that expandingand contractingdropscouldbe produced

bychangingtheairpressureat théotherendoftheglasstube.

TABLE2

~eet o/drop<t'Muponthecontact«Kch
Distilledwateronapplowax

TABLE 3

C'empin'MMofcontactangles obtainedby dt~'eren<melhoos

Distilled water on applowax

Mt'tMO~OttOf Mt.OMBOfCMP OCNMOtAMOt.Bt'MXBCMO

em. <'Mt.*

0.16M 0.00365 ?"

0.1212 0.00142 M"
0.0773 0.00039 53'
0.0687 0.00038 66"
0.0683 0.00041 7~
0.060t 0.00046 90*20'
00560 0.00035 88°30'
0.04t8 0.00015 89°30"
0.0390 0.00012 88'50'

AMOLBorOOKTtOr
BïtTNt METBOe ––––––––.––––––––

AdvaMt« RMedint

f Spherotda)segment 89"

DMHUedwateronazobenMne. Titting plate 80" 62°

Direct observation 82° 64°

Spheroidai segment 48°

0.05 per cent soapMtution on paraffin.. Tilting plate 48° !!7°

Direct observation 4&° 30°

Spheroidat segment 89°
Distmedwateronapptewax.

Tit~gp~te

sogment
87° 62°

DISCUSSION 0F BESULTS

BarteUandHatch (2)foundthat a seriesoffairlylargedropsdet&ched

froma capillarytip formedwidelydifTerontanglesofcontacton thesame

surface. This observationis confirmedby the resultacontainedin the

upperportionoftable2. But it isapparentthat if thedropis madesmaM

enough,the angleattainaa constantmaximumvalue. In table 3 it is

shownthat thismaximumis theadvancingcontactangle.
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It basbeenshown(6,9) that bothexpandingandcontractingdropsor
bubblesmaybecausedto assumeanequilibriumcontactangleby tapping
thé support. Thisis trueonlyforlargedrops,forvibrationhad noeffect

upon the advancinganglesformedby smalldrops. Recent workbas
seemedto indicatethat advancingand recedinganglesare themselves

equilibriumanglesforthe surfaceundereachoftwodiSerentconditions

(4).
Fromthe foregoingit appearsthat the easewithwhieha drop maybe

madeto spreadfurtherovera solidsurfaceafterhavingformedthe ad-
vancingcontactangledependslargelyupon thedropsize. The hydro-
s<at!cpressuredueto thé weightof the dropisexertedin thedirectionof
furtherspreading. Thecapillarypressurewithinthedropisopposedto

any extensionof the liquidair surface. Sincethispressureis inversely
proportionalto theradiusofcurvature,it willbegreaterin amatidrops.
Hencewithincreasingdropsizeboth thé hydrostaticandcapillaryforces
favortheprobabilityofirregularextensionof thedrop.

CORRECTION FOR THE EFFECT OF GRAVITATIONA!' FORCE ON THE FOBM OF

THE DROP

lu thepastconsiderablediscréditbasbeencastuponsessitedrop meth-
odsbecauseunwarrantedassumptionsweremadein the devetopmentof
the mathematicalequationstodescribethe fonnof thé capillarysurface.

Therefore,in order that thé proposedmethodmay be emptoyedwith 1

confidence,it is necessaryto examinecriticallytheeffectofgravitationai
forceuponthe shapeof thedrop. The formulationofa correctionterm
to compensatefor thisdeviationfromthé sphericaiformwouldservenot

onlyto evaluatetheerrordueto this source,but alsoto déterminethe s

rangeofconditionswithinwhichtheerrorissufficientlysmallsothat itmay
'be ignored.

Considera dropof liquidrestingupon a solidsurfaceOP under the
influenceofgravityandsurfacetension. In figure1 the solid UnesPR
andPR' are the actualformsoftwodropsmakingcontactanglesof9and
9'withOP. ThedottedUnesPQandPQ' representsphericalsurfacesand
arethéformawhichthedropswouldassumeif thegravitationalforcewere
removed. The surfacesPQand PR have a commontangent PM, and

PQ'andPR' alsohaveacommontangentPM'.
Themeasuredquantitiesarex and V,whereVis thevolumegenerated

byrotatingthearea OPRabouttheOjRaxis. Theequationforthe contact

anglerequiresthat the volumebe ehctosedby a sphericalsurface. A

sphericalsurfacePQ'canbeconstructedsuchthat thevolumeunder PO'
isequalto that underPR (thetruevolumeof thedrop). Thisvolumeis

usedto cakulateh,and thevalueof &/xthus obtainedyietdsa valueof

CV2orC'whichissomewhatlessthan the trueangleofcontact0.
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Byevaittatingthesmalldistancee,the truecontactanglemaybefound
fromtheéquation

ta.n(C/2)=(A+<')/x (4)

In orderto calculatee weneedto havegiventhe approximateangleof

contact?', the radiusx of the drop,and the eapittaryconstanta of the

liquid. FromC' andxthé volumeV' ofthe ephortcatsegmentPOQ'may
becalculatedbygeometricalmethods. For thesameangle9', thévolume

Fia. Outlineofa dropofliquidrestingupona actidaurfaceunderthe in-
fluenceofsurfacetensionandgravity.

oftheactua!dropPOR'maybecatcuJatedfromthetablesofBashforthand

Adams(6). Let the diSerencebetweenthe two volumes belAV' =

Ffoo' – Ffo< If (~ ~) is sma! ~V willbe very nearly equal to
AV==Vfoa– Vfo):.SincebyconstructionV~Mt=' V~ee*,

AV VMO VM<)'
= (~/6)KA+ + 3~(A+ e) (~ + 3~)]

Sincee is verysmaU,the terme*may be ignoredand the equationre-

ducesto

~A+ e(~ + A*) 2d~/<r= 0 (5)
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Thégênera!eotutionof the quadmtioequationfore maybe expressedm
theform

B
wCxa

hg,
Cxga-ha1(~~

+
8h0Ÿ

~ua-r/2r-;L~~T~J

Théterrnswithinthe bracketsmaybeexpandedinsériesaccordingto the
binomiattheorem. AftersimpMfyingand expressingin tMMnericform,
thé equationbecomes

< 2AV/a-a;' (2AV/M')'(~) 2(2AV/~)'(A/~)~

+ (~)']-' [1+(A/
+

{1+(A/

TABLE4
~Ma<«<valuese/0',x/a,<MM<AV/z*

ValuesofAV/a!*aregivenin thébodyofthetableforthe correapondingvaluesof
9'andz/aalongthemargine

f
O.t M M 0.4 M

M 0.017 0.041 0.085 0.143 0.208
? O.Ott 0.029 0.06!! 0.105 0.154
? 0.008 O.OZ1 0.046 0.078 O.tt&
? 0.006 0.016 0.034 0.059 0.088
? 0.004 0.012 0.026 0.045 0.0~
? 0.003 0.009 0.020 0.035 0.053
? 0.003 0.007 0.016 O.OZ7 0.041
M 0.002 0.005 O.OM 0.017 0.036
40 0.001 0.003 0.006 O.Ott 0.016
? 0.000 0.002 0.004 0.007 0.011
M 0.000 0.001 0.002 0.004 0.006
M 0.000 0.000 0.001 O.OOZ 0.003

Substitutingthiavalueofe/f in equation4,oneobtains

tan (C/2)= tan (~/2) + (2AV/~) cos'2) (2AV/~r~)~tan ?72)

ces'(072)+. (7)

Theseriesisconvergentif

[(8AV/~) tan(672)cos<(9'/2)]'< 1

It isapparentthat noerrorneedbeinvolvedin thepreviousassumption
that AV = AV,sincea moreexactvalueof AVmaybe obtainedby
successiveapproximationsto thevalueof9. Praetically,the &rstapproxi-
mationiswellwithintheexperimentalerror.

Therelativemagnitudeof the correctiontenus in equation7 maybe
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shownby meansof an example. Supposea dropof water to hâve the

followingcbaracteriBticB:surfacetension,72.8dynespercontimeter;radius,
0.1 cm.,contactangle,90". Then V = 6.5 X 10-~cm. andthe total
correctiondue to the influenceof gravityis +l"t0~ In equation7 the
errorin ignoringaUcorrectiontermsbeyondthe firstiB– 0*0'44". If the
angleofcontactis reducedtoW, the radiusandsurfacetensionremaining
the same,the total correctionisonly+0"29'. Theseoatcutationsmakeit

apparentthat for the presentpurposethé gravitationaleffectis of little
practicalimportanceinmeasuringsmallcontactangles.

CORRECTION FOR THE CURV ATURE OF THE BOLÏD SURFACE

Theapplicationofthe methodcan beextendedto ineludesolidsurfaces
with an approximatelyconstantdegreeof curvature. Twocorreetiona
to the determinedangleofcontactmustbe made. First the tangentto

TABLE6

CotTMh'OM/0fcurvature< theM(«<<Mt/9Ce
~/a:=.20

the so!idsurfaceat the pointof contact is inclinedat an angleto the
horizontalplanethroughthe baseof the drop. Thisadditivecorrection
is partiallycounterbalancedbythat due to thésmallsolidsegmentwhich

projectsabovethé baseof thedrop.
Ifx is theradiusofthedrop,andRis theradiusofcurvatureofthesolid

surface,theangularcorrectionis givenbytheequation

tan~2 = R/x V(B/~ 1

Thechangeincontactanglecausedbysubtractingthe volumeofthesolid

segmentfromthe volumeof the drop may be calculatedfrom and x

accordingto thémethodspreviouslygiven(equations1and 3andtable1).
WhilethéangularcorrectiondependsonlyuponR/x, the volumecorrec-
tion is alsoa functionof the contactangle. Table6 showsthe relative
valuesof thesecorrectionswhenJ!c = 20. The angular correctionis
almostexactlyinveraelyproportionalto R/x, and the volumecorrection

ANOCMtt COMEDON +2*M*

Volumemrrectten Netcorrection

90 -0°4t' +2°U'
75 -1*7' +1°45'
M -fM' +ft7'
45 -2°3' +0°49'
30 -2°27' +0°25'
t6 -2'45' +0*7'
0 -2°C2' +0"0'
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–t.. -)!–t.tt-. ~~– f––– tt.- <–– ––t,.t!––-t. TET~ f-~deviatesonly slightlymore from the linear retatioMhtp. Hence for

practica!purposes,table5 maybe usedforany valueof N/a!. It isonly
necessaryto multiplyany givencorrectionby thé appropriatevalueof
20

R/a:'

aUMMART =

A methodbas beendevisedfor the determinationof acute anglesof

oontactwhfohie largolyindependentof the formofthe solidsurface. Itwas
shownthat the contactangleisa functionof the radiusand volumeofa
smaUsphericaldropof liquid.

An equationbasbeendevetopedfor evaluatingthe effectof gravita-
tionalforceuponthe formof thé drop.

Thé validityof the methodbas beencheekedby repeating the déter-

minationof the contactanglesuponthesametnateriataby two different

mothods. Satisfactoryagreementwasobtainedin a!!cases.

Theauthorwishesto expresshiaappréciationto ProfessorF. E. Bartet)
formuchhelpfuladvice.
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THE DETERMINATIONOF CONTACTANGLESFROM MEAS.

UREMENTSOFTHE DIMENSIONSOF SMALL

BUBBLESANDDROPS. II

THB SESBtLE DROP METHOD FOR OBTU8B ANOLE8'

OUILFORDL.MACKAt<oDOROTHYA.LEE

Divisiono/CAemM~,NewYorkState~~<t«Kt<e<J5'!)!pen'M<M<Station,
0<neMt,NewYork

RecH'Md7aMJM,/M~

INTRODUCTION

It basbeensuggestedina previouscommunication(3)that widelyvari-

ant surfaceenergiesmay existat closelyadjoiningpoints on a surface.

WeU-substantiatedtheoryas to the surfacestructureof solid catatytic
materifdBis inaccordwiththis view(7). The "activepatches" on the

catalytiesurfacesarean extremeexampleof irregularityin the surface

energy,but it seemsreasonableto supposethat suchirregularitiesmay
exist to a lesserdegreein nearlyail ordinarysurfaces. Photographie
evidenceinsupportof thispropositionappearsin the workof Wark and

Cox(9),whofoundthat thesameairbubbleundera minéralsurfacewet

withwatermighthavean angleofcontactonthe rightsidedifférentfrom

that on the left.

Insteadofmeasuringthe contactangledirectly,it may be calculated

fromthe dimensionsofthedrop. Theanglesoobtainedmaybe regarded
as theintégra!ofthesumofallthevariouscontactanglesexistingalongthe

circumferenceof the drop. Thuseachdeterminationyieidsan average
resultnotundulyinfluencedbyirregularitlesat agivenpointonthe surface.

Forprecisedéterminationsthemethodshouldhaveanespecialadvantage
over the usualprocedureof directmcasurement,becausethe error in

personaljudgmentinvolvedin drawingthe tangent to the curved drop
surfaceat thepointofcontactisetiminated. Thiserrorbecomesincreaf-

inglyimportantas thecontactangleapproaches180",whilethe dimensions

of thedropmaybemeasuredwiththesamedegreeofaccuracyas before.

If theimageofthedropisrecordedonaphotographieplate,thé capillary

1PKsentedat theTwetfthColloidSymposium,heldat Ithaca,NewYork,June

20-22,1936.
ApprovedbythéDirectoroftheNewYorkStateExperimentStationforpubli-

cationMJournalPaperNo.94,June19,1935.
t69
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constantof theliquidmaybedetermined,withoutanyadditionalexperi-
mentaldata, by the methodof Dorsey(2). Thisserves as a valuable
checkuponthepurityofthe liquid-airinterfaceand uponthé retîabitity
of thé contactangledetermination.

~THEORBTÏCAL

ThetablesofBashforthandAdams(1)givethenecessaryinformationfor

calculatingthe contactanglefromthe dimensionsof the drop. For the

presentpurposea considerablerearrangementof theirdata wasnecessary,
becausethe unitstabulatedby themcannotbe readuycalculatedfrom

experimentaldata. In choosingother units, thosehâve beenselected
whichmaybemeasuredpreciselyorwhichmaybereadUycalculatedfrom
otherexperimentaldata.

Themosteasiiymeasureddimensionsofthédroprepresentedbyfigure1
are the total heightzandthe radiusr. Thesetwolengthsdeterminethé

Fta.1.OutlineofadropAOBrestinguponthehorizontalplateAB

sizeofthe drop. Unfortunately,thecontactangledependsnotonlyupon
thesizeof thedropbutalsouponits shape. In a dropof givensize,the

shapemay berelatedto the capillaryconstantoof the liquid,or to the
radiusof curvatureat theapexof thedrop(bin figure)). Thecontact

angleisthus a functionoftwoindependentvariables. Hencethecontact

anglescontainedin the bodyof table 1mustbe relatedto both the size
factorz/r listedin theverticalcolumnat the leftand to the shapefactor

r/b arrangedin thehorizontalcolumnat the topofthé table.
The procedureemployedin makingup table 1 was as follows:The

originalBashforthand Adamstablescontain,for each 5" intervalof C,
valuesofz/b correspondingto givenvaluesof r/b and == 26~/a*.The
valuesof :r werefoundby dividingz/b by the correspondingvalueof

r/b. Then foreachvalueofC,the valuesofz/f correspondingto equal
incrementsof r/b wereobtainedby numericalinterpolation. For each
evenvalueof r/&soobtained,thevaluesofCcorrespondingto equalincre-
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mentsof<r weredetermined.Thiscouldbedonewithsufficientaccuraoy
by meansofgraphiealinterpolation.Thévaluesof <'arecorrectto the
nearestO. Thiserrorisweilwithintheaccuracyofmostexperimental
data.

Thecaleulationsforthefactor!&havebeenextendedonlytor/& =0.90.
This is far enoughto ineludea dropof waternearly4 mm.in diameter.

TABLE1
Valuesof0corfMpottdt~<erelatedvaluesofz/randr/bValuesof 0 corfMpottdt~ <erelated valuesof z/r and r/b

r
b

y .““–––––––––––––––––––––––––––
t.oo e.M o.M e.M o.o) o.9t o.M e.m e.M o.et o.M

0.90 90.6 M.5
0.95 90.1 90.9 M.8 92.7 M.7 94.6 ?.6
1.00 90.0 90.8 9t.7 92.6 93.6 94.4 95.4 90.4 97.6 98.7 99.8
.05 92.9 93.8 94.8 95.7 96.8 97.9 99.1 100.4 tOl.O t02.9 104.2
1.10 95.7 96.8 97.9 99.1 100.3101.6 102.9 104.3 105.7 107.3 108.8
.16 98.6 99.9 101.1 102.4103.9105.3 106.8 108.5 110.1 111.9 113.7
1.20 101.6 102.9 104.3 106.9107.5 109.1110.9 112.8 114.7 116.8 118.9
.25 104.6 106.0 107.0 109.4 111.2!!3.1 IIS.I H7.3 119.0 122.0 124.0
.30 107.6 109.2 111.0 113.0110.1117.3 119.7 122.2 124.9 127.8 131.0
.35 110.6 112.6 114.6 116.8119.2121.8 124.6 127.6 130.8 134.3 138.33
1.40 113.6 116.8 118.2 120.8123.5126.5 129.9 133.5 137.6142.0 147.3
1,45 116.7 119.3 122.1 125.1128.3131.8 135.8 140.3 145.6 152.1 161.4
.60 120.0 123.0 126.1 129.8133.4137.7 142.8 148.9 157.1 173.3
.65 123.4 126.6 130.4 134.6139.2144.8 161.2 101.8
.60 126.9 130.8 135.1 140.1146.1163.8 167.0
.65 130.6 135.1 140.8 146.7166.0171.0
1.70 134.4 139.8 140.4 165.1174.2
1.76 138.6 146.1 163.9 171.5
1.80 148.1161.4165.9
1.85 148.2169.8
1.90 154.2
1.95 161.8
2.00 180.0

It hasbeenshown(3)thatgreaterprecisionincontactanglemeasurements
canbeattainedby the useofsmaUdrops. Hencethereis nothingto be

gainedbyworkingwithlargerdropsofcorrespondlnglyflattershape.
The quantitybused in table 1 cannotbe experimentaUydetermined

exceptby opticalmethodsunsuitedto the attainmentof thé requisite
degreeofaccuracy. It maybereadilycalculated,however,fromthe value
of the capillaryconstanta. The sjmplestrelationbetweena and b is

givenby thé equation

<"
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wherehis the heightofriseof theUquidina capillarytube ofunit radius.

Bysubstitutingthisvalueofh inRay!eigh'sequation(4) fora ln termaof
<-and h, and transforming,a solutionfor b is obtainedIn theformofan

infiniteseries,as fotlows:

b r + 2r' (3log 2 2) r1 (78log2 53) (2)
~="-+~-S(3tog2-2)+~(78iog2-53)-

V~rscha~ett(8)basdevelopedequation2 in this formasfaras thé third
termontheright-handaideoftheequation,andbaspointedout its uaefut-

nessforcalculatingthevalueofb. Bytakingknownvaluesofbfromthe
Bashforthand Adamstables,substitutingthe correspondingvaluesof r

and a in equation2, and solvingforb, the error involvedby leavingoff

successivetermsof the inimitéseriesmay be calculated. Thisprocedure
revealsan interestingfaetwhichnooneappearato havenoticedheretofore.

The last two termsin equation2 add very little to the accuracyof the

approximationevenwhenr/a is amall. For largervalues of r/o, these
latter termsactually increasethe error beyondthat existingafter the
calculationof thesecondtem. Thesimplifiedequation

t j. 1 ft~-=1+-- 00
,=1+3~

(3)

is amplysuNcientfor thepresentpurpose. For r/a e=. 0.5,the error in

calculatingb fromequation3 is 0.06per cent, fromequation2 it is 0.06

percent. Theseamountsare insignMcantin comparisonwiththe expéri-
mentalerrorin determiningthe contactangle.

Afurtheradvantagein theuseofequation3 is that the valueof a need

beknownoniyapproximatety.Anerrorof 1percentin the détermination
ofaproducesan errorofonly0.06percentin thevalueofb whenr/a M0.3.

Thevalueof y/a mustbe determinedwith great precisiononly whenC

approaches180". For smallerangles,the valuesof f/o and r/& have

muchlesseffecton the determinationofC.

Sugden(6) bas publisheda tablewhichmayalsobe usedfor Sading

r/b whenf/o is known.

EXPERIMENTAL

Theapparatusnecessaryto measurethe dimensionsof the smalldrops
and bubblesconsistsof thefollowingitems. A low-powermicroscopeis

equippedwitha filarmicrometereyepieceora caméraattachaient. The

solidsurfacerequiresa holderadjustableby rack andpinion movements
in three directions. A microburetof the type usedby Rehberg(5) is

neededto formthe verysmallbubblesand drops. The solldholderand

thetipof themicroburetprojectdownwardthroughtheglasscoverintoan
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absorption cdt with )))n)tcgta&ssides. Thé cetthotdHthf tiquid mto which
:Ht'hubbtcs!t)'c btowt),and, h) the caRUofdropHin air, it pt-otectsthc sm-fm'<'
fron) <'otttiunmKti<mby dust partit'tcH. Ha))id <'V!t))ontti"t)(~f t)n' very
.-<)))<t[)drops if;pt-cventcdby previoustysatumting thc ait' within t)n' ccU

t''to. 2. Watpr (troj)on jmmffinsolidifiedin Moiotair, x/r = t.ZSt; r/& ').?))!

c(<-ftt<-n)otf<))~t07.7°;Cf=)()7.°;H)2.8'

)'')u.3. Wato-dt-opnnpamfHneotidifiedinmoMtitir. f/f = 1.23');r/h = U.')7(M;
f (''a)<-u)!tt(-d)= )()7.-t";0f= )('7.r;P, )07.a~.

with thf vapor from othcr drops of thé .samcUquk). A comparattM'ot-

travctting nn<')'ui.!<'t)))('i.s convenifnt for mfnsuring t.))!'sm&Hdistances on
thc phuto~Mphic ptatt's, particu)a))y if thc capiOin'yconstant, is to tx'
(tt't('t')nme(tby Dorxcy's nx'thod (2).



~4 Ct'H.FOM t.. MACK ANP DOKO'fHY A. LEt!

Tht-foUowiuK(-ttscswillKt't'wtoiitustMtt' thf uscof thf prupunct)tm'thttd

<)t'dct('m)imnf;<'ottt!K'tttnf;t' Thcpamfti't.sm't'af'CM.shownin figures 2
amt :<wcn' soiidificdht air of 60 {M't-c-cttt)tt)nu(!ttyand tht't) kcpt for onc

hf))))'ittth('<'f')t('(mtaini))Khaturnh'dwat<')-ap<)r. TiK'(h'o))m<){;m-t'22

!)< t. \ttpr<)n'p<)n)Mntf)in.o)iditicdin<)ryttir. ~/f='t.3)U;)7t=().9.')5;

'('-a~(ti!t te')) =)()8.0,=)()').S°;0,= )()!()'.

)')u.Air))nt)))t<'nn<tt'rj)arttf)itti))um'rs<'<)it)t).())pfrct'ntM()!tp.s.))..ti.)f).~=
t.Wt r 7)= 0.90)5;0(f-idcutittf-d)=-)S() )22.-)= fi7.<!°;C<= 57.8°;0, = .W.t)'.

\\n'' :.c)('(-h'()a. !tn ('xt)'cm('('xampic f)f irrogutarity in H pm'Hfnnsurfaoc.

iU.~appafcntdtMt<h(-~w\tp<)f(h('contact :utg)<'on t))<')'igi)t.sM<'<)f
thc (trop is not chaMctpristif of thc nut'facf as u who)< Th<' obst'rvcd

anj;)con tho fcftsidc agn'cs wc))with thc catf'xJatcdvutnc. Figm-c3 shows
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atnuch)arKC)'dropa)itttcmorctha))2tn)n.indiamt'tcr,~t)i)t'tn<ij{'4)) Il

fair)y.<imattdt'o))oftc.s.sthatthaH'thatstz<'isi<huwn. tnthciattcrcasf

thcparafnn wa.so)idinc(t in air (h'icd ovc<-phost~horu.spcntoxid<and the

photograjth wits tako) itompdtatt'ty aftM' thc surface was ptaced in thé

absorptionce)!.

Thf nx'thod mayhcap))tiM)tu hubhtcsu.s\<'t)a~ drops(figut't's5 aud 0).
Thf*paraffin surface i~ immct~cd in aqucuus sointinns of a ])rop)'ictary
sprcadingagent, and air bubbtt's an' formcdou thc utKk'r.stdcof thc ptatc.
Thc di.sMd\'at)titp'of (tircct nicasurcment is <idt'nt in figure U. As thc
contact ang)cnppt'oachcs180",it hf'corncsincrcasixgty(tHtit'u)ttu draw tho

tangent to th<*cnrvcd surface at the point of contact. Thc dimensions

?, r, and &may stiit hc dt'tcnonx'd with thc .~amed<'grt'cuf accuracy,
howcvcr.

t''ta.8.Airt)ut)t)tfunderjMU'ut)htimm['rs('din().)p<'rf'fttt.«)itpN<)nti')n.~=
).<K!);<<'=<).393<t;0(ctd<'u)nt)-d)=t80-)S()=OA)).

St'MMAHY

A mf'thot) bas ))f'('))))ru))os<'dfur dctcrminingohtnxc contact !Utt;h'
frommcnsm'ct)n't)tsuf thrct' (Hnu'nsionsof .s('s.siic(h'o)).sof hubbtcs undct' u

ptatf. Thcsc ditnc))siot)sarc thc vcrtifM)hcight 2, thc horizoota) radius

andthf radius<)f('ur\u<ur'ttth('M))<'x<)fth('cm'<'d surface.

AsimptiScd('()u:ttionis givct) for catcuiatittgth<' ahtcof<)from that of

th('('upiHaryf'M).sttU)toft)u'ti()t)id.
The propost't)mcthod isshowttto hâve.scvcru)advantaj~'s ovo' thc direct

nx'thfxtofmt'asun'mt'oiwithaprotrat'h'r.

IU')-;Mt';Nt't-:S

()) t<AK))t'OKT)t.ft) At~Ms:AnAttf'mptt" 't'o~tthe ThcfX-yof('MjMt)MryAction.

Cam)))-idK<'(tSK;).
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ADSORPTIONAT CRYSTAL-SOLUTIONINTERFACES. IX

TNB CONCENTRATION 0F FOBBtGM SCBSTANCEB !N SoLUTtON RELATIVE

TO THE QUANTITY AfSONBBB BY THE HOST CRY6TAL'

WESLEYG. FRANCEANDPHOEBEP.DAVIB

DepartmeruofCAottt~r~,TheOhioStateUniversity,<MM~<M,Ohio

~ee<'M<<J)«M.?,~M

Anumberofexplanationshavebeenofferedfromtimeto timeto account
forthe adsorptionofimpuritiesbycrystals,but nosatisfactorytheoryhas
yetbecncompletelydevelopedto accountbothforthe selectivenatureof
thisadsorptionandfor the modificationsofhabitengenderedin the host
crystalby the impurity.

Areviewofthé literaturerelevantto thisproblemrevealsthreegeneral
typesof papers: (a) thoseattemptingto findrelationshipsbetweenthe
amountof adsorbedmaterialin the crystaland itf concentrationin thé
motherliquor (2,3, 7,8, 9, 10,11,20,21,22,27,28,30,34) (b)thoseat-
temptingto accountfor the modificationsof habitproducedin crystals
that aregrownin the presenceofimpurities(1,16,18,19,24, 32);and (c)
thosepresentinga generaltheoryof theadsorptionofimpuritiesby grow-
ingcrystals. TheexplanationsofferedbyBuckley(4)and by Franceand
coworkers(5, 12, 13,14,23, 25,26,29,35) have beencomparedin an
earlierpaper (36). It bas beensuggestedalsothat adsorptionof impuri-
ties leadingto habit modificationis due to the samecauseas oriented
overgrowth(17). Acloserelationshipbetweenmixedcrystal formation,
adsorptionof impuritiesby crystals,and odentedovergrowthhas been
foundby Bunn (6) in the conditionsnecessaryfor theiroccurrence. He
pointsout that mixedcrystatsandcrystalsbuiltupbyaeontinuousadsorp-
tionof impuritydiBeronlyindegree,andthat the conditionnecessaryfor
strongadsorptionissimilarityof latticestructureandinteratomicdimen-
sionsin specincplanesonlyofthe twosubstancesinvolved. Thiscondi-
tionis the samethat isknownto benecessaryfororientedovergrowthof
differentcrystalsononeanother. Royer(31)hasreachedsimilarconclu-
sions. In additionhennds(a)that the ionsofthe orientedcrystalwhich
replacethoseof the crystalsupportmusthavethe samepolarityas thé
latter,and (b)that themodeoflinkagemustbethesameforreplacedand
repJacingions.

Presentedat theTwetfthColloidSymposium,heldat Ithaca,NewYork,June
ao-22,!935.
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Thedevetopmentofasuccesshttgeneraltheorybasbeenimpededbytwo

factors.–namety,the faiiureofworkersto baseconclusionsofa theoreticai
natureon a sumcientiywideand diversifiedselectionof data, and the
absenceof quantitativestudios. Thésecondof thèsefactors is themore
important,for untU quantitativedata have been assembledthe taws
governingthe adsorptionof impuritiesandthe résultanthabit modifica-
tionscannotbecorrectlyknown.

Thereforethechiefpurposeofthisinvestigationwasto determinequanti-
tativelytherelationbetweenthéconcentrationofimpurityinsolutionand
theamountofimpurityadsorbedbya crystalgrownspontaaeoustyunder
equilibriumconditions.Thesubstancesselectedfor study werealkali
halidecrystalsgrowninthepresenceofureaasimpurity,ureagrowninthe
presenceofalkalihalides,andcrystalsofbariumand lead nitratesandof
ammoniumandpotassiumalumsgrownin solutionscontainingvarious
dyes. The halidesammoniumchloride,sodiumchioride,potassiumchlo.
ride,andpotassiumbromidewerechosenbecausetheircrystal structureis
wellknown,andbecausoureagreatlymodifiesthehabitof sodiumchloride
andammoniumchlorideandbasvery littleeffecton potassiumchloride
andpotassiumbromide. Thenitrateandalumcrystalsweregrowninthe
presenceofdyesasa continuationofworkonhabitmodificationpreviously
carriedout m thislaboratory.

Atkalihalidecrystalsweregrownfromsaturatedsalt solutionsmadeup
to containa rangeof concentrationsofurea. Crystallizationtookplace
at roomtemperature(23°C.)in3.mchcrystatlizingdishesprovidedwith
papercoverstokeepoutdustandaircurrents. Thecrystatswereremoved
foranalysisafterapproximatelyS percentof thesaithadcrystaiiizedout.
Theywerewashedoncewithwaterand driedat roomtemperature. The
sameprocedurewasfollowedwithureacrystalsgrownin the presenceof
alkalihalidesandwithnitrateandalumcrystalsobtainedfromsolutions
containingdye. Thirty~nesetsof crystalsweregrown and analyzed,
eachinvolvingon an averageten concentrationsof impurity. In some
casesseveralsetsofcrystalsweregrownandanalyzedforthe samepairof
substances.

Thenumberofmolesofadsorbedimpuritypermoleofhostcrystalwere
determinedin boththe solutionand solidphasesfor ail crystaiiizationg
made. The crystalscontainingadsorbeddye were analyzed for dye
content,usinga Duboscqtypeofcolorimeter.Analysisfor halidepresent
inureacrystalsandin theammoniumchloridecrystalscontaminatedwith
ureawasmadebytitrationwithsilvernitrate,usingadichromateindicator.
Theotheralkalihalidecrystalscontainingureawereanalyzedforurea
contentby a gasanalysismethodinvolvingthe réaction betweenurea
andalkalinesodiumhypobromiteto producenitrogen.

Anuttramicroscopicexaminationwasmadeof twosolutionscontaining
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dyes,to observeany possiblerelationbetweenthe concentrationof col-
loidalparticlesln the so!utionandthé amountof dyotakenup. X-ray
powder8peotrogr&ph8weremadeinseveralcases,in orderto discoverany
changein latticeconstantsproducedbythe impurity. Opticalexatnina-
tions witha potM'Mngmicroscopeweromadeofa numberof crystats to
observethépresenceorabsenceofdichroism.

The data obtaineddisctosethéfollowingtactsabout thénature of the
adsorptionprocess.

(1) A plot of the numberof colloidalpartlclesobservedultramicro-
scopicallyagainstthé concentrationofdye tn thesolutionsstudiedshows
that a linearrelationexistabetweenthe two quantities. On the other
hand, the amountof dyetakenup by the crystalsobtainedfrom those

solutionsplottedagainstthedyeconcentrationfollowsa typeof exponen-
tial curve whichstarts at a considerabledistancefromthe origin (cf.
curve 1, figure1). It mustthereforebe concludedthat in the crystals
studiedthe amountof dyetakenup is not relatedto the numberofcol-
loidalparticlespresentin the dye-saltsolutions. Thèseresults are in
agreementwiththoseobtainedbyoneofusinearlierstudiesofa somewhat
~zoNarnature(14).

(2) Acarefulcheckingof fourx-raypowderspectrographefor the four
pairs of substances(1) puresodiumchtoride-sodiumchloride+ urea,
(2) pure sodiumchloride--sodiumchloride+ chromicchloride,(3) pure
urea-urea+ sodiumchlorideand (4)pure leadnitrate-leadnitrate +
methyleneblueshowedthat inaucasestherewasno disptacementof the
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linesproduoedbythecontaminatedcrystals,andthereforenoappreoiable
changein the latticeconstantdue to the adsorptionof impurities. This

interestingresultisinagreementwithworkreportedby earlierinvestigatom
(13,33). Theabsenceof lattleedistortionmaybedue to (a) thépresence
of too little impurityto producea perceptibledistortion,(b)sometype
ofinterstitialadsorptionsuchthat thehostcrystalenvelopesthemolecules
of impuritywithoutalterationof if) spacelattice,or (c)sinûlarityof thé
latticeconstantsin oneplaneof the hostcrystalto thosein onoplaneof
the foreigncrystalsothat depositionoccursin sucha waythat thésimilar

planescoincide.

(3) Pronounceddichroismwasobservedin thirty-oneout ofthirty-two
crystalsof ammoniumalumcoloredwithPontamineSky Blue6B,and a
characteristicbut tesspronounceddichroismwasshownby ammonium
alum crystalscoloredwith crystalviolet. This dichroismtnaybe ac-
countedforby the asoumptionthat the dye moleculesare orientedwith

respectto themselvesandto the faceon whichthey are adsorbed. Thé
coloreffectsobservedunderthe polarizlngmicroscopelead to the view
that the dyemoleculeswereprobablyadsorbedwith their longaxesper-
pendicuiarto the cubefacesofthe alumcrystais. Neitherpotassiumnor
ammoniumalum crystalscoloredwith dye No. 11 showeddichroismj
severaltypesof randomdistributionofdye moleculesmightleadto this
absenceofdichroism.

(4) Pointsshowninfigures1,2,and3showtypicalrésultaobtainedwhen

a, the concentrationofforeignmaterialdepositedin the crystalsexpressed
as molesof foreignmaterialpermoleof hostcrystal,is plottedagainstc,
the numberofmolesofimpuritypermoleofcrystalin the solution. The
curvesobtainedin similarplotsof thirty-onesetsof crystattizationswere
tested to determinewhetheror not they weredescribedby the more
commonadsorptionéquations,inctudingthe adsorption isothermand

Langmuir'sequationformonomolecularadsorptionofgases.
Figure4,constructedfromthesamedataasthat in figure1,showsthat a

curveisobtainedinsteadofa straightUneas requiredby thé logarithmic
formoftheequationoftheadsorptionisotherm. Likewisea curveresults

(Bgure5)insteadofastraightlinewhenthec/aandc values,obtainedfrom
a rearrangementof the Langmuirequationin whichthe concentrationc
is substitutedfor the pressurep, are plottedagainst eachother. From

figures4and5it wouldseemthat somethingmorethan a simpleadsorption
processdescribableby eitherthe adsorptionisothermor the Langmuir
equationis involvedwhena dyeis takenup froma solutionbya growing
salt crystal. Freundlich(15)bas shownthat thé retardationofcrystal-
lizationby varyingquantitiesof foreignsubstancesis expressedby an

exponentialof thé sameformas thé adsorptionisotherm. Thiswould
indicatethat an adsorbedlayerof impurityexpressedby the adsorption
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isothennis formedat thosurfaceûfa growingcrystat. It isovidentfrom
the faMureof the ourvesobtainedin thisstudyto passthroughthe origin
(cf.figures1and2as typicalexamples)that eithersomeconditionexistaor
a procesaoceursduringcrystalgrowthwhichprevents,at leastat lowdye

concentrations,thé incorporationof the expectedamountof dye in the

growingcrystal.
An attempt wasthereforemadeto findan empMcatequationrelating

a and c, whichwouldtake intoaccountthis counter-adsorptionprocess.
It wasassumed,partlyfromthe appeatanceofthe a-c curves(curvesNo.
1infigures1and 2)andpartlyfromthe tendencyofthe loga-logccurves

(figure4) to becomelinearat highvaluesofc and a, that the counter-
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adsorptionprocessissigniBcantcnty<ttlowvalues. Valuesof k and1/M
werethenfoundfortheadsorptioneurvewhichreproduoodthebest smooth

curve throughthe expérimentâtpointsttt higherconcentrations. The

lowerpart of thecurvewasthenfoundto beobtainablebyassumingthat

the counter-adsorptionprocesswasrepresentedby an expressionof the

form

o'c- k,c~u°, (1)

andthat theexperimentalourvewasthe differencebetweenan adsorption

isothermand this secondexponential.Thus the expérimentaldata are

expressedfairlywellinaUcasesbytherelation

a = &c"" fc- (2)



ApaOttM'MNATCttYaTAL-aQMTtpNÏNTEBFAÇ~B. !X 183

thé stgnincanceof thé secondtormin thé right-handmemberof the
equationisnotcomptetetyovident;but it seemsto indicatethat whatever
the natureofthecounter-adBorptionproeess,it isa funetion,primarily,of
the dyeconcentration,is tnnnitoat zérodyeconcentration,and rapidly
approacheszéroevonat lowconcentrations.Thisconclusion,together
withthe resuttsobtainedin eartierworkof the authorson the effectof
stirringandgrowthratiosonthehabitanddyoadsorptionofalumcrystals
(29),suggeststhefollowingexplanationforthéfailureofthecurvesto pass
throughthoorigin. Thosefacesofa normallygrowingcrystalhavingthe
BtrongorËoidsof forceare thoonesthat expériencethé mostrapid per.
pendieulardisptacement.As a resultof this rapid growththere is a
tendoncyto lowerthe concentrationof thé crystalions in thé layer of
solutionadjacent to the rapidiygrowingfaces. Anyeffectacting to
maintaina higherconcentrationof tho crystalionsin thi8layershould
resultin an accelerateddéplacementofthesefaces. Thusin tbe case of
potassiumalumthe growthratio (100)/(111)wasinereasedfrom1.61to
1.76byrapidstirring. It wouldseemthereforethat in thepresenceof an
adsorbabtedycthe crystaltakesupits ownionsin pteferenoeto the dye
as longas suchionsare readilyavailable. However,in théabsenceof a
plentifulsupplyof its ownionsthe crystalwillsatisfyits growthforces
by takingup adsorbabledyeionsormolcculeswhenthe concentrationof
the dye adjacentto the rapidlygrowingfacebecomeasuScienttygreat
relativeto that of thé crystalions. Thedistancefromthooriginto the
pointofintersectionof thecurvewiththecaxiaapparentlyrepresentsthe
minimumdyeconcentrationrequiredto establishtbiscondition.

In figures1and 2, curve1 representsthe valuesof a calculatedfrom
equation2, curve2 valuesfromthe equationof the adsorptionisotherm,
and curve3 thosefromequation1. It shouldbenotedthat equation2
prediotsthat at highvaluesofctheadsorptionisothermwouldfitthedata;
thiswasnotalwaysfoundto be truebccauseoftheprecipitationofpart of
the dyeat higherconcentrationsinsomeinstances.

In thecaseofthésystemsalkalihaUdes-ureait wasnotpossibletoobtain
ovenapproximatelyaccuratevaluesof the amountof foreignmaterial
adsorbedat lowconcentrations,and henceto extendthe curveto zéro
adsorptionandalsoto fitequation2 unequivocaUy.Quafitatively,how-
ever,it isevidentthat theadsorptioncurvesaresimilarto thosefordyes
adsorbedby salts (cf.figure3),andit seemsquitelikelythat equation2
wouldfitif sufficientdatawereavaflableat lowconcentrationsofimpurity
to warrantitsapplication.

Onefactof interestwithregardto the adsorptionof ureabythé alkali
balidesstudiedshouldbe noted. In spiteof the fact that ammonium
chlorideandsodiumchloridecrystalsaremuchmoremodifiedinhabit by
the presenceof urea,potassiumchlorideand potassiumbromidecrystals
adsorba largerquantityof this impurity.
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1. Norelationwasfoundbetweenthe numberofcolloidalparticiesofdye
present in sotution,and the amountof dye'adsorbedby a given hoat
crystai.

2. X-raypowderapectrographsofcrystabcontainingadsorbedimpuri-
tiesshowedthesamelatticeconstantsforimpureas forpurecrystals.

3. The dichroismobservedin crystalscontainingadsorbeddye fs ac-
countedforby the assumptionthat the dyemoleculesare orientedwith
respectto themselvesand to the faceon whichtheyare adsorbed. Thé
coloreffectsobservedunderthé polarizingmicroscopein crystalsofam-
moniumalumanddyeNo.13leadto the viewthat thedyemotecuiesare
adsorbedwiththeir longaxesperpendicutarto the cubefacesof the alum
crystal.

4. ThedatafortheadsorptionofdyebyalumandnitratecrystalsfaUed
to fit eitherthe Langmuiror theadsorptionisothermequation,but weM
reproducedovermostoftherangebytheequation

a = ~c-

5. The secondterm in the right-handmemberofequation2 indicates
the occurrenceofa counter-adsorptionprocess. Examinationof this tenn
shows(a) that adsorptiondocsnotcommenceat c =0 but at a valueofc
auchthat

=. ~'c-

and (b)that ~'c- possessesthevalueMat c = 0but faiboffrapidlyto
zéroat lowvaluesofc.

6. Equation2 predictsthat at highvaluesof canadsorptionisotherm
wouldfit thédata withinthe limitsoferror,but thiswasnotalwaysfound
tobe tme becauseof théprecipitationof partof thedyeat higherconcen-
trations.
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Theoriesofcolloidstability,of themechanismofcoagulation,and of the
chargeonthecolloidparticleareailintimatelyrotatedto the adsorptionof
ions. A knowledgeof the total numberand kindsof ionsadsorbedby
colloidalparticlesunder givon conditionswouldgreatly assist m the
understandingof colloidalbehavior.

Attemptsbavebeenmade to measuresuchadsorptionby chemical
aoatyBb(12,11, 2), but the concentrationsto be measuredare so smaU
(usuallyfrom0.0001Mto 0.00001M)thatordinarychemicatmethodsare
notaufBcient!ysensitive.

Concentrationcellshave been used to measurethe numberof ions
remainingfreein the intermicellarliquidafteradsorptionbas taken place
(4, 10). The fieldof applicationof this methodis very limited, and
furthermoremanydifficulties,suchas theeffectsdueto the activityof the
ionsand the presenceof foreignsubstances,areencounteredin the inter-
pretationof theseresults.

Quantitativespectrumanalysisforthemeasurementofsmallquantities
of materialabasbeendevelopedrapidlyduringthe past fewyears. This
paperappliesémissionspectrumanalysisto theestimationof the adsorp-
tionof ionsincoUoidalsolutions.

Thespectramaybeexcitedinvariousways;themethodsusedwithsolu-
tionsare outtinedbelow:(1) Theflamemethodof Lundg&rdh(7, 9, 6) is
the mostsensitiveoneforusewiththealkalimetals. Thesolutionto be
investigatedisvaporizedandmixedwiththeilluminatinggasesina special
bumer. Using2 or3 ce.of solutiontheprobableerroris claimedto be as
lowas 2 to 5per cent. (2) The uncondensedsparkmethodis the one
reoommendedby Gerlach(5) for généralwork. A high voltagespark
takes placebetweenthe surfaceof the solutionand a metalelectrode
suspendedaboveit. Somuchheat is producedby the spark that it is
necessaryto coolthe electrodeby surroundingit with iceor coldwater
(seefigure1). (3) RecentlyGerlach(6) usedan interruptedarc with
thesametypesofelectrodesasdescribedin thesecondmethod. Thé arc

Preaentedat théTwetfthColloidSymposiam,heldat Ithaca,NewYork,June
20-22,t936.
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betweenthe surfaceof the liquidandthe metalelectrodeis openedand
ctosedseveraltimesa secondby a oamarrangementrun by an electrlc
motor. This methodis partieulartyuseM caseswhereit is destrable
to reducethe intensityofunavoidabieband speetra. (4) Twyman and
Hitchon(8),and BrodeandSteed(1)usea sparkbetweentwo liquidjets
in ordertoavoidcontaminationat thesparkingsurfaces.

In this work the uncondensedsparkmethodwasused in conjunetion
witha HUgermediumquartzspectrographE2. Sensitiveplates giving
goodcontrastare required;Hford'sZenithand HypersensitivePanchro-
matic plates wereused. By suitablyadjustinga sphericalcondensing

lensthéintensityofthespectrumdueto themetalelectrodema.ybegreatly
reducedand that due to the substancesin solutionincreased,since the

pointsofmaximumemissionof the twospectrearesomedistance apart.
Thegoldcolloidusedin thisinvestigationwaspreparedby under-water

sparkingat a voltageof about10,000anda frequencyof about 10' cycles

per second. In the firstexpérimentatheusual saltswereused,–sodium

hydroxideasstabilizer(addedto thewaterbeforesparking)and aluminum

chlorideas coagulatingelectrolyte.As the spectroscopiemethod of

analysisis onlysuitableforusewithmetal ions,laterexperirnentswere

confinedto the use of salts containingmet&lsin both ions,–sodium
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permanganateas stabiliser and magnesiumchromate as coagulating
e!eotrotyte.

Théamountofe!eotrotyteMeceaM)~tocoagulatethéso!wastakenas the
minimumquantitywhichwhenmixedwithan equal volumeof the sol
causedcompleteprécipitationofthecouoida!materiatin aboutthreedays.

For anatysiathecoagutatedsolutionwasfirstcentrifugedto obtaingood
separationoftheprecipitatedgoldandthesupematantliquid. Thialiquid
waspouredoffand thegoldwaadiwotvedinaquaregiaanddiiutedto the
samevolumeasthesupematantUquid. Whentestingforahuniaum!t was
necessaryto concentratethesolutionstoone-Ëftiethof theiroriginatvol-
umeto gettneasurabieconcentmtions;whentestingformagoesitunit waa
not necessaryto concentrateat aM. Allsolutionsweremadeslightlyacid
beforeanatysis,asthishasbeenfoundtoincreasogreatlythespectroscopie
sensitivity.

Plates werealsotaken withgoldsolsprecipitatedby freezingin liquid
air, i.e., withoutthe additionof anycoagulatingelectrolyte;and with
coppersolspreparedas thégoldsolswerebut withoutthé additionof any
stabilizingelectrolyte,andprecipitatedbymagnésiumchromate.

Theconcentrationsofmetalionsintheunknownsolutionswerefoundby
comparingtheintensitiesofcertainUnesintheirspectrawiththeintensities
of thoseUnesin thespectraofstandardsolutionswhichweretakenon the
same plate underthe sameconditionsofexcitation,exposure,etc. The
intensitieswerecomparedvisually,as it wasfoundthat withpmcticethis
method wasjust as satisfactoryasusinga microphotometer.The uni-
formityof linesdueto somereferencematerialpresentinatt thesolutions
in equalconcentrationisusuallyconsideredas proofthat electricalcondi-
tionshaveremainedthe samethroughouta sériesofexposures.

In generalthe probableerrorwasabout 10 per cent of the amount
measured. (In spectrumanalysistheerroris a certainporcentageof the
amountpresentandnotanabsoluteamount,as inmostchemicalmethods.)
Whenthé distributionofan ionbetweenthe supematant liquidand thé
precipitateisveryunequal,saytentoone,theamountofthe ionadsorbed

may be determinedwithmuchgreateraccuracy-often to within1 or 2
percent oftheamountadded-for theerrorinvolvedis 10percentof the
smalleramountanatyzed. In a spectrumanalysisworkthe sensitivity
variesconsiderablywiththeelementinvestigated,withthe typeofspectre-
graph, withthe typeofphotographieplate,with theconditionsofexcita-

tion, the tengthof exposure,etc. In this investigationthe fouowing
limitaof sensitivityhave beenfound:M/100,000for gold,manganese;
M/60,000for magnesium,chromium,sodium;M/1,000for atuminum.
Someéléments,forexample,sodium,areoftenpresentin thépurestmate-
riais obtainablé,or in the air, in concentrationssufficientto be visible

spectroscopicaUy.Suchconcentrationscan be allowedfor by inchiding
a suitableblankspectrumoneachtestplate.
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Thé results up to the present may be summarized as follows:

I. See figure 2A. The sodium Unesare clearly visible in the photograph
with the supernatant liquid (No. 7), and cannot be seen at ail with the

pteoipitated gold (No. 2). The atuminum Uae~ appear with the gold

(No. 2) and cannot be seen with the supernatant liquid (No. 7).

Fto. 2. Speetra ahowingmetat tines in thé eoagutating liquide taken in various

BtreoeUMM standards and for eompattMBlinos présent in apeetra of Mtpematmt

liquid and coagutated material. Défaits of individual epMtrtt are given betow.

A. Gold sol, 0.8 g. per liter (stabillzed by O.OM sodium hydroxide)

1. Aluminum ohloridesolution in concentration juat BuNcient to produce coagu-'

htioo–tO.OOO.
2. Gold precipitated by 1 and diMftved in aoid.

3. Atuminum chtoridesolution, 80 per cent of the strength of 1.

4. Aluminum ehtoridesolution, 60 per cent of the strength of 1.

5. Aluminum ehtoridesolution, 40 per cent of the strength of 1.

6. Aluminum chtondesolution, 20 per cent of thé strength of 1.

7. Supernatant liquid oorrespondingto 2.

8. Acid blank.

B. Gold sol, 0.8 g. per liter (atabi)iMd by 0.001M sodium permanganate)

1. Supernatant liquid fromgold sol precipitated by freeaing in liquid air.

2. WtOOOsodium permanganatesolution.

3. M/NX)0sodium permanganatesolution.

4. M/2S,000sodium permanganatesolution.

5. ~/t25,000 sodiumpermanganate solution.

6. Prcoipitatedgoldcorrespondingto 1.
7. Aoid blank.

C. Gold aot, 0.8 g. per liter (stabiti~ed by 0.001M sodium permanganate)

1. 0.00040Mmagnesiumchromate and JM7tO,000sodiumpermanganate.
2. 0.00035~magnesiumchromate and Af/10,000sodium permanganate.
3. 0.00030Mmagnésiumchromate and W/M),000sodium permanganate.
4. O.OOOSBAfmagnesiumchromate and Af/t0,000sodium permanganate.
6. Gold precipitated by M/80Mmagnesiumchromate and diBSotvedin acid.

6. Gold precipitated by Af/t2,OMmagneoiuinchromate and dissolved in acid (min-
imum amount necessary forcoagulation).

7. Supernatant liquid correspondingto 6.

8. Supernatant liquid correspondingto 6.

9. 0.00020Mmagnésiumchromate and Af/t0,000aodium permanganate.
10. 0.00016Mmagnesiumchromate and M/M,000sodium permanganate.
11. O.OOOtOMmagnesiumchromate and M/10,000sodium permanganate.
12. O.OOOM6Mmagnesiumchromate and M/t0,000sodium permanganate.
13. Acid blank.

D. Copper sol,0.6 g. per liter

1. Copper precipitated by /tf/6,000 magnesiumchromate and dissolved in acid

(minimum amount necessaryfor coagulation).
2. Supernatant liquid cotreepoading to 1.

3. Aoidblank.



Kt'K(;TKUt<UOt'H;MTtMA't'<ON(H'ARaUMKt)tUN)jtt&l



192 MAYANKHt"~ANUt-OUKHSKWMAS

I! L. '0- ~a.
Thus whcngotd sotsstabi)ize(tby sodium hydroxidc arc prccipitatctt by

ahuninum chtoride,at least 90per t-eat.of thc atuminmn ions are adsorhpd

by the gotdand at teast 98 per cent of thé sodium ions rcnmin in thé auncr-

natant tiquid. Thegoldpartides acquh'ca négativech~'gt' io prcpHration,

prcsumabty by thc adoption (~fhydroxyi ions. UwinKto this négative

charge the goldattract~ thc trivatpnt positiveionot'thé coi~uhtting ciccn'o-

lyte, but tcavt'xthc tnotovah'nt positive ion of thc ttabitizing c)t'ct)'o)yt<'

ft'ccin the supcrnatant liquid,
11. S~cSgm'e2B. Thf manganc.sctincs arc vcry promincnt in thc pho-

tograph with tht' prccipitatcd K~~ (No.C), but an' not Mstbtc at att with

the supernatant liquid (No. t). Thc sodiutn )inc is visib)<' in a)) thc

spcctra but its concentration in the pn'cipitatt'd gold (No. G) is no highcr

than that in thc acid btank (No. 7).

Whcn Rot(tsots stabitizcd by sodinm permanganate arf-prccipitatcd by

frct'zinKin in)ui()air, at tcast99 pet-<'pntof thc manRanKtcions arc prccipi-

t:ttcd wit)t thc go)dan(t 95 to 98 pcr cent of thc sodium ions romainfrcc

in the supcrnatant tiqnid. This is not in a~'ccmcnt with thc thcory of

thosc who))chc\-ct))at thc non-stabitizin);ion of th<'stabitixinK ctcctrotytc

(t)tc .<odimnin thiscase) appeau frcc in thc supcmatantfi<tui<t on)y whcn

disphtf'cdfrom t))nneigh))orhoodof thc partit-h's by thc congutating c)K'-

trofyte.
Hï. Sec HKurc2('. (.'hronmunUnesarc visit'tc i" No. 7 und No. 8-

thcsupcrnatant hquid–but not in No.5and No. 6–thc prccipitatcdgotd.

Thc magnésiumtinc is tnuch more intense in No. 7and No. 8–thesuper-

natant tiquid–than in No. 5 and No. 6–thé precipitiUed Rotd. Thc

tnanganesc )incsmay be ciearty secn with thé t;o)das in nnurc 2B; not a

trace of thon appears with thésupcrnatant h()uid.

WhenRoid sols stabihzed by sodium permanganate nre precipitated by

magnésium chromatc,at teast 95 percent of thé.chromitnn ions rcmainin

thc suppnMtant tiquid. ('h)'ontiunt can))~tbc dctcctcd sith thc precipi-

tnte(t go)dunti) abouttwcnty timcs thc minimum coa~tuatins fonccntra-

tion of magnésiumchromatc is added to thc coXoid.

When just sumcient magnésiumchromate is a<tttcdto produce eoaguta-

tion, about one-third of thé magnésiumions is adsorbed ))yt hcK(')d. Ti)c

amount of magnésiumadsorhedincreascsstightty (about thrcc timcs) \Y))Ct)

many times (up to cighty times) this aniou)tt of magnésium chromatc is

added. At leust part of this inereaseis duc to tracesof supt'rnatant )i()uid

rcmaining with thé precipitated go)d. Thé precijtitatc \as not washctt,

as it was found dimout to be certain that washingthé pn-cipitate did not

removesomeof thé adsorbed ions (sec atsoWciser (t0)).

Thèse )'csu)tsa)'e not in agreoneot witb those of !n'))))<))ich(4) orof

Muterand Zimmertund (3). Frcundtichfound that appreciabtc atnounts

of both ions of thé coagutatinf;ctcctroiytc wcre adsort'cf) t)y thé precipi-
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<~t~~ ~f «~t--t~–<L~ ~tt ––t~ --< T~ Mt t t
tated partietes of an "etectrolyte-free" gold sol. Euler and Zimmerlund

found that equal amounta of both ions of an electrolyte were adsorbed by
fine gold powder.

e

IV. See figure 2D. Here the ohmmium Unes may be clearly seen in No.

1, the precipitated copper, but not at atl in the aupematantUquid (No. 2);
while the magnesium line appeats strongly in No. 2 but not at aMin No. 1.

ThuB when copper sols, which are positively charged, are precipitated

by the minimum nooesaary quantity of magnésium chromate, at least 90

per cent of the chromate ions are adsorbed by the copper and at least 95

per cent of the magnesium tons romain in the supematant liquid. This

distribuMon is, of course, just opposite to that obtained in a negatively

charged gold soi; there the magnesium ions are adsorbed and the chromium

ions left in the supernatant liquid.

Further work is now in progress.1

In conclusion, the authors wish to express their sincère appreciation to

Professor E. F. Burton, Director of the McLennan Laboratory at thé

University of Toronto, for his suggestion of the probtem and his advice

throughout the investigation.
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VAPORPRESSURE-WATERCONTENTRELATIONSFOR
CERTAINTYPtCALSOÏLCOLLOÏDS'

LYLET. ALEXANDER
Bureau~CA~.<~ and~h, U. D<< Agriculture,~<M~«M,0. C.

ANC

M.M.HARING

Departm~<!fChemiatry,!wr«'<y <jfMaryland,CcKepePo~, Maryland

&<ee<w<<June fCM

Scveratattemptshavebeenmadetoutilizethe informationobtained by
aUowingair-drysoil to absorbmoistureat variousrelativehumidities.
ThewaterabsorbedbysoilcolloidswhenaHowedto corneto equiiibrium
overa sulfuricacid-watermixturecontaining3.3percent sulfuricacid by
weighthasbeenmadethebasisfora methodofestimatingthe quantity of
colloidpresentin a soil (6). Thewaterheldunderthiscondition(99 percent relativehumidity)fallsbelowthehygroscopiccoefficient.TheBrit-
ishsoilworkers(8)havea1souseda déterminationof thémoistureheld at
50 per cent relativehumidityas a criterionof soil properties. More
recently,workersin the Bureauof Chemistryand Soib of thé United
States Departmentof Agriculture(5) havemadedeterminationsof the
amountsofwaterheldoversulfuricacid-watermixturesofvariousconcen-
trattonabydifferentsoi!colloids. Anattemptwasmadeto correlatethe
ratiosbetweensomeof thé valuessoobtainedwiththechemicalcomposi-tion of the soil.

The vaporpressure-watercontentcurvesofa numberofsoilshavebeen
studiedbyThomas(13,14)andbyPuri,Crowther,andKeen(11). They
coveredthe entirerangefromoven-dryat 105''C.to saturation. It was
foundinbothinvestigationsthatan inflectionpointin the curvesoccurred
near 60per cent of the vaporpressureof purewater. No breakswere
found;thisindicatednoauddenchangein thenatureof theforcesholding
the water. Pun, Crowther,and Keenreachedthe conclusionthat the
curveswereaMof thesametype,but that thegeneralslopesof thecurves
weredecreasedwithincreasesofclayandorganicmattercontent. Thomas

1Abatractedfroma theaiesubmittedby LyleT. Alexanderto the Graduate
SohoolofthéUniversityof Marylandin partialfulfillmentof the requirementaforthédegreeofDoctorof Philosophy,May,t9M.

Presentedat theTwelfthColloidSympoeium,heldat Ithaca,NewYork,June
tU-*Z2,193o.
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alsoreachedthe conclusionthat theslopeofthé curvetainfluencedbythé

quantityof finen~teriai present,but concludedthat the organicmatter

playeda minorr0!ein watervaporabsorption. Brownand Byers (6)and
abo Andemonand Mattson(3)havecattedattentionto the corrélation
betweentheavidityofa soilcolloidforwateranditschemicalconstitution.
Sinceit basbeenshownthat thecoarserfractionsofa soilonlyserveasa
frameworkor as dilutingmateriatfor the colloid,it seemedadvisabieto

studythe colloidoxtractodfromthesoilrather thanthésoUitsetf. This
wouldeliminatethevariablefactormentionedbyPuri,Keen,andCrowther

concerningthé changein slopeof the vaporpressurecurve with clay
content.

n

EXPERIMENTAL

The sousselectedfor thisstudyrepresenta widerangeof progressive
weathering. The Barnessoil is a Maokdry landgrasssoil from North
Dakota. It basbeenformedfromcalcareousglacialtill. It has notbeen

subjectedtoseverehydrolysisbeeauseof thelowraiaM!.
TheCarringtonsoilisa fertileprairiesoilofIowa. Likethe Barnessoil,

it hasbeendevelopedfromcalcareousglacialtiH,butunderconditionsof
morerainfall,andthereforeits degroeofhydrolysisisgreater.

TheMiami,a gray-brownpodsoticsoilfromIndiana,hasbeendeveloped
undersomewhathigherrainfallthanthe Carrington.Thisis a timbersoil
and not a grasstandone.

ThefourthsoilselectedistheCecit,a redsoi!fromNorthCarolina,that

has beendevelopedfromdecomposedgranitesand gneisseaunder condi-
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TABMïi &
BeMott tet<ee<t)thevaporpfeMtfM<m<<«««M-cott<eo<e/ <~Bot~aeettettt e<M" C.

_SampteNo. Ï0307. Dry woi~t of etmp)e e. 9.t0t g.

v*Ma J°°°*~ ~MM~o~or YAl'Oa WNoBTO)tor ~BaetMTo~or
n)amR)t ~K,~°" t-nMeone MtMMW w*nMHMPDEi1l8Uail BtBAtt~M ttAMt'L)É r«~MVMM MMNtB MMP~Z

MM.Hg ~tnot tttrttftt mm.H~ ~n)mt to-emt
23.1 0.031 33.4 12.8 1.641 16.7
22.6 O.tM 32.0 U.8 1.702 16.0
22.6 0.259 30.9 10.9 1.760 14.4
22.1 0.362 29.8 99 1.826 13.6
21.8 0.498 28.2 9.3 1.869 13.2
21.2 0.623 26.9 8.7 1.902 12.8
21.0 0.647 26.6 8.0 1.961 t2.1
20.6 0.722 26.8 7.0 2.027 11.4
19.9 0.8M 34.3 6.9 2.112 M.6
19.6 0.934 23.4 63 2148 10.1
19.0 1.020 22.6 4.0 2.283 8.6
18.6 .072 21.9 2.8 2.363 77
18.1 134 21.2 1.8 2.478 6.5
1Y3 1.200 20.6 1.0 2.683 6.3
16.6 1.280 19.6 0.0 3.069 0.0
16.7 .368 18.7 –––––––––––––––
16.4 .469 17.7 Additional point by desicoator method
14.1 .660 16.6 ––––––––––––––––––––

13.2 .619 16.9 23.2 36.4

TABLE 2

MXt'M MwMMthevapor pfMSM-eand<M<<rcott<«t<ofthe Carringtoncolloidet ~"C.
Sample No. 100M. Dry weight of sampte 8.977g.

YAK)0
~'°~.S'. ~?°~'°'

VAMB W)!tOBTOP MRCtMTOP

F~emoM
WATMMM WMmttt

pBMMmB WtTEXMtM WAttam
BTMttFM MMtM MBMCM

BfatM~H: MMt.B

mm.B< fmmt tX)-e«)( o<m.B)t jeraoM t)tr«n<

26.7 0.010 26.9 10.t L6Z1 9.0

23.1 0.137 25.6 6.6 1.819 9.8
22.4 0.29S 23.8 6.3 1.898 6.0
22.1 0.499 21.6 1.4 2.130 3.4
20.7 0.731 19.0 1.2 2.168 3.1
19.0 0.974 16.6 0.0 2.432 0.0
16.4 1.233 13.4 ""––––––––––––––––-–

16.8 1.843 122 AddttionatpotntbydesiMatormethod

12:2 1.492 10:6
~3s6'2

tiona of high rainfall and temperature, where the hydrolysis ha been

severe.

The eolloid was so extracted that the upper timit of particle size was

Ta<! MMMA). Cf fBTMCAt. CtBMtMnT. VOL.<e. xe. 2
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TAMMa 9TABLE3
BetaMmbehMMtthe vapor pfMtwe o~ wotercontent<~the Miami eotMd al M*C.

sample No. t0342. Dry weight of Mmpte<- 9.437)!.

TABOB WMOKTOy tMtCmfCOy
Mt~ WBNKTOf ~BBOBMTap

M~. ~SJ~" M~S~ ~S~~ 99pa_oaR
*T MMtT.B MtOn-tt r<n~M«K

MtU't.tt MMH.E

mm.S)t tMm* )~em< mm.H<[ «MM ~<r<M<
!M.9 0.134 19.9 U.4 1.M3 6.0
22.7 O.M2 19.1 10.4 1.4J50 68
22.7 0.296 182 96 1.616 68
218 0.346 17.6 7.8 1.M1 4.8
21.7 0.403 17.0 63 1.697 44
21.9 0.623 16.8 4.7 1.669 3.7
21.6 0.606 14.9 4.4 1.672 36
20.9 0.692 140 9.0 1.703 38
20.3 O.MO 12.6 3.0 1.787 2.9
20.3 0.89S 11.8 2.5 1.744 2.8
19.6 0.966 11.2 1.9 1.781 2.4
'S.8 1.062 10.0 1.1 1.846 18
18.0 1.126 9.4 0.0 2.018 00
16.9 1.181 8.8 –––––––––.
16.7 1.267 8.0 AddMonatpOtntbydMioMtormethcd
16.2 1.309 7.4

–––––––––––––
13.7 1.376 07 23.3 26.0

TABLE 4

MeHoa Mteeett <<Mvapor pfOMttfe<tttdwater contento/ the Cecilcolloid at ~M"C.
_tnpte No. 9416. Dry weight of eampte 9.910g.

VAMMt
WmMTO)' mCBXTOf

ttt.m., WNnXTOF PBXCmtTOf
.H~

~'i.~
IN

J~ t!tPR1:88URR
si W~1~H PRBdBORB

~~r:r: W~H

mm.< j~M pefeott mm.Hg tram. ptrtmt
M.3 0.096 22.3 10.2 20t4 3.0
22.7 0.274 20.6 8.3 2.0M 2.6
22.7 0.394 19.3 7.0 2.0M 2.3
22.4 0.629 17.9 6.9 2.106 2.0
22.1 O.C69 16.6 6.0 2.130 1.8
22.1 0.794 15.3 3.7 2.162 1.6
22.1 0.947 13.7 2.9 2.182 1.3
M.7 l.M'1 12.8 2.3 2.187 1.2
M 2 1.223 11.0 1.4 2.214 1.0
20.4 1.3M 96 1.1 2.229 0.8
MO 1.469 8.6 0.9 2.246 0.6
19.8 1.687 7.2 0.9 2.262 0.4
18.2 1.708 6.0 0.0 2.309 0.0
17.1 1.803 5.1

pdditional point by deaioaettormethodd14.3 1M9 4.0 AddttKMt&tpoint bydeaiocatormethod

'23 1~6 3~4
"zg'g!~27~
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about 0.3 micronin diamoter(6). Thé colloidwaaait-driedat room

temperatureto avoidany irreversiMedehydrationat the elevatedtem-

perature.
Theapparatususedfordeterminingthedotailedvaporpressut~-wa-ter

compositioncurvesisessentMtythat usedbyWa!esand Nelson(15). A

diagrammatiorepresentationofit is showninfigure1.

Aftera 10-g.sampleofair-drycolloidgroundto passa 100-meshsieve

hadbeenp!aeedin an evacuateddesiocatorover3.3percentMuhtrieacid

fora periodof nvodaya,the samplewasweighedand transferredto the

bulbof theapparatusshowninfigure1. Theapparatuswasthenevacu-

atedthroughthephosphcruspentoxidetubeuntilabout0.1g.ofwaterwaa

coHeeted.ThestopcookswereclosedandthewhobapparatusaUowedto

standuntilequilibriumwasreached. Thephosphoruspentoxidetubewas

thenweighed,and the differencem levelofthe twolegsof themanometer

readby meansof a ca.thetometer.Theapparatuswasagainevaouated

andtheprocessrepeated. Theexperimentaldataobtainedbythismethod

aregivenin tables1to 4. A!sogiveninthesetablesis thevalueforwater

held,at25''C.,by thecolloidinanevacuateddesiccatorcontainingaqueous
sulfurioacid, witha watervaporpressureof23.3mm.Hg. Mostof the

valuesweretakenafter allowingtwenty-fourhoursforequilibriumto be

reached. Althoughthis maynot be a realequilibriumpoint,nofurther

changeinpressurecouldbenotedby allowingthreeorfourdaystime.

The curvesfor the foursoilcolloidsareshownin figure2. Thèseare

ailof the samegeneralform. Theyaresimilarto the curvesforgelatin

givenby Katz (7)and to thoseforwoodfoundbyStammandLoughbor-

ough(12). Theyarea-tBOBimilartothatforaqueoussutfuricacid. Data

are availablein thé InternationalCriticalTablesfor the sulfurioacid.

Thé first fewvalueson eachcurveareundoubtedlytoohighbecauseof
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removalof adsorbedair. The verylowonesarea bit uncertainbecause
the mercurymanometerwasnotsenaitiveto smattchangesin pressurein
theverylowrange.

MATBEMA'ncAL BXPMMION9 FOR THB CtTBVEa

Katz (7) expressedthe vaporpressure-watercontent relationfor an Ilotastiegelbytheequation

~)nt
~(~~

wherea and pareempiricatconstante,h is theratioofthe vaporpressure aof thegelto that of purewaterat thésametemperature,a isthe water
contentingrams,pergramofdrycolloid,Voisthespecifievolumeofwater,
and B andThavetheirusualsignificance.

Thisequationwas tested to see if it wouldfit thé curves for the soit
colloidsstudied. The resultswerenot satisfactory. However,a satis-
factoryequationfortwoofthecolloidsmaybeobtainedw foUows.Con.
aiderthereaction

Soitcolloid xH,0 + water soitcolloid yHtO

wherex is alwaysless thany. Thedecreaseinfreeonergyforthbteaction
maybeobtainedfrom

â,p LTin
AF=~ Po 0)

whereMis themolecularweightofwater,P is theequilibriumpressureof
theaystem,Pois thevaporpressureofwaterat thesametemperature,and
Afisthefreeenergy decreaseat this temperaturewhen1 g. ofwater is
addedto an infiniteamountofsoitcolloid(xH<0).

Thèsevalueshavebeencalculatedforvaporpressurestakenfrom the
curvesoffigure2,andarepresentedgraphicaUyinfigure3.

Asarulesuchcurves(figure3)willbefoundtofit anequationofthe type

= oe-~ (2)

wherea and b are constantsand and x representthe ordinatesand
absciseae,respectivety,ande = 2.7183. Lettingx = percentageofwater
in sampleand y = AF,wehave 2

Af c ae"~ (3) j

Equatingequation1andequation3

tM~ p

-ytn~=<~ (4)
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Since R, T, M, and a are constante, we nmy combine them with thé

convetstoR factor to Brtgg~tan togadthiM and obtain

log~.a~' (6)
~oPo

= a'r" (5)

<t' and b may be ovaiuated by throwing thé equation into thé tog&rithtnic

fonn

p

log log log a' 6z log e (G)

log bg = tog a' 0.4343 6a; (7)
fe

Fto.3. ChangeinfreeenergyofBoitcolloideMa funetionofwatcrcontentat 26°C.

o' of course =
omB~! (and thereforea) and &may then be evaluated

P P
by plotting log log p against z or by plotting log

n-
on semi-log paper

f0 *0

against x. Log a' will be the intercept on the y axis and –0.4343&the

dope. Curves for the foursoilcolloidsstudied, plotted by the first method,
are given imfigure4. Straight portionsare found for all the types, espe-

ciaHyat lower water percentages. Equations for the straight portions of
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eacharegivenbelow. Theyare vaM,naturally,oniyforcoUoidsof water

contentlyingon thestraightportion.

tog = 2.82r< (BM-nes)
logpo

2.82e-O.J4b (Barnes)

log =2.32e-" (Carrington)

log– 2.21e- (Miami)

i

!og = l.t8e-< (Ceoil)
~e

PossiMeexplanationsforthefailuretoobtainstraightlinesat higherwater

contentswillbeofferedlater.

Wemayobtain the totalfreeenergychangeforanadditionofanamount

of watercorrespondingto 99 per centof saturation. Thesevalues are

obtainedby determiningthe area under the eurveashownin figure 3.

The valuesobtainedaregivenbelow. ')

AfmC*M«t)M)~)t< Atf !K<MMmE<tPBN
OMMOPtOLLOtBOBAMOyeoM~OtO

Barnes. 14 22
C«rrinffton. 9 t7
Miami. 6 14
Ceoil. 3 6
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~L-~–i.–ww t.. <*The valuesfor AH wereobtainedby measuringtheheatof wettingof
the soitcolloidsaecordingto themethodofAnderson(1),exceptthat the
samplesweredriodoverconcentratedsulfuricacidat 26°C.insteadofinthe
ovenat t05"C.

RELATION TO COLLOID COMPOSITION

In récentyearschemistshavediscovoredan importantrelationbetween
théchemicalcompositionofthecolloidofasoilanditsfieldcharacteristics.
This relation is sometimesobscuredby thé présenceof unweathered
mineralsin the extractedcolloid. Suchmineralsareabundant in most
soils (9).

Sinceunweatheredgroundmiaeratssuohasorthoclasedonot holdwater
appreciablyin the hygroscopicrange,theyshouid,if presentas an im-
purity,servemeretyasa diluent,andhenceaffectthevaporpressurecurves
onlyslightly. An examinationof the curvesin figure2 showsthat the
Miamifallsnicelyinto its properrelationbetweenthe Carringtonand
Ceci!andnot betweenthe Barnesand Carringtonas itssilicasesquioxide
andsilicaaluminaratioswouldpredict.

The diSerentiationshownby this familyof curvesbetweenthe four
groupsofsoilscoveredin this investigationissharpandofeven distribu-
tion. It appearsthat thehygroscopicmoistureofthecoUoidisacharacter-
isticfunetionof thefactorswhichdeterminethefieldcharaoteristicsofthé
soU. Further investigationmayrevealsomecurvesoutof place,just as
someof the ratiosare out ofplace,but thiswillnot invalidatethe useof
thesecurvesascriteriaofsoilproperties.

THE NATURE OP THE HYGttOSCOHC WATER

Thedatashownin this paperindicatethat thehygroscopicwaterofthe
Boiicolloidsis heldin a similarmannerto waterofswetlingin gelatinand
inwood.

Probablythemostiuuminatingtreatmentofhygroscopicwaterinelastic
gelsis that of Peirce(10). Heproposesa "two-phase"theoryof absorp-
tionofwaterbycottoncettuiose,whichhaswatercontent-vaporpressure
isothermaisverysimilarto thoseofsoilcolloids.

Accordingto the Peircetheorythe hygroscopicwatercanbe considered
as occurringin twodifférentphases,or states,on thécellulose. Thefirst
oftheseisthea phasewhiehisheldto bechemicatiyboundbythe hydroxyl
groupsofthehexoseunitsofthecellulose.Thesecondorbphaseismade
up ofthe watermoleculesattractedby thewatermoleculesof the a phase
and by the colloidsurfacewhichis not reactivetowardwater. From
theoreticalconsiderationshearrivesat thefollowingformutafor the vapor
pressure-watercontentisothermsforcottonandstarch

1 = (1 &C.)e-1
Po

= i1 kG'o)e-eca
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whereP ts thewatervaporpressureofthecellulose(xH~O),Poisthe vapor
présure of waterat the sametemperature,k is a constantcharacteristic
foreaohsample,C. is the concentrationofmoisturein the o phase,Bis
anotherconstantoharaoteristicofeachsample,andC*~is theconcentration
of waterin thebphase.

Thisequationissimilarinmanyrespectsto the equationarrivedat on

page201for the soitcotloids. Peircepointedoutthat theequationwould
be applicableonly to puresubstances. It is probablethat thefailureof
the vaporpressure-watercontentcurvesto rectify,as showninfigure4,
is due to somecontaminatingcolloidwhichdoesnot exerta noticeable

loweringof the vaporpressurein thé lowermoisturecontentranges,but
whichdoesmakeitsetfnoticeablein the highermoisturecontentranges.
Ironoxideiaa contaminanttowhichwemightattributethisbehavior.

If thenweapplythe two-phasetheoryofPeirceto soitcolloids,we may

picturethe a phasewateras beingcombinedwiththéaluminositicicacid

complex,with the tendencytowardfurtherhydrationas the attracting
force. Thebphasewaterisheldonthesurfaceofthecolloidnotoccupied
bya phasewaterandasouterlayersontheaphasewater.

Concemingthe a phasewater,one n~Mtconcludethat in the little

hydroiyzedsollsof thechernozemgroupthe tendencyto hydrateis very
great, and that in thé lateriticCeciiseriesthe tendencyis very BtnaU.
The&phasewaterdoesnotappeartobesomucha functionof théchemical

compositionof the colloidas of the surface. Further investigationis

necessaryto determinethequantitativerelationsbetweenthesetwokinds
of hygroscopicwater.

Thisideaofthe twokindsofhygroscopicwateriseasilyharmonizedwith
the workof Anderson(2)andof Baverand Horner(4) on the effectof

exchangeabtoionson the hygroscopicityof colloids. It is interestingto

note that the cotloidshavinghighbaseexchangecapacitiesarethé ones

ha.vingmuchattractionforthea phasewater. It iapossiblethat thobase

exchangephenomenaandabsorptionofa phasewaterare dueto the same
chemicalaninity,that is, secondaryvalence,or it may be that the base

exchangebasesare heldby primaryvalencebonds. Further investiga-
tionsalongthisUnewouldbenecessarytodécidewhiohoftheseisrespon-
sibteforthephenomena.

STMMABY

1.A studybas beenmadeof the vaporpressure-watercontentcurves
of fourtypicalsoilcotioids. Thecurvesareshowntobe characteriaticatty
differentforthedifferentsoilgroups.

2. The changeof freeenergyas a functionofwatercontenthas been

calculated,and the total freeenergychangeon wettinghas beendeter-

minedapproximately.
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3. An attempt has beon made to eorretatc vapor pressure curves with

aouctasBMcation.

4. Peirce'8 two-phase theory of water absorption by ceMutoM is uwd to

picture the nature of the hygroscopio water of soit coHoids.
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STREAMPOTENTIALSAND D. C. SURFACECONDUCTIVITIES
IN SMALLCAPILLARIES"

H. L. WHITE,BETTYMONAGHAN,AtmFRANKURBAN

OepoWtMttt<~JPAt~Mo~andD<po)-<NM~o/ Bt'eto~catCAeMM<t-tf,t~MA~w
Unt<WM<yjSctoe!ofJMMtctno,~oMe,AftMoxW

NeeMwdyttMfM.MM

Afewyearsago(8)wereportedthatthestreampotentialsofgtasscapit-
lariesdecreasewithcapillarydiameter,beingfor5-micracapillariesfrom
0 to26percentofthe normalwith2.5and5 X 10-~ potassiumehloride,
the normalbeingdefinedas that foundwith targe capiUaries.These
flndingsarebelievedto be morenearlycorrectthan the earlierreport(6)
that the streampotentialof 5-micracapillarieswas,with 5 X 10-~M
potassiumchloride,about78per centofnormal;thoearlierfindingswere
presumablydue to technicalimperfections.Weare nowreportingon a
largerseriesofmeasurementsoncapUIartesfrom333-to4.1.micradiameter,
withsolutionsrangingfromwaterto 10-' M potassiumchloride. The
presentfindingscon&nn,with somequaMeations,and extendthoseof
White,Urban,andVanAtta.

MBTaODB

Thecondenserarrangementusedin the earlierworkwasreplacedby a
vacuumtube amplifier(FPM)formeasuringbothstreampotentiatsand
capillaryrésistances. Theapparatusisshowninfigure1. Theamplifier
is shieldedby its metalbox,the remainderof the apparatusby a large
copperscreencage. Due precautionsas to insulationwereobserved.
Withthe top ofswitchAto the left,gridgrounded,the plate currentis
balancedto zérobyadjustmentofRtandRt. Withtheswitchinthemid.
dlepositiontheplatecurrantisagainbroughtto zérobythepotentiometer,
whosereadinggivesthe potentialto bemeaaured,in thiscasethestream
potential. Withthe top ofswitchAto therightthe voltagedropacross
R,is measured,andfromthis is calculatedtherésistanceof theoapiUary.
Oneormoredrycellsofknownvoltagemayboput inserieswithRtand
thecapillaryto measurecapillaryresistance,or théstreampotentialalone
maybe used; thesameresult is obtainedwithboth methods. If a dry

1Preeentedbeforethe TwelfthColloidSymposium,heldat ïthaca,NewYork,
June?-22,1935.

Aidedby a graotmadebythoRooketeUerFoundationto WashingtonUni-
vorettyforresearohinscience.
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ce!)ofknownvoltageMput intotheetectrodecircuitwithswitchAtn the
middieposition,the measuredvoltageis thesumofstreampotentialand
added voltage; this procedurewasfrequentlyused as a check. The

galvanometerG basa ourrentsensitivityof1.86X 10*'amperespermiUi-

meter; the voltagesensitivityof the ampiiËeris about 0.002volt per
nfuUimeterwith thé lowerresistMces,andabout0.006voltpermu!imeter
withthohighest(above10"ohms).

Thestandardhighresistances,R,,areoftwotypes,–gotd orplatinum
Birnssputteredonglassrods(5)andcarbonimprégnations;a sériesranging

Fto. 1.Apparatusformeasuringstreampotentialsandconductivity.A,high
tfsistanceswitch;B,reversingBwiteh;V,voltmeter;G,galvanometer;R),20ohme;
Rt,400ohtBB;Ra,20,000ohms;R<,11,000ohms;B.,standardhighMMtance.

from2.18X 10' to 1.03X 10"ohmswasemployed.Theyweresupplied
by the DepartmentofPhysics,andweare indebtedto Dr. G. M.Webb
of that department for their initialmeasurements.The carbontype
usuallyshowsomechangein resistancewithchangein appliedvoltage;
we have thereforecalibratedthemforthe rangeof voltagesemployed.
For eachdéterminationa standardwaschosenas near the valueof the
unknownaspossible;theratiowasusuallylessthan 2andnevermorethan
3. Ourstream potentialmeasurementsare in error by not morethan
0.002volt,and the capillaryrésistancesbynotmorethan 1percentwith
résistanceslessthan 10'°ohmsandnotmorethan2percentwithresistances
above10'"ohms.



BTREAMFOTENTtÀt~tîtBMAH.CA.Ht.ÏtMUES Z06

CapiUarylengthswetemeasuredwithmicrometorc&lipers;their cross.
sectionalareawascalculatedfromthé observedrésistancewhennUedwith
M/10 potassiumcMorido. In somecasesdiametemwereoheekedby
microscopiemeasurement;agreementwiththootbermethodwasusually
within1 or 2pcrcent,but in au casesthérésultaofthéfirstmethodwere
taken. Usingthe dataof oapiUarydimensionsandofobsorvedcapillary
résistancewithdilutesolutionsthe netspecincconductivityofthe latterin
the capii!arieswascaMated, designated~p inthetables.

Two methodsof treatmentwereusedwith the capiita~ies.With thé
6rst, treatmenta, the eaptUarieswereteft in chromicacidovernightand
thensubjectedtoprolongednnsingwithdistilledwater. Withthesecond,
treatmentb,theeapi~ties wereimmetsedinboilingdistUtedwaterforone
hourand thenwashedindisttUedwater. Noconsistentdifferencesm the
resultsofthesetwotreatmentsworeobserved. Thowaterusedintreating
the capillariesand in makingup thé potassiumchloridesolutionswas
doubledistilled,first froman electricallaboratorystiUandthen froman
all-Pyrexstillto whichwasaddeda littleNesster'ssolution. Thespecifie
conductivityof this waterrangedfrom0.9to 2.0X 10"'mhos.

BE80M8

Streampoten~b

In thé firstseriescapillaryrésistanceswerenotmeasured,andtherefore
specifieconductivitiesin the capiUariesnot detennined. Thesewillnot
differsignificantlyfromspecincbulkconductivities,«,.),with thé larger
capillariesand higherconcentrationsof table 1, sinceheresurfacecon-
ductivity is negligible. With the towerconcentrations,however,there
willbe an appreciablesurfaceconduetivityexceptwiththe largest(333
micra)capillary,the ratioofsurfacetobulkconductivityofcourseincreas-
ing as capitiarydiameterdecreases. Thereforeseta is shownin table 1
withconcentrationsof 1 X 10-~M andlessonlyforthé largestcapiUary;
withtheothercapiltariesat theselowconcentrations,specificconductivity
in thecapiUary,x.,p,istoan increasingdegreegreaterthan< ascapiUary
diameterdecreases. Table1showsthat thé streampotential,B/P, faUs
withdecreasingcapillarydiameterandthat theeffectofdiameterisgreater
tho moredilutethe solution. Withconcentrationsof 6 X 10"~M and
greaterthésizeeffectisnolongerappreciableabovediametersof 18micra.
Whilewe cannotmakea positivestatementas regardstheseparticular
expérimenta,sincewedonot baveresistancemeasurementshere,it seems
probable,onthebasisofmanyothermeasurementsofsurfaceconductivity,
that the sizeeBeotonF/P hereis due largelyto the effectof inoreased
conductivityin the smaUercapillanes.

The reproducibilityof resultswiththe smaUestcapulanesis &otsum-
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cie&ttycloseto permitanevaluationoftheeffectofetectrosmotterettu'da-
tion of velooityin thedoublelayer,Mdiscussedby Beichatdt(4), whieh
wouldbe a furthercontnbutingfactorin theloweringofN/f.

TheKReNeet,discussedbyMQUerandAbnumon(1)mconneetionwith

etectrophoresiBandlaterappliedbyKomagata(2)to thestreampotential

TABLEt
<S<r«Mtpo<Mt<<oh<M'<A<'<tfreM'<<<meett;«MwreMM(<

ûAte MHTMnx ~t
CAMUtAKV zt/n MNCNtTO~ «~BATB BO<<T<ON t~ OtAMBfta NeHmL

ttt~M X M~ t<t)tnt mt./tm. Ne m..

Nov. 6 Water 1.87 333 734 100 182

85.4 ?5 78

39.0 258 35

12.0 t67 21
6.78 25 3

Nov. 7 t0-' M KCt 3.7t 333 201 100 107

85.4 268 89

39.0 132 44
12.0 96 32
6.78 6 2

Nov. 8 10-~KCt 16.6 333 71.2 100 114
85.4 71.4 MO
39.4 68.1 95
12.0 48.3 68

July 18 5 X 10- KCI 76.7 333 14.0

97.6 16.2

58.0 14.6 103

40.5 13.3 (average)
18.6 14.0

Ju!yl4 M-KC) 149 97.6 6.8 99

58.0 ?.2 (average)
-t0.5 7.2

18.6 6.7

July 20 10-'M KCt 1413 58.0 0.28 36
40.5 0.26 (average)

problem,is se smaUas not to be measurable. Komagata'sstatement

(ref.2, p. 37) that this effectcouldexplainthe observeddropin stream

potentialwithdimmishtngcapillarysizeis invalidforthreereasons. First,
histable of limitingvaluesof radius,Le.,radiusof capillarybelowwhich
theeffectbecomessignificant,showsaUthe figureswithten timesthe cor-
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rect value, as can readily be aeen by substituting vatues for «. Thus,

where he saye a captttary of 24.6-tnicfa radius would show a faU of 1.5 per

cent in stteam potenttat with M-< M potassium chtoride, this is reaUy truc

TABLE 2

Re<M<«<M'<tX Afpofa«<«mcA<on'<<e

~j~~ DATE TMtTttBttT '~t B/f *Mp tMt

m<tr« mtMX t<~ mt./<m.Ht nt<MXt<~ m*. )!)<MX 10~
38.6 May 9 a 1.66 68.7 1.80 117 t.SO

May 10 a !.67 73.0 l.St 1S5 t.S9
May13 a L67 04.8 1.83 112 1.58
May 15 a t.?l 70.2 1.84 122 1.34
May M a 1.71 <?.! 1.81 117 1.01
May 22 b !.? 60.00 1.76 100 1.10
May23 b t.M 68.4 1.76 109 1.10

12.0 May 9 a 1.66 66.2 2.00 106 1.03
May 13 a 1.67 14.4 1.97 M 0.89
May 16 a 1.71 17.0 2.04 38 0.98

M.9 2.03 81 0.95
May 22 b 1.66 13.1 1.92 S 0.77

6.4 Mayan a 1.77 2.2 3.26 7 1.85
June 1 b 1.77 >! 2.90 >! 1.44

4.1 May 9 a 1.65 42.2 3.23 1~ 1.68
May 10 a 1.67 38.4 3.23 117 1.63
May 11 a 1.67 35.0 3.11 103 1.60
May 17 a 1.71 21.2 2.86 M 1.19
May 18 a 1.69 20.6 2.50 49 0.85

18.4eq 2.40 42 0.74

May 21 a 1.67 34.1 2.92 94 1.30

32.8 2.87 89 1.25

32.2 2.82 ? 1.20

31.1 2.73 80 1.10

29.9 2.71 77 1.07

29.5 2.71 76 1.07
28.3 2.60 70 0.97

May22 b 1.66 26.8<:q 2.68 ? 1.04
June 1 b 1.77 31.0

1 17.7eq 2.34 39 0.60

for a 2.46-micraradius. Sinceno oneeverbas beenable to measure

streampotentialson capiUariesof 5-micr&diameter with a reproduci-

bility within 1.5 per cent, the matter is not at present susceptiMe
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to experimentalinvestigation.Second,he quotesWhite,Urban, and

Kdck as having used 5 X 10"" M potassiumohloride,whera the

effectwouldbesomewhatgreater,whereasweused5 X 10"*M potas-
siumchloride. Third,wenowknowthat thestreampotentiatin 5-micra.

capfllariesis usuallyreducedto an evengreaterextentthan reportedby

White,Urban,and Krick. Themattermaybesummedup bythe state-

mentthat the Komagataeffectisentirelynegligibleandin no wayableto

accountfor thé observeddiaunutionin streampotential'Mtthdecreasing

capillarysize. Of course,withporesof uitramicroscopîcsize,as in col-

lodionandcellophanemembranes,thé effectnodoubt is important,par-

ticularlywithduutesotutions.

In the experimentsoftables2and3capillaryresistancesweremeasured,

makingpossiblecalculationof<p andof zeta. N/P of the smaller (4.1

and 12miera)capillariesis origlnallyreducedto about tho extent that

TABLE3

~MM«s<M<A6 X?'' Mpo<<M«'ttmcA~n't~e

BAT* TtMATMtMT*M) ~/f *<.c 'MA

m~emA«< X)0-' mt./tm.Ht mtMX )0-' me. mte*Xt<~
S.4 June33 a 7.07 >t 8.80 >1 t.39

June66 b 7.67 >1 8.70 >t 1.28

4.) May22 a 7.06 12.6 9.45 109 1.87
May33 a 7.66 12.0 9.20 104 1.63
May88 a 7.66 1t.6 9.t3 M 1.55
June33 a 7.67 5.7 7.07 43 0.3t
JtmeO6 b 7.67 4.5 7.89 37 0.23

<fMpis increasedover<[,.[,i.e.,zetaisaboutnormal. In general,however,

B/P andzetafallwithtime;thistendencyappearstobegreaterthesmaller

the capillary,althoughthe largeonesaboshowsomefallwithttme. The

"eq"aftersomeoftheSguresintable2designatesthat thesewerestableor

equilibriumvaluesforthesedates,i.e.,that nofurtherfalloccurredduring

severalhours. Someexceptionsmay be foundto atmostany general

statementaboutcapillarybehaviorif onemakesenoughmeasurements.

Somesmallcapillaries,as the6.4-mioracapillaryof tables2 and 3, never

showmuchstreampotential,evenwhennew. Thismaybebecauseofa

localizedconstrictionwhichcannotbe recognizedby our methods of

measurement. It thusappearsthat cylindricalsmallcapiUanesmay earty

in usageshowa normalzeta,whichmeansfor a 6-micracapillarywith

1 X 10'~M potassiumchloridean E/P of about50percentthe normal

value,but that zêtausuallyfallswithtimesothat F/P becomesfromCto

30percentof normal. Theoperationoffactorswhichmightbeexpected
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–t .– ~)L- 1~ tE – -t~t t-Jt– L~to lowerzeta bynot morethan 10or 15porcenteouidhardlybe recog~
nized.

<SM!~(!<ecOtK<t!C<t'M'~

Data on specifiesurfaceconductivityarealsogivenin tables2 and 3.
Thécalculatedvaluesofthe capillaryrésistanceswith theditutesolutions
areobtainedfromthé capillarydimensionsandtheobservedspecifiebuik
conductiviticsofthodilutesolutions,whichofcourseincludetheconductiv-

ity of the water. From thèsedata and from the observedcapillary
resistanceswiththe dilutesolutionsthe speeincsurfaceconductivitiesare
calculated. Theresultsaremorereliablewith1 X 10-~thanwith6 X 10'
M potassiumchloride,sincewiththe formersurfaceconductivityis 'a

considetaMyhigherfractionoftotalconductivity. WMethetablesshow
that the normalspeciSosurfaceconductivitywith 1 X 10~Mpotassium
chlorideisonlyslightlylessthanwith5 X 10-~M,wedomotinsistthat this

representstho reattruth,beoauseof the probableerrerin the lattermeas-
urements. WebeUeve,however,that the findingspermitthe conclusion
that withinthis rangeofconcentrationschangesin specifiesurfacecon-

ductivitymust be considerabtytessthan changesin bulkconductivity.
Themagnitudeofthepresentvaluesforspécifiesurfaceconductivitywith
5 X 10"*M potassiumchlorideagreeswellwiththe valueof2.2X 10"~
mhospercm.'reportedbyWhite,Urban,andVanAtta (7).

Manymeasurementsofsurfaceconductivityhavebeenmadewhilethe
solutionwasbeingforcedthroughthecapillaryunderpressureupto 60cm.
ofmercury,andmanyothers withno appliedpressure,the liquidin the
flaskand in the outerbeakerin thiscasebeingcarefutlybroughtto the
samelevel. Wehaveneverseenanyevidencethat the flowofUquidhas

any effecton surfaceconductivity.Surfaceconductivityremainsthe

same,forat ieastan hourafterpressureis released,as it waswhitethe

pressurewason.' Whatevereffecteiectrosmoticmovementmayhavein

disturbingthe structureofthedoublelayer,aspostulatedbyMcBainand
Foster(3),wouldof coursestillbeoperativewiththe pressurereteased.

Correlation&e<M~e~surfaceeM)<h<c<<M~andM<a

The findingsonthe smaUercapiUaries,otherthan the 6.4-micracapil-

lary showa correlationbetweenthe magnitudesof zêtaandof surface

conductivity. Nocorrélationexistswiththe 5.4-micracapillarybecause

it wasincapableat anytimeofshowinganywherenear a normalstream

potential,probablybecauseof a localisedconstriction. It appearsthat

<Thia,ofcourse,docanotanswerMoBainandFoater's(3)objectionthat under
thèseconditionseurfaoeoonduotîvity,althoughprésent,ismaskedbyaeorreapond-
ingdepletionofbulkaotutiottin theoapillary.Wefeetthat thequestionmuât
romainopenforthepresent.
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_lf_ '1-- .1I_L'- _t_ ~aa__ .a. .a.l.,a,
variationsin doublelayerchargedensity,due to spontaneousvariations

m the propertiesof thesurface,arereflectedbothmstreampotentiaiand

in surfaceconductivity. This correlationin a givencapillarywas not

dotectedbyWhite,Urban,andVanAtta(8),becausedeterminationsboth

of streampotentialand ofsurfaceconductivitywerenot madeoncapit-
tariessmaUerthan 18micra,whereno greataccuracyin surfacecon-

ductivitymeasurementscan be attainedwith &X 10"*M potassium
chloride.

MMMARY

1. Thestreampotential,E/P, ofglasscapiUariesfallsoffwithdeoreas.

ingcapillarydiameter. Thiseffectis due largelyto the increasedspecific

conductivityin thesmallercapillaries,duetosurfaceconductivity. While

a retardingeffectdue to e!ectMsmosisisnodoubtprésent,thedata donot

permit its evaluation.
2. The Jï effect,as appUedby Komagatato streampoteotiaJs,is

negligibleexceptwithporesofuttranHcroscopicsize.

3. ThevalueofB/P withmostcapiUariesfatbwithtime;thisis notdue

to an inoreaseinconductivitybutpresumablytoa decreaseinzêta.

4. Thenormalspecifiesurfaceconductivity,measuredwithdirectour-

rent, of1 X 10"*M potassiumcblorldeat a Pyrexsurfaceisabout1.5 X

10"'mhospercm.'andof5 X 10"'Mpotassiumchlorideabout1.7X 10"'

mhospercm.'
5. Variationsin zeta in a givencapiUary,as shownby variationsin

2?/P,arealsoreflectedin variationsin specifiesurfaceconductivity.
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ADSORPTIONBY DIATOMACEOUSFII/TER8'

EARLJ. HOAGLANDANDJOHNE. RUTZLER,JR.

Dep<!)'(tMM<f/ MemM~y,Cornell</tn')tefM<Ilhaca,NewYork

KecentdJ'MM~,MM

Whiteattemptingto use a Berkefeldfiltercandieto removomother
liquorfromacrystaUinesoiid,it wasfoundextremelydiScuittodrawair
throughthecandieby meansofa vacuumpumpafterit waswettedbythe
aqueousmotherliquor. Then it wasobservedthat after washingthe
wettedfilterwithacetoneit passedair readity;theacetonedidnotdissotYe
outa determinaMeamountofsoMd. It wasthoughtthataninvestigation
of this phenomenonmightyieldbetter insightinto the behaviorof these
diatomaceousfilters,andperhapsrevealwhyporesizedeterminationsby
the bubblemethodare erratic(1). Despitetheextensiveuseofdiatoma-
ceousearth (3),fewstudiosof i<Badsorptivepowerappearto havebeen
made.

AUof théexpérimentawerecarriedoutwithBerkefeld"N" diatoma-
ceouscandles,whicharesupposedlyofmediumporesize. Theapparatus
chain consistedof a vacuumpumpconnectedto a 4-literround-bottom
flaskwhichwasin turnconnected,by meansofa T-tube,to a manometer
and a 1-titersuction~ask;betweenpumpandsuctionflaskwasa by-pass
whichallowedevacuationof the suctionflaskwithoutdisturbingthe
4-liter flask. Thecandleand its glassreservoirwerefittedintothe topof
thesuctionflaskbymeansof a one-holerubberstopper. Insomeexperi-
mentsanair-tightconnectionwasmadebetweenthéopenendof thecandle
reservoirand a Friederichs'gas-washingbottle to controlpartiallythe
water vaporcontentof thé air enteringthediatomaceouscandie. Each
unit of theapparatuswagseparablefromthérestbystopcocks.

Thé expérimentaweremadebyevacuatingthesystemupto theBerke-
fetd candte,closingoff the vacuumpump,openingthe candleto the
evacuatedsystem,andreadingtheheightofthemercuryin thé openarm
of the manometerat regularintervalsof time. Fromtheheightof the

mercuryin theopenarmof the previouslycalibratedmanometerandthe

atmosphericpressure,thepressurewithinthesystemwasdeterminedfor
each intervalof time. The 4-literflaskwasusedin orderto providea
reliableand duplicablepresauredifferencebetweenthe opensideof the

Presentedat theTwelfthColloidSymposium,heldat Itbaoa,NewYork,June
2&-2!1M6.
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candieand the evacuatedaide. ïn this mannerruns weremadeusing
differentcandlesand thesamecandieunderdifferentconditions.

Thefirstrunwasmadeusinga nowcandiewhiehhad notbeenincon-
tact withwater,in orderto determinetherateof8owof air throughdry
diatomaceousearthforcomparisonlaterwiththerate throughmoistearth.
ThisiscandieNo. 1. The neXtfourrunswithcandieNo. 1weremade

usingwater,absoluteethanol,absolutemethanol,andcarbontetrachtoride.
Thedataaregivenin table1. Thécandiewascompletelydriedeachtime
beforetestsweremade;andit wassoakedthoroughlywiththé liquidto be

tested,inadditionto mnning100ce.ofthéliquidthroughit ineachcase.
Thegas-washingbottledidnotcontainanyliquidduringtherunsoftable
1. In thisandthe other tabtosreprésentativedata only are presented.
In eachrunfromtwenty-Bveto Bftyobsorvationaweremade;aUof these

TABLE 1

Adsorptionof <t?ttt'<<<by candieNo.

CAMOM tMM.t~M.i~. ABM~UTB
T)K)t«:<tM,m<.sa *fT'ttSAMe<. ttstn~ML

Ttmt Pn~UM TttBt Pr<NOM Time PttonM Time Pressure Time PteeeuM

«totxh mm. «wttttt mm. MCMdt mm. tttotxtt ftttt. Mt<M«t<mm.

16 184 10 M 10 46 10 73 30 94
? 241 M 88 20 90 M t28 MO 38
M 4M M US 30 129 30 t68 610 67
M 545 40 148 40 Ml 40 202 810 84

75 007 M 18t M 190 M MB 1006 103

90 649 M 211 M MO M M6 1200 124
105 MO M 245 70 Ml 70 Ml 1410 153
120 690 M 2?7 80 283 80 320 1606 169.6
135 709 90 312 90 292 90 348 1800 208

150 718 100 344 100 318 100 371 2010 240

pointswereusedm plottingthe curvesof figures1 and 2, and formed
smoothcurves.

UsingcandieNo.2,whichwasnewat thestart,a studywasmadeof the
differencesin rateofairflowthroughcandieswettedby aqueoussolutions.
Thedataaregivenin table2. DistilledwaterwasusedinaHcases. Ait
sotutionswere1.23M, and in eachcasethegas-washingbottiewasnUed
withthesolutionbeingtestedandconnectedwiththe candiereservoirto

guardagainsteloggingthé filterby depositionofsolidsalt in the pores.
Justbeforeeachrunthecandiewaskeptin theboilingtest liquiduntilno
moreairbubblesescapedfromit, cooledto roomtemperature,andplaced
inthesystem. Fromthe timeofimmersionintheboilingtest liquiduntil
the start of the run thecandiewaskeptconstantlyin contactwith the

liquid,50ce.of thé test liquidbeingrunthroughthe candieinto thesue-
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tion fiaskimmediatclyprior to the start of therun. Usingthe by-pass
aroundthe 4-literBaskthé suctionSaakwaaquicklyevacuatedagain.
Thé rema.httngliquidin the resorvoirwas thonpouredout andthe run
attu-ted. AftereachrunhotdistiUedwa.terwaspassedthroughthe candle
untit the filtrategavenotest forthesolutejustused;then 1 Mtermoreof
hot distittedwaterwasrunthroughthe candle,thusassuringthe absence
oftheelectrolyte.

The data fromtable 2 are plotted:a figure1,thé pressuresbeingthe
pressureswithinthé systemat the giventimes. The differencesin the

pressuresfor the variousliquidsat any giventimeare takenaameasures

of the relativeamountsof adsorptionby the diatomaceousfilters. The
différencesshowninfigure1cannotbeduetodifferencesin vaporpressure,
density,or viscosity,becausethey are not nearlyin the correctorder.
Theorderof "clogging"of the candlewas:sodiumsulfate >sodiumni-
trate > sodiumthiocyanate> water> sulfuricacid. If the eSectwere
dueentirelyto changesin the waterequilibrium,the orderwouldeither
haveto be the reverseof the aboveor the waterourvewouldhaveto faU

consideraMyfurther to the right. Experimentalerror is not a factor,
becauseoheckrunsmadeagreedtowithin1.3percent.

Probablyowingto the smallamountsofelectrolytesadsorbedby silica,
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fewdata are foundta thé titerature. Gore(6)determinedtheamountsof
adsorptionofa numberof satts and acMaat diSerentconcentrationsby
silica. Sincediatomaceousearth ts largelysi1ica,it maybe expectedto
behaveroughlylikesiiioa. 80 far as onecandeterminefromGore'sre-
sutta,whenrecaloulatedfor approximatelymotarsolutions,the orderof
increasingadsorptionforsodiumaaltais: sulfate< chloride< bromide<
iodide. Themotarsodiumsulfatesolutioninoreasedin concentrationby
1.09per cent. The othersalts showedpositiveadsorption.

In sofar as it ispermissibleto reasonfromsilicato diatomaceousearth,
the experimentaofGoreprovidewhatappearstobe thesoundestexplana-
tion of the presentresutts. On this basis,sodiumsulfatedecreasesthe
permeabilityofthe candlesto air mainlybyan increasein the amountof
water adsorbedby the diatomaceousearth. The effectsproducedby

TABLE22

_Ad<tOt~«<Mt(~<t~M'<<<&yMttd~ ~0. i~

wsraa Tm~~

ThMpKmMKTtmePKNMMTimePKamMT[m.PMWMTimoPteeMM
t<Mn~<mm. «ton<bm~. «Mn~ mot.«MtxttMM.«Mmbmm.

? 3t.6 MO 46.C M 29.5 M 28.6 M 37S
180 ?.6 ?0 68.S 180 ?.6 Z40 48.S t80 M.5
360 79.6 640 936 360 76.6 420 70.6 MO 860
640 111.6 720 130.6 540 M6.6 MO 94.5 640 118.0
720 140.6 600 147.6 720 136.6 900 134.6 720 1620
900 181.6 1080 175.6 900 170.61200179.6 900 18&0
1080 217.6 1260 206.6 1080 307.6 1600224.610802270
1260 266.6 1440 234.6 1280 240.6 1800268.612602665
1440 291.6 1620 262.6 1380 262.6 1920288.61380?1.6
1380 279.6 1800 292.6 1440 274.6 2040?66 1600320.0

sodiumnitrateandsodiumthiocyanateappearto be dueto adsorptionof
electrolytesuperimposedontheadsorptionofwater;potassiumnitratewas
adsorbedconsiderablymore(datanotobtainedforsodiumnitrate)thanthe
correspondinghalogensatts in Gore'sexperiments.Thepositionof the
sulfuricacidcurveinfigure1isaboutwhatonewouldexpectfromthefact
that Goreobservedno effectwith a molatsolutionof this acid; it falls
doser to the watercurvewhena correctionisintroduoedfora slightdiffer-
ence in temperaturewhichexisted. In aUother casesthe maximum
differencein temperaturewasonedegreefrom27'*C.

The data fromtable1areplottedinfigure2,curves1,2,and3. Curve
1wasobtainedby plottingthé data formethanot,whilecurve2 represents
thé data for ethanoland carbontetrachloride,the twobeingso close
togetherthat theyare representedbyonecurve. Curve3 wasobtained
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by plottingthe data forwaterin candie1. Checkrunsagreedwithin1

percent. The mainpointofinterestis the largedifferencebetweenthe
curvesfortheorganicliquideandthat forwater,theamountsofadsorption
beingof entirelydifférentorders. ALiothoraappeareto beBornespécifie
adsorptionas betweentheorganlcliquida,sineevaporpressuredifférences
donot entirelyaccountfortheresults. In a dMferenttyarrangedexperi-
ment,tolueneand acetonebehavedsimUadyto thé abovethreeorganh)
liquide,didnot differmuchbetweenthemsetvesand, by compariBonwith
waterunder thoseconditions,were onlyslightlyadsorbed. Since the

vaporpressureof toluoneis aboutthat ofwater,the diCorencesbetween

the behaviorof the organicliquideand watercannotbeaccountedforon
that basis. Theair curvefallsto thé leftofcurve1,ofcourse.

Ewe(5)pointsout that filtersforserapreparedfromthesamesampleof
kieselguhrtreated in thesamewayshowconsiderablevariabilityin per-
formance. Thisisprobablydueto différencesinporesizeandconsequent
différencesin amountsof adBorption.Table3 containsinterestingdata
onthé behaviorofcandleNo.3, alsoan "N" candie,towardwater. The
dataare plottedin figure2, ourve4. Thereisa tremendousdifferencein
the adsorptionof water by thiscandieand candleNo. 2. Withcandie
No.3 the pressurein thesystemwasbelowthevaporpressureofwaterat
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that (.Rmnfrftt))Tn fnf ~m*. th!-t.. ~.t-t_ mLthat temperaturefor ovor thirty minute. The candie was virtually
pluggedby adsorbedwater. Thewaterourvein figure1isdifferentagain,therebeinglessadsorptionthan in eitherof thé other twocases. These
results weredup~&ted. FromtMBit appearathat identttyofbehavioris
not to boexpectedas betweenanytwogivenBerkefeldcandies. Ït mightbe worthwhilefor the bacterMoRiatto standardizehis candiesby the
amountofwatertheywilladsorb,usingtheabovemethod.

MierosooptcexaminationofcandlesNo. 1,2, aud3 revealedthe reason
for the dtSerencesin the amountof water adsorbedby them. It was
foundthat withincreasingadBorptionofwatertherehadbeenanincrea8-
ingamountof destructionof thediatoma,probablyduringtheprocessof
manufacture. In otherwords,théfragmentof thediatomsworesmaUer
with increasingadsorption,whichprobablymeanssmallerporesizeand
whichcertainlymeansaninereasedspecifieadsorbingsurface.

TABLES3

_<hefp<t'<w o/ <M<<r ee<!d<<jVo.S

T""
M~M_ MM..M

.<M~,
~S t200 ?.6
~5 ia)0 ~6
~S 3000 266MO 2t.S 4600 ?0SOO ?5 7200 Mo

WecannowseewhyporesizedeterminationsmuttraMtersareerratic
Becbhold(2)givestwomethodsforthedéterminationofporesizesofuttra-
filters,whichhocallstheair transpirationmethodand the rateof trans-
fusionofwatermethod,respeotivety.Theair transpirationmethodfaUs
downinsuchSitemas theBerkefeld,wherethéwaterisstrong!yadsorbed;twodifferentliquidawouldgivetwodiSerentvaluesdependingon their
relativeadsorptiona,andtwo diSereatfilterswouldgivedifferontvalues
whichwouldexpressboth a diSerencein poreaiMand a differencein
adsorptton. Measurementssuchas thoseof Einsteinand Muhsam(4),in whichether was usedinsteadof water,are probablyfreefrom this
objection,becauseit is not to be expectedthat thé etheris stmngtyad-
sorbedby thé Berkefeldfilter. In the rate of transfusionmethodno
accountis takenofthe effectofadsorption. Thismethodis defectiveto
that extent. It aeemsclearthat moreconcordantrésultaon pore size
shouldhe obtainedby thé useof a non-adsorbedor sHghttyadsorbed
liquid,and the poresizeshouldbegreaterthe lesstheadsorption.

Thegeneralresultsofthispaperareas foUows
1. Diatomaceousearthadsorbswaterstrongly.
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f~ft <!I~t*<t tt<~ ~– ~t~– -i-~f~ t2. Berkefeldfiltersof the sameratingshowgreatvariationin behavior
when wettedby water, probablybecausethe diatomsare cruahedto
dMfereMtdogrees.

8. Sattsareadsorbedby diatomaceousoarth,sodiumthiocyanatebeing
tesaatronglyadsorbedthansodiumnitrate.

4. Thereis quite strongnegativeadsorptionof a sodiumsulfateeotu-
tionby the Berkefetd6ttef.

6. OrgtmicMquidstestedwereadsorbedlessthanwater.
6. A methodiBsuggestedforthe evatuationofBerkefeldfiltersforbae-

teriotogioatwork.
7. Certain pore siitedeterminationson uttraSItetsare shownto be

dcfective.
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ADSORPTIONAND NFfUSION IN ZEOLITECRY8TAL8

ARNETI8EMUS

!/M<wy~o/UpM(<t,t/p<e<<),<S<M<<<tt

Recuived~MMa), 1986

Zeolitesaresilicatesofcalcium,sodium,orpotassiumtogetherwithsome
aluminumin the anionstructure. Theyoccurasmineraisin certainvol-
canicrocksand oftenformvery largeandbeautlfulorystals. Artificial
zeolitesaremadetechnicallyforusein water-softeningprocesses,but these
substancesarenot nearlyaswelldefinedorwellcrystaUizedas the natural
minerais.

It hasbeenknownfora longtimethat zeolitecrystalsshowsomevery
unusualproperties. (Forcompleteliteraturereferencesseeref.2.) They
are capableof exchangtngroversiMyboth the cationsin the structure
againstothers(forexample,Çaagainst2Na,andsoon),and the waterof
crystaUiza.tionagainstothersubstances,likeammonia,carbondioxide,and
hydrogen. Thécationexchangeisthe basisofthetechnicaluseofzeolites
in water-softening.It is quiteremarkablethat the exchangeprocesses,
ifperfonnedcarefully,teavethe crystallatticeunspoiled,as x-raymeas-
urementshaveshown. Onlyslightmodificationof the parametersmay
oecur,correspondingto shnntdngor expansionof the lattice. Eventhe
crystatitsetfmaybe left entirelyintact,transparent,and withoutcracks.
Thereverseprocessgivesa crystalwhicheannotbedistinguishedfroman
untreatedspëcimen.

Duringthe lastfiveor tenyearsourknowledgeofthelatticestructuresof
silicatesbas increasedenormousty,thanksto the workof W.L. Braggand
hiscollaborators,especiaUyW. H. Taylor(1). Theirstudiesinctudea
numberof thesimplestzeoliteminerals,andtheirresultsgivea verygood
explanationof the remarkablebehaviorof this ctassof crystals. For a
tecentsurveyof the workon zeolitesseethepapetby W. H. Taylor(4).
It basbeenfoundthat the zeolitelatticeisbuiltupofa veryrigidframe-
workofSi0<andAt0<anions,forminga sortof giantanion. Thisframe-
workcontainschannetsofsuBcienHylargediametertoadmitcations,water
molecules,andothersubstancesofnot toobigmolecularsize. Thecations
andwatermoleculesare not placedat randomin theframework,but are
fixedtodefinitepositions,whichcanbedetermined.Thewatermolécules
seemtobemostctoseiyassociatedwiththecationsofthéstructure.

Thévaporpressureoveradehydratedzeolitecrystal,partiallysaturated
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withwator,ammonia,or othergas,variescontinuoustywith thé amount
boundbythecrystal. In fact,theourvelooksverymuchlikean ordinary
adsorptionisotherm(seefigure1). Thereare no sharp diseontinuities

correspondingtocertainmotarratioa,asonegetswithcrystalhydratesand
ammoniatea.

Thestudyoftheadsorptionpropertiesofthesecrystabisofgreatinterest
sineefew,if any, adsorbentspossesssucha weH-deËnedcharacter. Wo

rau. a rav. an

Fto.1.Adsorptionofwatervaporbyohabasite(measurementebyTieeUusand
Brohult).p c*pressureinmm.ofHg;A adsorbedquantityin gramaper100
gram8ofdehydratedmateriat.

Fto.2.Adsorptionofammoniabyanaloite.p = pressurein mm.ofHg;A*='
adsorbedquantityince.at N.T.P.pergramofdehydratedmatcrial.

knowthat for theseadsorbents,the moléculesheldin the lattice takeup
definitepositionawhich,insomecases,canbedetermined. Wealsoknow
the numberof lattice positionsavailablein the crystal. Beingsilicates,
thesesubstancesare chemicallyinertandstable,and thereforegiveresults

whieharequitereproducibleascomparedwithadsorbentssuchas charcoal,
whoseadsorptioncapacityvarieswiththéoriginandprevioustreatmentof

thematerial.
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The zeolitestructuredescribedaboveexplainsan tnterestiogcharacter-
isticof zeohteadsorption:thereaeemsto be a certainmaximumstzeof
moleculesabovowhiohno{tdsorptiontake8place. Chabasite,forexample,
adsorbsreadilyheUum,hydrogen,oxygen,nitrogen,carbondioxide,water,
ammonia,methylalcohol,andethy!alcohol,but not benzene,ether,the
higheratechotaand targormolecules(3,7). Charcoal,on the otherhand,
havingporesofaUsizes,adsorbsverylargemoleculesespecMystrongly.
ThismayalsobeareasonforthegoodreproduoibuityofzeoUteadsorbents:
aineethey admitonlyquitesmaUmoloouleswhiehareeasilyvol&ttiized,
theycanbefreedcompletelyfromforeigncontaminationsby heatingina
vacuum.

Sincethemoleculesina zeolitelatticeareboundtodefinitepositions,one
wouldexpectLangmuir'stheoreticalconsiderationson adsorptionto be
applicable. It makesnodifference,ofcourse,thatwehâveto dealwitha
three-dimensionalinstead of a two-dimensionalcase. Thé assumptions
madeby Langmuirin the simplestcaseswerethat atttheadsorbedmole-
culesbe bound with the sameenergyand that therebe no interaction
betweenadsorbedmotecutes. Asregardsthe &[stpointwe mayobtain
someinformationfromx-raydata. W.H. Taylor(4)foundthat in some
cases,forexample,thomsonite,therearethreedinerentkindsofequivalent
positionsfor the water molecules;inothers,forexample,scoleciteand
chavassite(8), there are twokinds;but in twoof the casesinvestigated
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Mtherto,natroliteandanaMte,thereisonlyonekind. Mostof thework
on zeoliteadsorptionbas beenmadewithchabasite,whicbia thé mcat
convenienttoworkwithexperimentaMy,théadsorptioncapacitybeingvery
high (liketbat of activatedcharcoal)and the equitibriabeingestaMtshed
rapidly.

From theresultsmentioned,however,anatciteandnatroliteshouldba
expectedto showthe simplestbehavior. The authorbasrecentlymeaN.
uredthe absorptionofammoniaondehydratedanaloite,and similarwork
is beingcarriedon at Upsataby S. Brohult. Thesemeasurementsare
dinicuit,sincothé rateofadsorptionislow,and it ispossibleto getéquilib-
ria withina reasonabletime onlyat high temperatures(about260*0.).
Someresultsareshowninfigures2and3. Theisothermsobeythe Lang-
muirlawquitewellup toanadsorbedquantityofabout25ce.,asshownby
figure3. StH!more importantis the fact that the heat of adsorption,

TABLEt
~fetthf~o~crp<<o~<~OMnMMttoeM9M<<!t<e,calculatedbyuseo/theClapeyron~Mh'<m

_(Mthe~M".andthe~.S't<o<AenMin~MMjf

*)MOttTM)eO)tMB OBATWtMtHtntON
CO. MH OOAM0<f OttaTBNATBt! <MTBX!*). 0 CAMMtttt

B t6MO

tO 1M30
!S t6860
20 16700

_M_ MMO

Avenue. 16640

calculatedintheusualwayfromtheisothermsbytheClapeyronequation,
is constantovera widerange,as shownby the resultsgiven in table1.
Thisisnot usuallythecase,theheatofadsorptionoftenbeingmuchlarger
for the firstamountsadsorbedthanforlateramounts. It iscortainlynot
truefor thesystemchabasite-water.Sti!!this isa necessaryconditionfor
thé validityofLangmuir'slaw. Theotherconditionis the lackof inter.
actionbetweenadsorbedmolecules.Thedeviatlonofthecurveinfigure3
froma straightline forhigherconcentrationsindicatesthat suchan inter-
action takesplaceundersuchconditions,althoughno determinationsof
heats of adsorptioncould be made. The constanto in the Langmuir
equation

abp

1 +

calculatedfromthe isothermsinfigure2, is124ce.at 302°C.and 126ce.at
341.3"C. Thevaluecalculatedfromthenumberofspacesavailableinthe
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M H8 et' in good agreement with thc experimental value. Ufiuativcrysta) MH8ec., in goodagrcement with thc expérimenta!vatuc. Ufiuatiy
thé constant dccreases rapidly with tcmpcmtttrc, on aceount of a widf
variation in thc onergy of adsorption ovpr thc surface: AHregarda the
nature of ttw binding forcesin thèse crysta)!<,thc x-ray )n<'a.surpmcntsby
W. H. Taylor reft'rrcd to above (4) stxw that thé watcr motocutesare
ptaecdin a ntorc or tessdcfornu'd tctrahcdron, with two sodium ions (fur
anateitf andnatroiito) and twooxygfn ionRat thc pornem. t'~vidpnttythe
tnotceulcitihetd in tt tiortof "dipok hofe" and thereforcin a strong etcctro-
static nptd. Thit! e'xphinMwhy motccutcswith po'mancnt nMmfnts like
watt'r and ammottia are Ktrong)yadsorbcd. AMfar as thé watcr mo)e.
cuics ar<' concerned, the arrangement is very ximifar to that found in
ordinary cryptât hydratfs )ikf Cn80<-2HtO.

Thc following cxp<'rimentatso indicatm that coordination vaicncipM
ptay a rût< A thin M'ctionof a tranMpan-ntchabasite fryxta) waM('om-
pk'tciy transformcd intopoppf-rchahasitcbykcepingthe crystat for sc\-erat
days in a f'oppct-.sutfatcsohtUonat tOO"C. Th<-cryt<ta),mw showins thc
('harttptcri.stipbtuc cotor of f'oppcrsatts, wasdchydratcd and ammonia fct
h). Anabsorption Mpt'ctrumwas taken, usingthé quartz vacumn chambcr
dcscribcd!)(.')ow. ThiKspectrum pro\'ed to hcidcntk'a) withthat obtuhn'd
fruma soiution containingcoppo-ammoniumions.

Zcotitcsfonn a wryMuitab)cmatcriai for invcstigntinf;thc mechanifmof
th<'kitx'tipMof adsorption. Thc rate of adsorption, as mpasu)-<'(tin thc
u.sua)way on powdcrs,varifs from fractionsofonc secondto ahnost innnitc
titnc. With thf xamc zcoiitc difïo'cnt substances are adsorbed at vt-ry
différent rates; ehabasitc takes up hy<)rogenand watt'r vapor at room
tcmpcraturf in a fcwtninutps, whcn'as iodineor m<'rcuryarc takcn up at a
nn'asurabic spM'd onty at tonpf-raturos abovc tOO-200"C. Diffcrcnt
i!<-o)itcsa)s<~difït'r toward onc und th<-samc substance. Anuk-itcdocs not
adsurbany watcrorannnonia ut )-oo<nn'mj~'raturc, but whcnhcatctt abo\'c
tOO"C.it takcs up s)o\\)y tiu-gcmnounts of thcsc gascs,ajthuugb thc rate
bet-on~'ssnnicicntty higb to makt- nx'asuront'nts of ('((uifibriawithin a
rcasonabh' titnc, oniy abovc250°C. On<-)nayo))tainsonx-i))Mig))<into thc
mt'phanismof tht'sc pmct'sscsby nx'asurt'tncntson powders. Much more
dctai)cd information, howcvcr,pan bc obtahx'd by using a dirct't optica)
tm'thod of obst'rving what happcns in a singtc,(-a(-uatt'd zcoiitc crystai
when a gas, for cxamptc, watcr vapor, is twingadsorbcd. It bas bco)
mcntioncd atrcady that som<'Zt-ontccrystats rcmain transparent aftcr
dchydration and rcadHorption,at )eaMtif the opérationsarc porformcdvery
stowtyand parc is takon to avoid too high tctnpcraturesor sudd~titpmpf'ra-
turc cha.ngcs. Thcfc empty or partially saturatcd crystais show, whpn
investigatcdunder thé potarizingtnicroscopc,somcvf'ryintt'rpsting changes
in opticat propcrtics which can bp ascnbcd to a continttous change of
doubler~fraption and extinction angiewith thc variation of thc amount of
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w!tt(.'ror any otho' suLstancc in the cry.stai. Mcasurctncntsof thcsc

quantifies canUK'rcfort'hcuscd a. an aM'nratt'n)ct)tO(i<'t'det('rminint;thé
concottt'ation of the a<tsut'h<'<[substance in nny part of thc crystat nn(t
ntakt.'it po.ssi)~'to oL-.t'r\cdin't'tty on ftsingtccrysta) how it is pcnctnttcd

hy:tsub.stan(:(')x'inK:tdst)t'))t'd.

TM)))!tkeob.t'rv!ttiun-.<'fthisk)n(t,asnwtt('ha)u)'t'r\nt.f'M).tnt('tpdof

opti<'ittqnartx,fn!-t'(tt()g:<'th(')'a<'mm)-tif;ht,w)ti<'h(-Mt)(i)K'('MUM'('tt'(tt<JMIl

\'tK'm)miipparittus t'y a grt'und joint. Thc chamhcr cnutfthtt ptarfd in !t

nik'rofm'niK'cundcr thc nncroscojjc, itnd it w~s thns possibtc te tuakc
o)'spn'atio))s in u vitcnmn or ftny KMspt'cssurc()c.irc(tat tt'ntpH'aturcs up
to ubont 500°(. Thc first in\'cstig:ttion of this kind was ntMftcwitit thé

xwfitc tK'uiundite, which is cspcfia))y '~tsy to obtain in opticat sampk'.s
(6). Thc cxpcritncotat armngt'tncnt is shownin figure4. K is thc quartz

t«..4.Hx)K'nnK't)tntarritnt!n)('ntf<)rttir)'Ft~j)ti't)'))<s)'rv!ttion«ff)iffus[<)t)uf
~u)Mta))t'Ktnts"r))t'dinsinKt)'7.<))itcf'ry:ituk.

<'h:un)K')',('nc)osc(tin thc tnif'rofurnacc,P is thc po)arizit)f!tniproscojtf,and
t)x' rcst i. an arrangf'tncntfor tnaintainiog itconstant wato' vaporpn'ssnrc.
Fi~un' 5 show.su scrit's ot' cxpa'-un's of a hcutanttitc o'ysta) adsorhing
\vat(')'. 'J~hcywon' tak('n bf'twf'ct)crf).<<'<tnico)t in tnonocht'omittic(.«)-

<Hnn)~H~ht. ')'))<'nr.st f'xposurf shows thc )Mrtia))ydf'hydratcd crysta)
bf'forcstartinj: thé expcnmMit; thc oth~rs show thf changes taking ptaf'c

aftcrwatt'rvapor hashf'cnadmittMt. Twohjackinterfcrcncchaods,

par:ti)<')to thc "urfucf, migratc s)ow)yinto thf crystaL In whitc ti~ht a

sin)i)arscrit's ofhrightty coton'(thands is obspn't'd. Thf cH'M't(tcpcnds,of

course, upon thc chan~f in doubtc rcfraf'tion produc~d hy thc ndsorhcd

water, tho positionsof thr htack hands at any titnc corrospondi)));to watcr

confcntrations gi\'ing a douhtc reft-aftionthat ''xtinguisht's sodium light
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fM-thethi~knMsoftheoy.stHtpitttf'ctnptoyc'd. ~lorchandhat'uobsGt'vcd

(Hgurc6) if a oK~t't'xtrongtydchydratcd cry.sta)i.s)).<=('<.),so thtHthe inh'rva)
of watcr f'o))ce)ttratiu)tbccotnf'~gn'ittf't'.

Thc dMtatK'ctru\'<')t<'<tby (.'acht~tndi.sproportit'tmtto the square root of
time (figure7~,whit'h is in u~n't'nx'nt with ttx' rf'quircmf'ntsof thc th(.-ury
«f (tiJTttsion. Th<' mfasm'<')n<'ntof ttx's'' distiun'f's fonns a f'om'cnicnt
methtxt fur <t('t(-t')))it)!))f!t))c <titîuKif~)'-«)).stMt)t,if the rctation hetwccn
dou)))<'rcffaction andwatcrcoocf'ntrMtion in tht't'ry'ta) ha" ht'f'ndf'tfr*
minctt. By usinR a MHnpt'ttsat'trwith thc tnicrosc'JjM'onc can foibw a)so

!t<ts.5 Axoti. \!i<')-oph')t')f;ra))hsof thf dittusionofwat<-radtiorhf~tin ahf'uhut-
ditct'rY!)tid,['xpM<'dt)ft~'<'f'n<'r<)f<i!f'dnin)t.in sodiumti~ht.

thc change of donhtc réfraction with titnc at a point a fixcddistanec from
thc surface.

~DK'scnictho()src\'ca)a strongaoisotropy ofdiiïusiot), as Sgurc8 df-inon-
stratcs. Furthcrmorc, thc diffusion in thf dircetionof ohycrvation (pfr-
pctKtK'utarto t)))'plane of thc j~aperin nRurcs5, 6, and 8) is immcasuraMy
.smat).

Thc rcsuhs show that thp tnigration of thc watermotccutt'sin thc crystat
fo)towsthc ordioary diffusion iaws for sohttions. This is, howcvcr, truc

only for small Fonccntration intervals. ~tcasurcnx'nts o\'cr wittcr inter-

vals showthat Fiek's )awMstiU vatid, but the diffusionconstant is strongiy
dppcndt'ttt on the concentration, at )cast for lowconcentrations, as s!town

by thc rcsu)ts in tab)c 2. Thc probaMcrcasonfor this abnormat hehavior
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Mthc fact that ttdsorptionis thermodynatnieaHynot a case of ideat solu-
tioo; instcad, thé vapor p)-esNureincre~es faster than proportional to thf
cuncentraHon. Mon'over, for heutanditt', the first amounts of water
tK)su)'be(tare exccptionaHy6rm)y ttound ky the tattife, making it mot-t'
diftit'uttfor thé motecut~ to jmnp to an adjaM'at poiiition. Sincewe know
that thé tnutt'futp.stake up dofittitcpusitiotMiua lattice, the nutst piauH4b)o
met-himismof diffuMionis that of "hopping" from one jjosittonto anotho-,

.Nf

atrca.dyas~med hy Langmuir and ott~'rs for dcscribin);surface diiïuMton
phcnomena. Thc chance of tioppiog,and hcncf'thc ttifrunionconstant D,
shoutd in such a case hc proportionat to thé cxponcntia) f" whcrc <y
i" thc energy ofactivation ofd:fîu.sion. Plotting log D against t/7' .shontd
give a straight line, which is actually the case (figure 9). The difTcr~nt

crystattogntphic directionf:give différent tcmpcraturc coefficients. For
diffusionpcrpcndicttiar to (201),</= 5400ça).; for ditïusionpcrpcndicutar
to (001), q = 9140ça). It is intcresting to compare the vatues of 9 thus
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obtainedwith the heat of adsorption,whichfor waterimheulanditois

14,100cal.at the concentrationwherethe temperatureooeSoieat9were

determined. For makinga diffusionjump,therefore,only0.4to 0.66of

the energyrequiredto jumpentirelyoutofthe latticeisnecessary. One

mayimaginethisas a resultof theadsorpttonapacesbeingsonearto each

otherthat theirforcefieldspartiallyoverlap.

Recentlytheauthorhasmadesimilarexperimentsonthesystemanalcite

and ammonia. Althoughthe workhasnotyet beenconcluded,it isquite

TABLE2

P~)W'<weM<<<M<</<M-waterin A<!t<<att<«(<al JM.Û'C., Medirectionp<fpM)<!<c«<o)-
<oMM)_

w*TBBCOt<c)n<t)n'no)t DX)0' w*TMOo<H:)0(TMno)t ÛXtO*

po-<m< tnt.<Mt. )tr<M)f em.<«e.

10 about0.04 t6 27

n about0.2 16 38
t2 0.7 t7 4.0

19 t.3 t8 4.0

t4 ZO t9 33

Thé diffusionconstantsin the directionpetpendicutarto (001)are H.6 times

emaller.
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evidentthat thediffusionconstantisverymuohiowerand the activation
energyis very high,equalto orevenlargerthan the heat ofadsorption,
whichin this caseis 16,600cal. Onereasonforthis maybe that the ad.
sorptionspacesin analoiteareverywidelysoparated(asisknownfromits
crystalstructureaad watercontent).

The kineticsof adsorption,especiaiiythéslowor activatedadsorption,
basattractedmuchattentionduringrecentyears. Theexperimentahave
sofar beenmadeexclusivelyonpowdersor conglomeratesofcrystalsby
volumetriemethods. However,in the investigationsjust describedit iB
certain that the diffusionin the crystalis thé rate-determiningfactor.
This is evidentfromthe fact that theconcentrationat thé surfaceaUthe
timeduringthéadsorptionprocesstBconstantandequalto thesaturation
value,as can be observeddirecttyunderthemioroscope.Thismaynot
alwaysbe the casefor adsorptionin zeolites,and it is thereforevaluable
to beabletogetadditionalinformationbytheopticalmethoddescribed.
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THE 80RFTION 0F BROMINEAND IODINE BY ACTIVATED

CHABCOAL

L. H. REYERSONAt)cA.E. CAMERON

fSe&cc!<~C~M~<tTf,!/tM'wf~ofW~fn<Mo<o,if<tM<ftpoK<,Mt'ftttMeht

Received~<M< /??

In a previouspublication(1) a methodwaadeseribedwhichmadeit

possibletostudythé sorptionofbromineandiodineby porousadsorbents
overa ratherwidepressurerangeat severaitemperatures. At that time

thesorptionofbromineandiodinebysiticagelatBeveraltemperatureswas

reported. Equitibriaforadsorpttonanddesorptionwereestablishedrapidly
in thecaseofsilicagel. In the presentstudyonchareoatequilibriumwas
reachedalowly,so that ratesofsorptionweremeasuredinadditionto the
determinationofthéamountstakenup atequüibrium.

Thecharcoalusedinthisinvestigationwaspreparedfromcoconutshetts.
Brokencoconutshellswerecleanedand then placedin a large SoxMot

extractorwherethey weresuccessivelyextractedfor prolongedperiods
with ether,alcohol,and ËnaUywater. The extractedshellswerecoked
in a coveredironcruciblein a sandbath. The températurewasrai~d

slowlyto 550-676''C.andheld thereforhalfan hourafter the last nam-
mable vapofs came off. After coolingthé charcoalwascrushedand
sieved. A portionof 25g. that passeda lO-meshand wasretainedbya
20-meshsievewastakenforactivation. Thiswaspackedina eleansilica
combustiontube and heated to 850"C.in an etectricfurnace. Super-
heatedsteamfroma smallboilerwaspassedoverthe charcoalfor thirty
minutes. Aftercooling,theaveragelossin weightonactivationbysteam

wasfoundto be25 percent of thé initialweight. Thesteam-activated
charcoalwasthenplacedin a silicatubeandheatedto 700°C.whiteit was
cvacuatedwitha pair of Langmuircondensationpumps. Thé charcoal
wasprotectedfrommercuryvaporby a liquidair trap. Aftera 24-hour

evacuationthe charcoalwas cooledto roomtemperatureand oxygen
admitted. After standingsome time in an atmosphereof oxygenthé
charcoalwasagainheatedand evacuatedfora periodof48hours. The

charcoalwasthencooledin an atmosphereofnitrogen. On ashingin a

platinumcruciblethe foitowingresultswereobtained:ash,0.185percent;
ashassulfate,0.233percent;silica,0.026percent.

Theeharcoatwascrushedinanagatemortarandthat portionusedwhich

passeda 60-meshandwasretainedby a 100-meshscreen. About0.2g.
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TABLEt1

_&<~p«<w o/ tr<Mtt<<M&~cAorceot

1111.çoaalll1l'BI> 'IIUI OIL1!! 01' flfl.tDtN'O IIII.OOl\IIII(Yfal>

l'II"

0II4II 0P flBADINOBOIIBIINT
BOflD·N9'

_hotherm
at 68.0'C.

98.1~<.<~<!<

0.63t 4.168 9.0 MO.a 6.336'"Z20*"
3.01 4.6W 4.6 M.. N0

S:~
t~t 4~ S.

68.8 3.338 20.0 ut 4.124' 10.0t

--1–––~L~L265.7 6.666 23.0
473.0 6.779 24.0 hothermatt37.6''C.
681.8 6.849 ?0 –––––––––––––
474.1 6.8M* N0 O~t S.Mt 20.6
266.8 6.702* MO '~t 3.365 23.6
t40.4 6.676' 26.0 4.Z07 24.0
07.4 6.469* 270 4.629 t9.0
tt.4t 6.t49* M 6 ~S 4.990 23.0
1.8t 4.787* M.o ~6 6.2t7 24.0
0.63t 4.446' 16.0 ~7 6.013* M.o
003f 3.904* MO 4.07l* ggo

,––––––-–––––– 20.3 4.M4* 21.0
Chpcktsothermat68.0°C.afterdeter- t.8 3.377* 2S.6

mining isothermeat highertemper- 0.03 2.923* 24.6
aturesrecordedin this aametabte "––––––––––– ––––

––––––––––––––––––- bothermat t78.4°C.
0.03f 3.431 7Z.O –––––––––––––––––

70.6 6.466 23.6 0~1 2.260 38.0
6966 6.836 M.o 3~ 3.016 33.0
68.3 6.4S6* MO 3619 26.0
O.Mt 3.]63* MO 4.143 M.o

––––––––––––––––––– 266.8 4.628 23.6
hothermat98.1°C. 787.8 4.899 260

266.7 4.646° 20.0
'~t~–––– ~:2 t~ ~O

2; ~S: S
18.6 4.729 27.0 3.Ot 3.064° 23.6

260:~ S::
-t266.2 5.311 21.0

792.3 6.627 M.o
Desofntinn )-fnf)!nm, ~–––––Desorptionreadinge.

t Values derived from vapor pressure (unction.
t High vacuum witb charcoal at 68.0°C.

Thermostat had to be reset on temperature.
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TABLE 2

R<t<Mof sorption o/ bromineby charcoalal M!C*C.

MMttM MMtta tttm- mm. M "'mxa muj- T,j ~MMo mu-<-

MMNtm
I

"<= "OmMtt J" MMODt

MOUMMN
H!XNTM

t<«MMfM
itmerzo

~e*i*
"txcTto mwtm

PKBBU)'e -0.03)Mn.tem- Pressure 205.8 mm. Présure 20.3 mm.*

peratufe =' 98.1*C. –––––––––i–––
–––––––––––––

t3?.?<-C. 0 62.443 4.0Z3 0 62.604 467)

––––,––––––––– 6 63.9M 4.906 16 6t.900 4.3!3

0 60.031 3.120 t0 63.985 4.932 26 61.877 4.293

20 69.697 2.960 26 62.999 4.946 85 61.824 4.271

66 69.262 2.766 180 63.037 4.974 196 61.796 4.266

J96 69.126 2.678 400 63.040 4.976 1070 61.780 4.242

990 69.009 2.600 730 63.066 4.986 1280 61.779 4.241

1230 69.001 2.687 1390 63.064 4.9W –––––––––––––

–––––––––––––– ––––––––––––– PfpMurp'° 1.8mm.

PreMUM 1.8 mm. PreMurec' 791.6mm. –––––––––––"––

––––––––––––– ––––––––––––– 0 61.779 4.241

0 69.001 2.687 0 63.064 4.990 10 61.HO 3.851

20 69.829 3.086 6 63.370 6.163 20 00.831 3.687
46 60.043 3.220 M 63.396 6.179 30 60.688 8.697

240 60.221 3.304 30 63.406 6.184 66 60.632 8.811

430 60.249 3.339 170 63.420 6.193 420 60.361 3.411

1260 60.276 8.361 410 63.433 6.201 1090 60.328 3.391

1366 60.267 3.3M 830 63.448 6.216 1800 00.302 3.376
––––––––––––– 1420 63.460 6.217 –––––––––––––

PreMurec' 19.2mm. ––––––––––––– PreMmre 0.03mm.*
––––––––––––– PreMure'= 266.7mm.* ––––––––––––––

0 60.287 3.866 ––––––––––––– 0 60.302 3.376
16 61.289 8.961 0 63.460 6.217 6 60.234 3.324
20 61.467 4.073 6 63.166 6.060 10 60.082 3.241
26 61.491 4.069 16 63.146 5.038 20 69.901 3.122
40 61.664 4.112 60 63.111 6.018 60 69.618 2.909

100 61.683 4.146 270 63.107 6.016 120 69.340 2.807
646 61.703 4.176 620 63.103 6.013 196 69.222 2.720

1426 61.716 4.174 760 63.104 6.014 260 69.184 2.713
––––––––––––– 1330 63.102 6.012 910 60.110 2.667

Premure 68.1mm. ––––––––––––– t460 69.021 2.6)7
–––––––––––––– PfeM)UM"'69.6mm.* –––––––––––––

0 61.716 4.174 ––––––––––––

6 62.034 4.370 0 63.102 6.012

10 62.303 4.629 6 62.660 4.767
16 62.367 4.666 16 62.620 4.739
30 62.370 4.686 60 62.640 4.692
60 62.396 4.607 620 62.620 4.680

140 62.413 4.612 670 62.617 4.678
246 62.416 4.613 886 62.616 4.678
496 62.426 4.619 1936 62.604 4.971

1100 62.443 4.623

Desorption readings.
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of thischarcoalwasweighedinto the littlegtassbucketof the MoBatn

balance. The experimentalprocedurewasthe same as previouslyde-
scribed(1).

Table1givestheresultsobtainedforthesorptionofbrominebycharcoal

at 58",98.1",137.6",and 178.4"C.Table2 givesthe completedata at
137.6"C.fortheratesofadsorptionanddesorptionofbrominebytheehar-
coal. Table3recordsthe reauttsofthésorptionstudicsof iodhteonchar-
coa). It shouldbenoted that duringdesorptionit wasneverpossibteto

Dcsorptionreadings.
t Vatuederivedfromvaporpressurefunction.
t Highvacuumat6Z6°C.,springmeaauredat 37°C.

completelyremovethé bromineor iodinewhichhadbeenadsorbedbythé

activatedcharcoal.
Ina previouspaperinthisjournal(2)figuresweregivenforthedatahere

prcsented. Theyarenotthereforerepeatedhère. Thedata are givenasa

matterof recordforotherinvestigators.

8CMMARY

1.Data aregivenfor the sorptionofbrominebyactivatedcharcoalat

58",98.1",137.6°,and178.4'C.

TABLE 3

SorpMono/«)<<<'tM!by charcoal

~M X/M
Mtmoxzt"

1

mmMOHM

J

ttouMMX pntmfMtN Mtmxot.)!*

1

noextMaPilIIIIIVll8 lN 1111.1.1'101.l1li BOUM FOR PREH~RB lN IoIlr.LlIIOr.l8 BOUR8 FOB
<tM.COB<BCrm fBBUtttttOf OB*B)NO MM.COMMTM MttORAMCf ftBABMO

MMKMT ttOXeBKT

Iftothermat t78.4"C. hothenn et 2M.8"C.–eoM<!<M~<<

O.OSt O.W4M C.9 2M.O O.Z7Zt 2.2
10.6 0.2M! 2.0 423.6 0.2829 2.2
80.0 0.27?4 12.6 660.0 0.2882 2.7
169.0 0.2897 3.0 317.6 O.M84* 2.2
2M.O 0.2963 t.5 100.0 O.M93* U.O
368.0 0.3030 1.2 26.0 0.23t6* 6.0
100.0 0.2816* 4.0 Z.Of 0.1470* 6.0
?.0 0.2814* 106 O.03t 0.0639* 22.0
4.3 0.220S* 2.6 0.00t 0.0073* 8.0
O.03t 0.0769* 30.0 ––––––––––––––––––––

–––––––––––––––––––– tsothermat178.4''C.
hothermat218.8"C. –––––––––––––––––––––

––––––––––––––––––––– Z.Ot 0.2064 1.0
0.03t 0.0416 17.0 7&.7 0.2889 18.0

10.6 O.)881 3.6 168.4 0.3011 3.0

80.0 0.2626 1.2 420.0 0.3175 2.0

1M.O 0.2671 12.0 3)6.6 0.3141* 14.0

If
118.6 0.2963* 4.0
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2. Dataaregivenfor themtesofadsorptionanddesorptionofbromine
by charcoalat 137.6"C.

3.Data are givenfor thé sorptionof iodinebyaetivatedcharcoatat
178.4°Md218.8"C.
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STUDIESOF POLARIZATIONDÏ8CHARGE8tN MULTIPLE
ELECTRODESYSTEMS
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Each of two identicalexploringelectrodes,in equilibriumwith an

etectrotytiosolution,immersedbetweenthe ourrentelectrodesof an

etectrotyticceU,willconduotapproximatelythesameamountofcurrent.
The currentpassingthroughtwo auchexploringelectrodesin the same

directionwillbuildupa positivepoleandan equalnegativepolooneach

electrode. The two exploringelectrodeswill form two concentration

polarizationstoragebatteriesthat willrapidlydischargewhenthe polar-

izing current is stoppedbecausoeachbattery iashortedby the metal
of the electrode. A definitecurrentwill continueto flowthrough the

solutionbetweenthe twoexploringelectrodes,if onetries to measurethe

potential differencebetweenthe two electrodesimmediatelyafter the

applied current is stopped. Under these circumstances,we have ob-

servedcurrentsthat last forminutesandhavemeasuredthesecurrentsin

variouselectrodesandcellsystems.
The currentelectrodesbecomepolarizedduringthe passageofcurrent.

Alsoit hasbeenpointedoutthat eachcurrentelectrodebecomespolarized

differentlyat dînèrentpointson its surface. Wehaveobservedcurrents

that last forminutesmidwaybetweentwoelectrodestwentyinchesapart,
whenthe onlypossiblesourceof thèsecurrentswas the twopolarized
current electrodesbehavingas two shortedstoragebatteriesconnected

together. Therewas no metauicconnectionbetweenthese electrodes,

only the electrolytieconneotion.

Sincetho effectshowsup withalternatingcurrentalso,suchcurrent

willobviouslyaffectthe measurementof the conductivityand dielectrie

constant of electrolytesif electrodesare used. Therefore,the second

part ofthisstudywasmadetoinvestigatethesourceofthesecurrentaand,
ifpossible,theirmagnitudeundervariousconditions.Thevariablescan-

not allbeaccuratelycontrolledand thecurrentsmeasuredcannotbe used
to correctexistingdata, but it is pointedout that in thefutureapparatus
shouldbe designedthat wiUeliminateany possibilityof having these

PurdueReseMchFoundationFellow.
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currentswhenthey are important. Theexperimentalpart witt tndic&te

that the latterprecautionis imperative.

BXPBB!MENTAt<

~~c<ro(~a and ce!b

Calomel,hydrogen,meroury-mercuricoxide,mercury-mercuroussul-

fate, silver,silver--silverchloride,and copperelectrodes,aUpreparedby
standardprocédures,wereusedwithsolutionsthat wouldbe inequittbrium
withthe electrodes. Themostsatisfactorychloridoélectrodesweremade

by uniformlycoatingpuresilverwireor silverfoil withthe chloride,by

electrolysisina concentratedsolutionof the chlorideto bestudied. Etec-

trodeswhosepotentialsvariedby tessthan a tenth of a millivoltcould

be prepared by this method. Twoshapeswere used, straight wires

(size16) with about two tnchesimmersedverticallyin the solution,as

in figure1,and electrodeswith thesameamountofsurfaceexposed,but

bentas infigure2. Thecurrentelectrodes,preparedin thesamcway,are

dcsignatedasAandC; theexploringelectrodesas E. andE..

AfeasMn'~t'M~rMmeK~

A Leedsand Northrupgalvanometer(TypeHS) of2 X 10-8amperes

per miHimetercurrentsensitivityandofverylowresistancewasused to

measurethecurrent. Avacuumtubevoltmeter(TubeNo.30),withhigh

résistance,wasusodfora partof themeasurements.

StM<<~

A double,doublepole,singlethrowswitohon Bakelitewithplatinurn
to mercurycontactswasemployed. It wascapableofbreakingbothsides

ofthechargingcurrentandcpnneotingthemeasuringinstrument0.001ofa

secondlater. A walkingbeamwaaattachedto the switchto manipulate
the protectingg!as)shield(I infigure2).
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The experimentalprocedureinvolvedthe arbitrarycontroiof thé time

theappliedcurrentwasallowedto flow,themagnitudeofthe curront,the

resistanceof the solutionbetweenthe exploringelectrodes,the frequoncy
of the ourrent if alternatingcurrentis used,the sizeand shapeof the

exploringelectrodes,the solvent,thé solute,the sizeand shapeof the

vessetcontainingthe electrodes,the timeelapsingbetweencuttingoffthe

appliedcurrentandmeaauringtheproducedcurrent,thepositionofE. and

E. with respectto Aand C, and the temperatureof the solution. The

1.1.

timeofpassageofcurrentthroughthesolutionwastakenas thirtyseconds.

An average effect independentof imperfectionsin constructionwas

obtainedby reversingthé current.

Duringexperimentsof the firsttype,the apparatusshownin figure2

wasusedwithsomeoneoftheabovementionedsolution-electrodesystems.
The switohwas thrownafter thirty seconds,therebydisconnectingthe

appliedcurrent, loweringthe shieldfromaroundE, and E. in order to

exposethem to the solutionthroughwhicha ourrenthadpassed,andcon-

nectingthé measuringapparatus. Noeurrentwasdetcctedin the solu-

tionbetweenE. andE..
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T-~ *i~~ ~< ~t~t~~A ~t-~ ~––-1––– __t~–––JL A<L-In thesecondtype ofexperimentthésameprocedure,withoutthe gtaas
shietd,wasfollowed. Thena currentof 1 X 10-~to 1 X 10-~miUiam-

pereswasfoundflowingthroughthe measuringinstrumenta;the current
wasflowingin thesamedirectioninwhichit wouldBowif thé instruments
wereconneetedwhiJethe appliedcurrentwasflowing.

In the third typeofexperimentthecurrenteleotrodeswereplacedinside
thé trough,about six inchesoutsideE~and Eo,whichwerefourinches

apart. TheglassshieldprotectingE. and E. fromthechargingourrent
wasreptaced,thesolutionwasviolentlystirred,andtheregularprocedure
wasrepeatedto stop thecurrentand to exposeE. and E.. (a) If the
currentelectrodeswereplacedverticallym thécell,acurrentof1 X10-6
to 1 X 10-2miUiampereewasfoundflowingthroughthe instrumentsin
thesamedirectionas in the previousexperhnent(ngure4). (b) If the
currentelectrodeswereplacedhorizontaUyin the ceU,a 8imi!arourrent
wasfoundflowingin theoppositedirection(figure5).

Théfourthtypeofexperimentwasa repetitionof thethird,exceptthat
the shieldwasnot used,and the currentelectrodeswerepolarisedin a
beakercompletelyoutsideof the system,washedin distilledwater,and
then transferredto the ceU(figure2). The presenceof the polarized
electrodeproduceda currentof 1 X 10'*milliamperesin the measuring
instrumentsin the samedirectionsas in the third type of experiments,
whichmeansthat the polarizationis in thesurfaceof theelectrodesand is
notuniformoverthesurfaceofthésameelectrode.

The abovegroup of experimentsgivesus somedefiniteinformation

concemingthe nature of the phenomena.The observedcurrent has

nothingto do with generalconcentrationpolarizationof the electrolyte.
It is not a phenomenonof somepeculiardieiectriopolarization,nor an
externatcondenserin theelectricalsystem.

In the fifth type of experimentthe currentelectrodesA and C were
returnedto the beakers,and the electrodesE. and H,wererotated at a

highrateof speed(morethan 100R.p.n.). Theresultsworeverysimilar
to the resultsobtainedin thé secondtypeofexperiment,exceptthat the
:urrentsmeasuredweremuchsmallerthan whenthe electrodesE<.and
E. werestationary. If only one electrodewas rotated, wc obtained
electrokineticphenomenaaboutwhichwewillreportlater.

The aboveexperimentseemeddifficultto interpretexceptin the light
of the fact that the phenomenonexistaeven thoughthe directionof the

appliedcurrentthroughE. and E. maybereversedrapidly. In thesixth

typeofexperimentE. and E. wereleft exposedto alternatingcurrents
offrequencyvaryingfrom20to 12,000cyclespersecond(GeneralRadio
beat frequencyosciiiator). Againtherewasa currentflowingafter the

appliedcurrentwasstopped,whichvariedin signandmagnitude. The
maximumeffectusingthe alternatingcurrentappearedto havea peak
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valueat about 200cyclesper second,but definitelyexistedat as higha
frequencyas 12,000cyeles. The effeetwas1 X10-' mittiamperesand
grcaterbetweenthe oteotrodesofa conductivityceU(Waehburn,TypeA,
eleetrodesplatinized)indiluteeotutions,usinga 600-cycteappliedcurrent.

In experimentsoftypeseven,eitherAor Cwasa cireulareleetrode,and
théothereleetrodewasplacedat itsconter. If E. andE. werosomewhere
in betweentheseelectrodesa amalleffectwasobtained. If E. and E.
wereoutsidea largeeffectwasobtained,a eurrentof 1 mifliamporeor
more,the directionof whiehcan be reversedby rotatingthe ciroular
electrodethrough180". Theseresulta,withE. and E. outside,werenot
obtainedif the circutarelectrodewasa motatcyMnderthat contatnedno
eiectrolyticconnectionbotweentheso!utioninsideandthesolutionoutslde
of it. Onesmallelectrolytieconnection,1mm.in diameteror less,was
suScient.

The resultsof thèseiast experimentsare supptententaryevidencethat
an electrodeis polarizedby a eurrentpassingacrossthé interfacebut a
smallfractionof a second. Altematingthe ourrentdoesnotperiodicaUy
restorethe originalsituation,but increasesthesharpnessofthedifferentiat
polarisation. Unfortunately,the authorsare notableto reproducetheir
data quantitativelyon accountof the di6Bcu!tyof controûingall the
variables. Thereforethey do not foelthat the actual figuresneedbe
published. However,they can pointout a numberof the variablesand
their influenceon thé eurrent.

The apparatusand procedurebeingthe same(théourrentelectrodes
not interfering),the magnitudeof the oBect,as indicatedby theeurrent
in thé measuringinstruments,increaseswith thé Mowing:an increase
in theeurrentthroughthe coU,an inereaseof theresiatanceoftheelectro-
lyte,an increasein thératioofthe resistancesofthepossibleeurrentpaths,
an increasein the visoosityand decreaseof thedielectrieconstantof the
solvent,an increaseinsize,especiallythe length,of theelectrodesE. and
E. that are responsiblefor the effect;it alsoincreasesthe greaterthe
differencein potentialbetweenany twopointsonthepoiarizedelectrodes.
The effectdecreaseswith an increasein the resistanceof the measuring
instrument,anincreasein the température,andwithdrawaloftheexploring
electrodesinto side tubes out of the eurrentpath, as is possiblein thé
apparatusof figure1. Whenthe eurrentelectrodesarecapableofgiving
their effectalso,the effectis quito dependenton thé sizeand shapeof
theseelectrodes,but it is independentof thé rateofstirringofthédectro-
lyte upto thé limitofstirringwitha rod. Careisusedtomakesurethat
E. andE., ifstraightwires,arealwayspara!!ettoeachotherandperpondic-
ular to the centrallines of forcebetweenA and C, otherwisea double
effectwithoppositesignsmaybe observed. Twopositiveandtwonega-
tive currentshave beenobservedwithone periodof polarization.Thé
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depthof thésohttionin the ceitof figure2permitsourrentsto flowthat
are not detectablein the ceUshownin figure1. We are onlyable to
measuretheresultantcurrentineachcase,andnotevenit at Mamaximum

value,sincetheeffeotdeesysveryrapidlyat Ërst.

D!8CU88ION 0)P ME8CMa

In orderto explainaUof the phenomenathoymuâtbe treatedas being
madeup oftwoeffectsfirstly,an effectdueto thepotarizattonat the enda
of the exploringelectrodes,E. and E.; secondty,an effectdue to the
differentialpolarisationof eaoh of the ourrentelectrodesat different

pointson theiraurface. The currentmeasuredin the Ërstcaseia iltus-
trated in figure3as theresultantof fourcurrents,1,1', 2,and3 causedby
the polarisationofE. andE.. If nometallieconnectionismadebetween
E, and E,, thencurrents1,l', anda modifiedformof2 wiUdischargethe

polarization. Current2, in this case, wouldflowin both directions

throughthesolutionfromE. to E,. If thegalvanometerconnectathe two
electrodeswehavecurrents2 and 3. Current2 willnot be equal to 3
unles8the resistancesin the twocircuitsare thesame,andtheyobviousty
are not. Thisactionof the currentssets up a resultantcurrent in the

galvanometerin the directionindicatedby I. Experimentsof the first
andsecondtypewithoutexceptionbearout thismechanism.

Whenthe exploringélectrodesare protectedwhilethe currentpasses,
andonly theeffectsof thecurrentelectrodesareobtained,the pathof the
effectivecurrentis shownfor eachof the typicalcasesin figures4 and5.
In thecaseofthehorizontalelectrodesthe pointofmaximumpolarization
isat the endof thecurrentelectrodes. Ondischarge,the currentfollows
the path indicatedin figure5. In thecaseof the verticalelectrodesthe

point of maximumpolarizationis at the bottomof thé electrodes(1).
On dischargethe current followsthe path indicatedin figure4. The
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experimentsof the thirdand fourthtype withoutexceptionsubstantiate
theabovemechanism.

Theseexperimentaare of valuein that theydetnonstrateBornevery
simpleprinciplesinsystemswharetherebasbeena tendenoyto overlook i
their signiScaace.Thoy demonstrate(1) that a resultantcurrent ia

producedin a solutionbetweentwo shortedbatteriesdippinginto the
samesolution,if the etectricatlinesof forcearenot symmetricaland if
metatticconnectionis made betweenthe shortedbatteries;(2) that a

polarisedelectrodemuâtbe treated as a numberof spot electrodesof

widetyvarying polarizationpotentials,i.e., it is at least one shorted

battery;(3)that theuseofalternatingcurrentforpolarisingtheelectrodes

doesnot changethesituation,probablybeeausethe currentin the two
directionscrossesthéelectrodeinterfaceatdifferentpoints;and(4)thatthe

polarizationpotentialof an electrodemeasuredin anyof thé usualways
givessomesortofa weightedaverageofallof thepolarizationpotentials.

8UMMARY

Currentsin an electrolyticsotutionthat areproducedby the presence
ofpolarizedelectrodeshavebeondiscussed.Theimportanceofconsider-

ing them when dealingwith electrolyticphenomenabas been pointed
out.
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Collenberg(1)determinedthe oxidation-reductionpotentialsofmolyb-
docyanideandmolybdicyanidesolutions.Hismeasurements,however,were
madeintheprésenceofpotassiumcHoride,theconcentrationofwMchwasnot
known. In thopreparationofhissotutionofpotassiummotybdicyanidean
excessof potassiumchloridewaa used to decomposeprecipitatedsilver

molybdicyanideinordertoformthesolublepotassiummolybdicyanideand
insotubtesilverehloride. His data do not a!towan extrapolationof the

potentialtoan ionicstrengthofzero. Forthisreasonwehavedetermined
theoxidation-reductionpotentialsat increasingdilutionsinorder to find
tho potentialat an ionicstrengthof zero. In additiontheeNectsof neu-
trat sattsonthépotentialwerestudied.

MATEBUM UBED

Po<<MSt«Mt)Mo!yM<)cy<OM~e

Thisproductwaspreparedaccordingto the methodof Otsson(5) and

recrystattizedthreetunesfromwaterbytheadditionofethylalcohol. The
watercontentof the air-driedproductwasdetenninedby heatingin the
electricovenat a temperatureof 105"C.forSvehours. Thelossinweight
fromtwosamplesgave1.993and2.006molesofwater,respectiveiy.Two
othersamptesweretitratedat the sameacidityas in the potentiometric
method describedbelow,with a permanganatesolutionstandardized

againstKahlbaum'ssodiumoxalate,and the resultsagreedwith the for-
mulaK4Mo(CN)e.2HtO~thm 0.5per cent. Erio-grÛnwasusedas an
indicatorin the permanganatetitration,sineethegotden.yeHowcolorof
the potassiummolybdicyanideformedmasksthepermanganateendpoint.
Thevolumeofpermanganateused to obtain theendpointwith erio-grun
wasfoundto be identicalwith that foundin thepotentiometricmethod.
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In figure1 the changeinpotentialisgivenin thepotentiomotrietitratlon
ofa mixtureof 100ml. of0.007molarmolybdocyanideand 2 ml.of con-
centratedsutfuricacid with 0.1 normalpermanganate,the saturated
calomelelectrodebeingusodas thereferetMeelectrode.

Aqueoussolutionsof potassiummolybdocyanideare relativelystable,
asshownbythe fact that the titerwasconstantforat leasttwodays. In
ourworkfreshsolutionswerepreparedeverysecondday.

t).ï.TLt5(t-!&9tMt

nL.ÛLtONK~
Fto.1.TitrationcurveforK<M.(CN),

Po<<MStMMMM~MM~aa!~

Solutionsof potassiummolybdocyanide,acidifiedwith sutfuricacid,
wereoxidizedwith potassiumpermanganateuntila pinkcolorpersisted.
Anexcessof silvernitratewasthenaddedto precipitatesitvermolybdi-
cyanide. Theprecipitatewasfilteredoffona Buchnerfunnelandwashed
until no test for the silverionwasobtainedht the washings. Themoist
silvermolybdicyanidewassuspendedm waterandshakenwithsomewhat
tessthan theequivalentquantityofpotassiumchloride,leavingsomesUver
molybdicyanideundecomposed.Thefilteredsolutionwasusedasastock
solution,its concentrationbeingdetemined by etectrometrictitration
witha standardsolutionofpotassiumforrocyanide.
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Fieser(2) usedthesameprocedureforthédetermination,butdoesnot
statethe oondftioMforthé titration. Wefoundgoodresultainneutralor
weaklyalkalinemedium,but no distinct jump WMobscrvedin acid
médium. ThisiseasUyexplainedby thetact that théoxidationpotentat
of the ferrocyanide-ferricyanidesystemincreaaesmuohmorewith in-
creasinghydrogen-ionconcentrationthan that of thé molybdocyanide-
molybdioyanidesystem. Figure2 showsthe changeof potentialin thé

titrationof 100ml.of 0.016molarmolybdicyanidewithpotassiumferro-

cyanidein theprésenceof1ml.ofconeentratedsutfuncacidandinneutral
médium.

Solutionsof potassiummotybdioyanidewerefoundto be extremely
sensitiveto light. A 0.016molarso!utionanalyzedin the darkand then

placedin the windowin directsunlightwasfoundto changein titerby22

percent in twobouts. Solutionskeptin thedarkehangedapproximately

.w..

TABLE1
Decfeawin «fetttf<A<~pe<<M<t<«!tmolybdicyanidein pefcento~<e!'M'~days

ACIDMLC'nMm MMttMt.Mt.BTMKB MBtOMt-ttTtOKt

DMhmetMtt Dork DMuMtxht D<t)c Ditr~ti~ht DartDiamlight Dark DIOU»Iight

1

Dark Dl9ueelight Dark

tC3 13 234 22 29.3 33
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1 per cent in six days. Hydtogenionahâvea at&biMzinginfluenceon
solutionsof potassiummolybdicyanide.The eSeotsof aoetioacid and
sodiumcarbonateonthe decompositionofpotassiummolybdicyanideare
shownm table 1. The light to whichthe solutionswereexposedwa«
diffusesunlightina northroomof the laboratory.

TABLE2

OM'<<<tMott-fe<fu<:Kottpc<en<to<<o/poftMtt'x'M'M~MccyetKde-po<OM<tmt)w<~<<<-
<y<t)t<(<esolutiomal?"0.

tt**nc
K~to(CN). K.Me(CN)t HOMeet Mt*t.<. ~T E J!

«Ot,TXBO
~p

Il

0.030120.02888 t.0430 0.4696 0.6M2 0.21660.791907908
0.0030t2O.OOZ8881.0430 0.0469:0.2t67 O.t8000.7M4 0.7663
0.0012060.0011651.0430 0.018MO.I~l 0.16970.746107460
0.0006020.0006771.0480 0.00938O.OM80.16880.7<t020.7391
O.OZ6960.02872 0.9390 0.44896O.emi 0.21310.789607911
0.006390.006740.9390 0.08974029M 0.18700.763407660
0.0026960.002S720.9890 O.C44880.2H9 0.17760.764007666
0.0010800.0011600.9390 0.01798O.tMt 0.16760.743907466
0.000640.0006740.9390 0.008980.0960 0.16160.787907396
0.0002700.0002870.9390 0.004490.06M 0.16770.7M1 0.7367
0.0001080.0001160.9390 0.001800.0424 0.16630.73170.7333
002112 0.030440.6940 0.482120.6674 0.204607809 07903
0.004220.0060880.6940 0.086220.3986 0.17860.76600~7644
0.002110.0030440.6940 0.043110.2076 0.16880.746207646
0.000840.0012180.6040 0.017260.1913 0.16860.7M9 07443
0.0004220.0006090.6940 0.008620.092860.16260.729007384
0.0002110.0003040.6940 0.004310.066660.14860.724907343

<trefersto thepotentialofan equimolecularMtut!onofmolybdocyanideand
molybdicyanideoatcutatedfromthefiguresincolumne3and7.

B<a.is theB.M.F.asmeasuredagainstthequinhydroneelectrodein a solution
being0.01Ninhydrochtorioacidand0.09Ninpotassiumehtoridc.

B)t.x.)e.istheE.M.f.referredtothenormalhydrogenelectrodeMcalculatedfrom
~.H.(seeref.4).

EXPERIMENTAL PROCEDURE

Toa solutionofpotassiummolybdicyanide,preparedas describedabove,
wasadded a weighedquantityof potassiummolybdocyanide.The solu-
tionwas thenanalyzedfor molybdooyanideandmolybdicyanideby titra-
tion 'Withpotassiumpermanganateand potassiumferrocyanide,respec-
tively,a.ndusedas a stocksolutionfor thedilutionmeasurements. Ait
nasksand apparatusused to containthesolutionswerecoatedwithMack
tacquerand kept in thé dark. The measurementsweremadein a dark-
enedroom. For detausregardingtheexperimentaltechniquereferenceis
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madeto a previouspaper(3). Table2 givestheresulteofmoasuremonts
of variousdilutionsof threestocksolutionseontaiaingdifferentratiosof
rnolybdocyanideandmotybdioy&nide.By"Tot&t~t"ismeant thesumof
theioniostrengthsofmotybdooyanideandmolybdioyanide.

Thevaluesofeôfoundin table 2wereplottedagainstV~ onlargecross
sectionpaperandextrapolatedto determinethevalueofthenormalpoten-
tialat zéroionicstrength. Théextrapolatedvaluewasfoundto be0.7290
volt, referredto the normalhydrogenelectrode.The curve is shownin

Fm.3.Changeofnormatpotential<,withiooreasingionioatfengthp. a <=expert
mentaldata(table2);b calculatedvalues

figure3. Thestraightlinein the figurerepresentsthe valuesof<, caku-
latedonthébasisofthelimitingDebye-Hûcketequation:

e~~M = <.+ 0.0591log ~–CMoC)),––J<

whoreeo 0.7360volt,and and are theactivitycoefficientsof the

molybdicyanideandmolybdocyanide,respectively.
Since refersto the valuefor equimoleoularconcentrationsofmolyb-
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docyanidoandmolybdioyanide,theHthécalculatedvalueof is

=<.+0.059Hog~tô eo-j-0.059
T" fi

in whioh,accotdiogto the ttmitiogDebye-HQoke!expression,
!og

=

3.5V~.

TABLES3

<!t<<<<M<~M~'OtMe/MO~&<w.~6(KcyotHdM<mtheprM<MM<~WWO)M
e!<e<Mt~M

1 ~r
1

_KO! Hd

0.01 01366 0.4008 0.0104 0.1380 o ??
0.025 0.1839 0.6095 O.OEB2 0.!M66 06306
0.06 0.2421 0.7322 O.tO O.SiSS 0777C
0.1 0.3296 0.9H8
0.25 0.6080 1.1960
0.5 O.'iri32 1.4373

NaCt Nn,c)

0.01 0.181? 0.3756 0.0107 0.1343 04136
0.025 0.1797 0.6166 0.0269 0.1MO 06813
010 0.3278 0.8288 0.1076 0.3390 09237
OS 0.7123 1.8264 0.6374 0.7448 1.4626

_L'C' CaCtt

0.01 0.1317 0.3813 0.01 0.1317 0.6100
0.025 0.1797 0.6086 0.026 0.1797 0.8060
Ot 0.3276 0.3086 0.1 0.3376 11322
0.26 0.6073 1.0M3 0.5 0.7123 1.6340

SrCt, B.C),

0.01 0.1317 0.6186 0.01 0.1317 0.6610
0.026 0.1797 0.8390 0.026 0.1797 0.8813
d 0.3276 1.1814 0.1 0.3276 1 2203
OS 0~23 1.6814 0.6 0.7123 1.7086

Theeffectsof varioussattsandof hydmcMoncacidonthepotentialof
dilutesolutionsof molybdocyanide-molybdicyanideare shownin table3.
InsteadofreportingthemeasuredvaluesoftheE.M.f.,the figuresaregiven



OXn~TMNKMËNTïAL Z63

for
!og

catculatedfromtheéquation

<.+0.059 tog~
CM~-–;<

whereE is the measuredpotentialreferredto thenonnathydrogenelec-
trode and <.ia thé potentia!at in6nttedilution(0.7260volt). For the
saké of brevtty the compositionof the very dilute mo!ybdocyanide-
molybdioyanidesolutionis omitted. Since thèseBolutionawere not

v

Ft<t.4.Ratioofactivitycoefficientsasa functionofionicatrengthe.a c*BCI;
b LiCt;e mNaCt;d ° KCtandNH<C!;e = CaC),;f ° SrC),;{:'=.BaCI.;
h oaloulatedvalues.

stable,freshsolutionshadto be preparedfor eachset ofmeasurements.

representsthesquarerootof the total ionicstrengthof themixtures,
whereas désignâtestheionicstrengthoftheaddedsalts.

The valuesof log are foundplottedagainst-Tt ta figure4. The
J<

straightlinein figure4 representsthé theoreticalvaluesoftog~ calculated
J<

onthebasisof the limitingDebye-Hûcketequation.
The effectof variousanionson the potentialof a dilutesolutionof
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motybdocyanide-motybdicyanidewasinvestigated,usingpotassiumchio.
ride, potassiumbromide,andpotassiumnitrateat a concentrationof 0.26
molar,respectivety,in the mixtures. Thevaluesof inthepresenceof
thé thteesaitswereca!ou!atedfromthemeasuredE.M.F.sadescribedabove,
and gave0.7965,0.7957,and 0.7950volts,respectivoly.Thèseresulta
are in accordancewith the resultsobtainedin solutionsof ferrooyanide-
ferricyanidc,thevariousunivalentanionshavingvirtuallythe sameefFeot
on the potential.

An attemptwasmadeto determinetheeffectof sodiumhydroxideon
the potential of dilute solutionsof molybdocyanide-molybdioyanide.
Two solutionsweremeasured,onecontaining0.01molarand the other
0.1 molarsodiumhydroxide. Thesolutionswereexceedinglyunstable
and no constantreadingsoouldbe obtained. Thé potentialsdecreased
veryrapidly,but initialreadingsagreedwiththevaluesforeoobtainedwith
hydrochlorieacid.

DISCUBBION 0!' THE ttEBUMS

The oxidation-reduotionpotentialof the molybdocyanide-molybdi-
cyanidesystem,startingat an ionicstrengthof zéro,changeswith in-
creasingionicstrengthmarkedlydifferentfromthat of the ferrocyanide-
ferricyanidesystem(3). In thelattercaseitwasfoundthat up toan ionic
strengthof 0.04,thenormalpotentialwaagreaterthan that calculatedon
the basisofthe limitingDebye-Hucketexpression.Withmolybdocyanide-
molybdicyanide,however,the experimentalvalueswerelowerthan the
calculatedonesat all ionicstrengths. Thisbehaviorisnormalin dealing
witha system,the potential-determiningionsofwhichare ofsucha high
valencetype. On the otherhand,it shouldbe stated that evenat the
greatestdilutionstheslopeoftheexperimentalcurveisdecidediylessthan
that of the line calculatedon the basis of the limitingDebye-Hûokol
expression. Forthisreasonnoattemptbasbeenmadetocalculateaverage
ionicsizesusingthé moreextensiveDebye-Hucke!equation.

Aswasto beexpected,neutralsaltswerefoundtoincreasetheoxidation-
reductionpotentialof dilutemolybdocyanide-molybdicyanidesolutions
to a very largeextent. With the univalentcationsthe effectdecreases
in the orderK+ = NH<+> Na+> Li+> H+. In aUthee casesthe

valuesof log calculatedfromtheexperimentaldataweretessthan those

derivedfromthe simpleDebye-Huckeiexpression.In the caseof ferro-
cyanide-ferricyanide,however,the experimentalSguresat lowerionie
strengthswere less than the ones calculatedfrom the Debye-HOcket
equation.

The divalentcationsaits, at the sameionicstrengths,have a mueh
greatereffect,the latter decrcasiagwithdecreasingionicaize:Ba+~ >
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Sr++> Ca++. At lowerionieatrengthBthe experhMentatfiguresfor log

werefoundto be greaterthan thoseeatcutatedonthebuis ofthesimple

Debye-HtcMexpression.Hydrogenionshâvean effectsimilarto that
ofotherunivalentcations,theformerbeingcomparableto thé Uthiumion.
Fromthisbehavioronemayinferthat bothmo!ybdoeyanioaad molybdi-
cyanieaeidsbehaveasstrongeteetrotytes. Inthisrespectmolybdooyanic
aoidfaentirelydi9erentfromferrooyantcacid,sinceit haebeenfoundthat
the fourth iontzationconstantof the latter iBequalto 6.6 X 10'" (4).
Thisexplainswhy theoxidation-reductionpotentialof the ferrocy&nide-
ferricyanidesystemincreaaesmuch more with tneroasinghydrogen-ion
concentrationthan thatof thémolybdocyanide-molybdicyanideeystem.

8UMMARY

1. Thenormalpotentialof themolybdocyanide-molybdicyanidesystem
wasextrapolatedto an ionicstrengthofzeroandfoundto be0.7260volt
at~C.

2. Theeffectof variouaeaKeupontheoxidation-reduetionpotentialat
variousioniestrengthsbas been determined. Theunivalentanionsin-

vestigatedhavethesameeffectat correspondingioniostrengths.
3. At thesameionicstrengthsdivalentcationsexerta greatereffectthan

univalentcations,theeffectdecreasingwithdecreasingsizeoftheion.
4. Fromthe effectofhydrogenionsuponthepotential,it is conoiuded

thatmolybdocyanicacidiBa strongelectrolyte.
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THE ACTION0F POTASSIUMn.AMYLXANTHATEON
CHALCOCITE
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In the flotationconcentrationofores,water-sotubtesubstancessuchas

xanthates,generallytermed collectingagents,are used to prepare the
surfaceof the mineraisto be ftoatedso that attachmentwilltake place
betweenair bubblesand the minera!partictes. Verysmallquantitiesof
xanthates(oftheorderof 0.05lb. per ton ofore)are foundentirelyade-
quateto impartto thé minera!particlesa surfaceat whichair willdiaptace
watertosuchanextentthat efficientflotationispossible. At the present
timethe natureof the mechanismof this actionis for the mostpart an
unsettledmatter.

In previouswork with potassiumn-amylxanthateand chalcocite,
Dewey(1, 3) found that cuprousxanthateand severa!other organic
coppercompoundscouldbo leachedfromthesurfaceofchalcocitewhich
had beentreatedwith potassiumK-amytxanthateundervariouscondi-
tions. Heexplainedtheformationoftheorganiccoppercompoundsother
thancuprousxanthateby "decomposition"and"association"hypotheses.
In long-timegrindingtests of potassiumt~my) xanthateand chalcocite

nothingcouldbe leachedfromthe minera!. No effortwasmadeto find
the causeof this phenomenonand its relationto other resulta. Dewey
alsomadeexperimentswhichindicatedthat oxygenis necessaryfor the
reactionbetweenxanthateand chalcocite,andunnecessaryif dixanthogen
issubstitutedfor thé potassiumxanthate. In Dewey'sworkas a whole,
theexperimentalvariables,timeofgrind,timeofxanthatetreatment,and
amountofxanthate,had valuesfar abovethoseencounteredin flotation

practice. Alsothedesirabitityofworkingoutandapplyinga quantitative
techniqueto thédeterminationof thereaction-productsofamylxanthate
andchalcocitewasstronglyindicated.

In the presentinvestigationthe primaryaim has been to establisha
soundexperimentalbasis for the explanationof the mechanismof the

collectingactionofxanthatesonchalcocite.For thexanthatetreatment
of chalcocitean experimentaltechniquehas beenused whichallows

rea8onablycloselaboratory reproductionof actual flotationoperation
procedureandconditions,andat theaametimemakespossibleanaccurate
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accountingofall the reactionproducts. Theinnuenceofseveratexperl-
mentalvariableson the reactionproduetrelationshipiswasfound,and the
resultswerecorrelatedwith the ftotativepropertiosof the mineral. A

groupof testswas conductedto aseertainwhetherouprousxanthateis
adsorbedfrombenzenesolutionbyohatcocite.Forcomparativepurposes
afewoftheexperimentsworerepeatedusingtheoxidizedmineraima!achite
iusteadof chalcocite.

EXPEBtMtiNTAL

Afatena~

Chalcocite(CuiS)wasobtainedfroma coarse,relativelypureKennecott

jigconcentratebyconsécutivehandpicking,crushing,tableconcentration,
Bizhig(-28 +M mesh),then finallychemicalcleaningwith 1: hydro.
chloricacid,thenconcentratedaquaammonia. This"cteanedchalcocite"
was found to be quite pure, containingminute quantitiesof bornité
(Cu4Fe8t),chalcopyrite(CuFe%),andsomewhatmorecovellite(CuS). A
smaUbatchof"cleanedchalcocite"wasmeltedina crucible,erushed,and
sized(-38 +65 mesh)to givea productsuttabteforuse. ThisartiSciat
chalcocitehasbeentermed"furnacechalcocite."

Potassiumn-amylxanthatewaspreparedfromK*amylalcohol(8harp!es
SolventsCorporation),carbondisut&de,andpotassiumhydroxide. Thé
crudepreparationwaspurifiedbyrecrystaUizationfroman acetone-ether

mixture,followedby a thoroughwashingwith ether. Preparedin this

waythe xanthateis verysMghtiyyeUowishin color,practicallyodorless,
and veryvotuminous. lodometrictitrationofan aqueoussolutionshowed
thepurity tobe99.5percent.

Cuprousn-amylxanthate waspreparedfrompotassiumxanthateand

cupricchloridein wateror alcoholicsolutionaccordingto the following
reaction:

4KX + SCuCt, Cu~X,+ 4KCt+ X,

(In this and otherequationsin thispaper,X is usedto denotetheamyl
xanthateradieal,–80(8)00~) It wasfoundthat the puresubstance
couldbe preparedby washingthe yellowprecipitatevery carefullywith
alcoholand ether to removethe dixanthogen(X<,alsoknownas amyl
thioformatedisulfide)atsoformedby thereaction. ThecuprousM-amyt
xanthatepreparedin this wayappearednon-crystaMine,evenunderthe

microscope,but it was found that verysmallyellowprismaticorystab
couldbecrystallisedfrompyridine.

Ccnera!experimentalprocedure

Theprocedureusedmaybesummarizedas follows:(/) A200-g.charge
of chalcocitewasgroundin a 500-g.capacityAbbéporcelainpebblemill
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) tf nf nnhhtna~uftth'N)n~nnf~))<.t<H~t~t~- /Th~~t.. –––t-(4000g. ofpebbles)with200ce.ofdistilledwater. (Théemptyspacein
millwasabout31.,containingabout86miHiequivaientsofoxygenat 616
mm.and 20"C.) ?) The pulp from(ï), after dilutionto 400-450ce.,
wasagitated with an accuratetyweighedamountof potassiumn-amyl
xanthate in a elosed2.6- relent bottle. (à) The treated pulp waa
filteredand thé mineraiwashedwithwateron a Buchnerfunnel,diluting
the filtrateto 500ce. for anatysis. (4) The mineraiwasleachedwith
acetone,ether,andwarrnbenzène,in théordernamed. (6) Théaqueous
filtrateand the leachproductswereanalyzed.

AnalyticalMe<Aods

Theaqueousfiltratefromthétreatmentof the chatcocitewithxanthate
waaanalyzediodometricaUyforreducingionsandexcessxanthateby the

procedureof Taylorand Knoll(11). ïn someof the experimentstitra-
tionswith 0.02N hydrochloricacid weremade to determinethe total
hydroxideplus carbonate. The total potassiumin solutionin several
experimentswaa determinedas potassiumsulfate (12). Sulfate was
determinedby précipitationasbariumsulfate(9).

Ascuprousxanthatewasfound (as describedlater)to be the major
ieaehproduct,an iodometricmethodwasdevelopedforitsdetermination
inbenzènesotution,utilizingthefollowingreaction:

Cu,X,+ a CuJt + X)

It wasfoundthat an accuratedeterminationcan be madeon a 26-cc.
aliquotportionofa benzeneleachsolutioncontainingouprousxanthateby
titrationwith a 0.005 Nsolutionof iodinein benzene,usinga spécial
technique. As the reactionis too slowto be practicabteat ordinary
temperatures,the titrationsmuetbe madenear theboilingpointof ben-
zene,aUowing1-2 minute intervalswith ocoasionatshakingbetween
5-,2-,or 1-cc.additionsof todinesolution,the amountof iodinoadded
dependingupon théproximityto the endpointas judgedby experience.
Tïtratingin this manner,the pink colorof excessiodinebecomesvery
noticeablewith an excessof 0.6-1.0ce. of 0.005N iodine. Thissmall
excessmaybequiteaccuratelymeasuredbycolormatchingofthesolution
afterremovalof thecuprousiodideby filtration. Apparentlytheabove
reactiontakes placein morethan onestep, as a darkbrownsolutionis
fonnedonfirstadditionof the iodine,andnoprecipitateofcuprousiodide
isfonneduntil laterstagesin thé titration.

BEACTtON PRODUCTSFOUND WITH THE CHALCOCITE

LeacAa~ p)'od«<!<<

Dewey(1, 3),in hispreviousworkon the reactionsofpotassiumxan-
tbateandchalcocite,wasableto leachfromthe treatedmineraiaseriesof
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aiv a~thst~~n~oa ~a~~<y ftiftat~M~ cnt~t~t!~ ~M~t*ttno ÏM *t.~ ~wt~n~~t ~r~~sixsubstanceshavingdînèrentsolubilityproperties. In the presentwork,
withexperimentalconditionsmaintainedas ctoxelyas possiblewithinthe
lhaits of practicalflotationoperation,onlytwosubstanceswereleached
fromohalcocitetreatedwith xanthate,as describedin the following:(1)
cuprousM-amylxanthate,a yellowsubstanceinsolublein ether,slightly
solubleinacetone,andfairlysolubleinbenzene,forminga yellowsolution
and (%)a redsubstance,solublein acétone,ether,and benzene,forming
orangeto redsolutionsdependingon the concentration.Thissubstance
wasdesignatedas "ether-soluble"to distinguishit fromcuprousxanthate.

Attemptsweremadetosynthesizethe"ether-soluble"compouadinseveral

waysfromxanthateand monothiocarbonate,but no substancewith thé
samesolubilitypropertieswasobtained.

In all experimentsit was foundthat the majorportionof the leach

productsconsistedofeuprousxanthate. From100to 1500ce.ofbenzène
wererequiredfor removalof the cuprousxanthatefrom the mineml,
dependinguponthe amountpresent. As cuprousxanthate,even in an

extremelyweaksolution,impartsa yellowcolorto benzène,the leaching
wascontinueduntil the extractwascotortess.Theendpoint wasquite
definite,and little washingwasrequiredto finishthe operationafter the
bulkofthecuprousxanthatehadbeenremoved.

Theacetoneleach,containinga littlecuprousxanthateand perhapsa

largepart of the "ether-soluble,"wasevaporated(usinga fan), and the
"ether-sotuble"and the cuprousxanthate in the residueseparatedby
meansofether. The "ether-soluble"wascombinedwiththe mainether
leachsolution,evaporated,and the residuetakenup with benzenefor
iodometrictitration by the methodusedfor thecuprousxanthate. The

cuprousxanthateseparatedfromthe acetoneextractwascombinedwith
the bulkof the cuprousxanthatefor determinationof the total cuprous
xanthate.

Film<!<m~tera~surfaceunleachable6~<!ee<OM,ether,and&eM<:etM

Usingthe leachingagents,acetone,ether,and benzene,a considerable

portionof the xanthate abstractedby the chalcooitefrom an aqueous
potassiumamyt xanthatesolutionremainedwith the mineraiin an un-
leachablestate. Thisunleachablefilmdecomposed,produoinga pleasant
ester-likeodor,whenthe treated mineraiwasaUowedto stand fora few

daysina loo8elystopperedbottle. Onagitationwithwaterofthe treated
chalcocitewhichhad developedthé characteristicodor, an appreciable
frothingwas noted, indicatingthe presenceof a solublesurface-active
organiccompound.

It wasfoundthat byheatingthe xanthate-treatedandleachedchalco.
citeto about220"C.ina distillationapparatussuitableforthe distillation
of very smallquantities,a colorless,pleasant-smellingliquidcouldbe
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distilledoff. Potassiumamyl xanthate and othorxanthatederivatives
gavethe samedistillationproductwhenheatedin the présenceof finely
ground,untreatedchalcocite,whiehpresumablycontaineda littlemoisture
not removedbythe dryingaftergrinding. Thedistittatewasnota sulfur

compound. Therefractiveindexand bollingpointcheckedthoseofamyl
alcoholquitoctosoty.

Attemptsweremadeto removethe unleachablefilmwithmostof the
commonlaboratoryreactantsand solvents,anda fewratheruncommon
ones. Exceptforpyridine,aUtheagentstriedmetwithnosuccess. The

pyridineextractof xanthate-treatedand leached(acetone,ether, and

bonzene)chalcocitewas yellow. Evaporationof the yellowpyridine
solutionshowedthé substanceremovedto be cuprousxanthate. Thus,
theunleachablefilmappearsto be cuprousxanthateso intimatelyasso-
ciatedwiththe chalcocitethat a chemicaMyactiveagentis necessaryto
breakit away.

THE EFFECT OF QUANTITY OF XANTHATE

TheeffectofquantityofM~<t<eonp)'o<<«c<a<~<e<!<MCK<

A sériesof expérimentawas madeusing the experimentalprocedure
previouslydcscribedto 6nd the effectofquantityof xanthateaddedon
the produetsof the action of potassiumn-amylxanthateon chalcocite.
Thégrindingtimeand xanthate treatmenttimein thisserieswerekept
constantat onehour and at fifteenminutes,reepeetiveiy.Resultsare

givenintable1,andgraphicallyrepresentedinfigures1and2.
In this groupof experimentsthe "ether-soluble"leachproductwas

quitesmaUinquantityin comparisonwiththé cuprousxanthate,having
from 1 to 4 per cent of the iodineequivalentof the cuprousxanthate
leached. Enoughofthe red "ether-soluble"substanceforan analysiswas
not obtained. Sincethe amountwassosmaU,it wasincludedwith the

cuprousxanthatein thé tableof résulta. Asa matterof fact, in mostof
the tests onlythe total amountwasdeterminedby titrationof the com-
binedleachproduets,as the verysmallquantityof "ether-soiubte"mate-
rialwasnotobservedand differentiatedfromcuprousxanthateuntilsome
ofthe testswithlargerquantitiesofxanthatehadbeenconducted.

Twoexperimentsweremadeusing"furnacechalcocite"in placeof the
"cleanedchalcocite." Undertikeconditionsthe proportionof products
wasroughlythésameas for thé unmeltedminerat. Thelittle différence
was probablydue to thé differencein grindingpropertiesbctweenthe
natural and artificialcoppersul6des. These two experimentsshowed
that porosityor someother propertypeculiarto the chemicattycleaned
mineraiwasnotan importantdeterminativefactorintheresults.

ln thisseriesot tests it isseenthat thexanthateaddedmaybeaccounted
for as excessxanthate in solution,leachablecompounds(practicallyall
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0.26 0.007 0.26 O.Z4

0.60 O.OS8 0.60 0.44

1.10 0.46 O.Ot t.09 0.63
1.61 0.8Ï O.Ot 1.CO O.T9
2.67 1.80 O.OZ !66 0.86
2.66 t.66 0.02 2.M 1.00 2.12 0.20 2.34
4.21 2.86 0.02 4.19 1.33
4.21 2.80 0.02 4.19 1.39
0.31 4.64 0.09 6.22 1.68 6.60 6.31
8.56 6.00 0.96 7.60 1.60 6.36 8.31

10.64 6.62 2.42 8.22 1.70 7.13 10.M
12.90 7.02 4.19 8.71 1.69 8.00 0.30 12.671 12.73

TABLE 1

The e~<<'<o/ 9t<o<t«<~o/ «tomate addedon theMoeh'oaproduct.

200 g. of cleaned chateocitc, l-hour grind ln <i0(t.g.pebble mill with 4000g. of

pebbles, conditioned 16 minutes on meohanioa)ro)h in 8.6-L bottte with O.C). of

water and potassium n-amyl xanthate ae indicated. Amounts expressed as tnitM*

cqutvtttent~ per 2COg. of pha!coc!tc. The BymbotX ie UBcdfor thé xanthate radical.

Obtained by difference.

t tnchding reduoingiona, (S)n0.)' In moet of the teata the reducingiona were

negligible, mereMittg with xanthate added to a maximum ot 0.08mittiequivaient
for t2.M milliequivalents of xanthate added.

~)–––!–––)–––)–––––––.–––.–––.

Fto.1. Theeffectof quantityofxanthateaddedon the reactionproducts
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ouprousxanthate), and unleachablexanthate,the proportioMof these
threebeingdependenton the quantityofxanthateadded. Theunleach.
ableportiontends to approacha maximumwith inereasingamountof
xanthateadded.

AUthe potassiumof the collectorremainsin solution,andhydroxide,
carbonate,andsulfateare thrownintosoiutionto makea totalequlvalent
to the xanthatetaken out ofsolution,withinthe ttmiiBof expérimenta!
error. Under the conditionsof these tests, reducingion9(8m0.)-
thrownintoBolutionwerepracticallynegligible,innoexperimentamount-
ingto over0.08nuHiequivatentper200g.ofchalcocite.

t ~)~~)tt~)<~

Fto.2.Thee<fectofquantityofxanthateaddedontheunleachabloxanthate
onthechalcocite

Flotationtests weremadeonleachedandunleachedtreatedchalcocite.
Thesetestsweremadein a 50-g.celluloidcellwithno furtheradditionof
reagent,either frotheror collector. Theyshowedthat the removalof
leachableproductshad no appreciableeffecton the noatabi!ityof the
xanthate-treatedmineral;95to 100percentrecoverycouldbeobtainedin
all the testsbut that involvingthesmallestamountof xanthate. In the
teststnvotvinglargeramountsofxanthatethefrothwaaverydryandthe
chalcociteseemedto float verypeculiarly,moreas a "dust" than as a
mineralisedfroth. lu the tests in whichthe maximumunleachable

quantitywas closelyapproached,the mineraifloatedimmedlatelyupon
additionto themachineasanapparentlydrymaBSwhichcouldbeliterally
blownout of the machine. Gaudinand Malozemoff(4) observedthis
phenomenonof an extremelydry frothwithboth galenaandchalcocite
undercertainconditions. This conditionmightcorrespondto an air-
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t.M.OfX~XTHATtfBttTONOf

tKtU)!q'nY*MS)mK)tXA!nX*T<!

BtCOtttM
ca*Moc<TB fm~)Oo.oF<;<t*«!ecttt MaettKT

t6.minute grind

0.00 O.CO 13

0.025 0.013 31

0.14 0.07 M

0.28 0.14 ?
0.41 0.20 M

1-hourgrind

0.00 0.00 7
0005 0.0025 10
0.066 002? 31
0.11 0.063 41
0.16 0.08 54
0.21 0.10 66
O.M 0.12 70
0.39 0.20 75
0.61 0.26 M

solution-mineraicontactanglein theneighborhoodof90*,the resultper-
haps of a complète6!mîngonthé minorâtparticlesby the unieachaHe
xanthate.

Thet~cd <tfquantityofMM<A«<<'OK~o<o<t0?trecovery

Flotationtests on 40-g.samplesof groundchalcooiteweremadein a

50-g.capacitycetlutoid"Universityof Utah" cellwith the additionof

terpineol,0.05 lb. per ton, and varyingamountaof potassiuma-amyi
xanthate. The chalcocitewasgroundin 20~-g.batchesaccordingto the

TABLE2
The~ectf~~M«tth'<y< M0<~o<<addedMtheflotationrecovery

40-g.Bampteafloatedin 60-g.oelluloidcellwithterpineot,0.06Ib.perton,for
&-8minutesafter2minuteseonditioninf:withamountofpotMatumtt-amylxanthate
as indicated.

procedurepreviouslydescribed,flotationdata beingobtained for two

grindingtimes,fifteenminutesandoneTiour,respecttvety. Mohrpipettes
wereusedto add a standardxanthatesolutiondirectlyto the pulp inthé
cell. Twominutesafter the xanthatecollectoradditionthe frotherwas
addedandthefrothrakedofffor6 to8minutes. Concentratesandtailings
wereweighedand the recoveriescalculated. Resultsare givenin table2

andgraphicallyrepresentedinfigure3.
Fromthe data for the chalcocitegroundforonehour it is seenthat

0.26mi!Uequiva!entofpotassiumn-amylxanthateper200g. ofchatcocite
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is suSoientforsubstantialaotation. Fromtable1 it is seenthat if this
amountof xanthatets addedto 200g. ofohalaooitegroundforonehour,
praetieaUyall of the x&nthateabstractedby the mineraiisuaieMhaMe
Also,under theaeconditionsthe amountof udeachaMeprodueton the
mineraiia onlyabout one-seventhof the nxMdjmumpossibtounleachable
amountfor the quantity of miner&tand time of grind in question,as
indicatedby theourveoffigure2. If thisunleachableentitycorresponds
to a monomoiecutarfilm(as willbeshownhereafter),it can thuabesaid
that onlya fraotionof a monomoiecutar6!mianecessaryforflotationof a
partide. Compariaonofthédata forthé twotimesofgrindcon&msthis
tineof reasoningby showingthat the quantityofxanthaterequiredfor a

FIa.8.Theeffectofquantityofxanthateontheflotationreeovery

givenflotationreooveryis dependentuponthé Snenessof grinding,and
therefore,onthearea ofminoraisurface.

The froth dryness-contactangle analogypreviouslysuggestedgives
weightto the ideaof onlya partialmonomolecularfilmwitha surfaceof
relativelylowcontact anglebeingnecessaryfor high flotationrecovery.
To use another tenninotogy,thé mineraipartielesdo not have to be
treatedto the maximumdegreeof non-wettaMtitybut onlyto a certain
fractionof that degree,the valueof that fractionbeingdependentupon
partiolesize,shape, and specifiegravity. Mathematicalcalculationsof
the theoreticalorder of magnitudeof the contact angleneeessaryfor
notationmadebyGaudin(2)ledto thé conclusionthat particlesareQoat.
ablewith contactangtesunder 10";whereasWarkand Cox(13)experi-
mentallyfoundthe maximumcontactangleof mineraisin contactwith
amylxanthatesolutiontobeofthe orderof90".

MB JOOMtAL <? fMMtCAt. Ctm<ttBt. tôt.. M. Mo. 2
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THE EfFECT Of T!M'6 OP XANTHATE TREATMBNT

Severalexperimentsweremadevaryingthetimeoftreatmentwithpotas-
sium n-amylxanthate. The time of grindwasone hourin ail of this

groupof experiments.ResuttsMegivenintaMoS.
In the experitnentsinvolvinglong-timeagitationwithxanthate,appre-

ciableamountaofthe "ether-sotuMe"substancein additionto the ouprous
xanthatewereobtainedby leaching. Thisredsubstancewasapparently
the sameas the "ether-soluble"!eaohproduotobservcdin previouswork
withfifteenminutestreatment;in long-timeagitationteststhis substance
was present in somewhatgreater quantities. It seemslikely that the

TABLE3
The<!y<c<«/timeo/zo~~ <reo<ntMt<on<A<fee<!<<c«p)'od)<c<<

Testsusinggeneralexperimentalprocedure,grindingfor1hour. Amountsex.
pressedinmilliequivaientsperZOOg.ofohaleoeite.ThesymbotXleusedforthe
xanthateradical.

KX ~.f Cu,X. MT~x- 'S*
'P.S'-

KX svrs or axtRAC79P TOTALX- AortrT AlmicXON C~ ~N~T~~ ~T~B.
~S~?S' ~T.X.

2.62 1 min. !.? 0.02 2.60 1.02 2.16
2.66 6 min. t.M 0.02 2.M l.M 2.12
2.66 Himin. t.M 0.02 2.M 1.00 2.12
2.68 24hta. O.M 0.02 2.66 0.28 t 1.63

10.70 1 min. 6.t3 4.00 6.70 l.t7 6.88
10.64 15min. 6.52 2.42 8.22 1.70 7.13
10.63 20hM. 1 7.75 0.16 10.48 0.30 t S.23

Obtainedbyditference.
t Theformulaofthe"ether-soluble"produetMunknown,henoethereMnobaais

fora calculationof the unleachablequantitywhenanappreoiaMequantityof
"ether-soluble"isfound.

"ether-sotubte"materialis a reactionproduct,possiblycontainingthe
monothiocarbonateradical,formedstowlyin long-timetreatment from

cuprousxanthate,freehydroxide,andchalcocite,as suggestedby Dewey
in his "decomposition"and "association"hypotheses. Oxygenmayalso
enter the reaction.

Evident)ythereactionstoproducethe unleachablefilmandthe cuprous
xanthate occurimmediatelyonmixingthe reagentwith thepulp. How-

ever, fromthe resultswiththé largerquantityofxanthateit seemsthat
thecuprousxanthateformationslowsupas morecuprousxanthatecoating
isproducedontheminera!,probablyowingtodifficultyofdiffusionoffree
xanthateionsthroughtheeoatingtoreactwiththemineral.
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RELATIONOP EFfECTtVB MINERALaUBFAOBARBATO PttO&UCH)

i!0"CC<f~lime<~grinding
A series of expérimenta was made to dotermine thé effect of time of

grinding on the reaction-product re!ation8hips. The usual experimental

TABLE 4

TA<~<c<<!ftime of j~nxMnpon theM<M«<Mt)M-odMC<<

Tests using générât experimental proceduM, treating with 6.4 miUtequivatentw
of potamium n-amyl xantbate for la minutes. AmountsexpMMedse milliequiva-
iente per 200g. of ehateocite. The symbot X :e oaedfor the xanthate radical.

Obtainedby difference.
t Theamallquantityof "ether-Boluble"in thisrundid notiusMfyits Mparate

determination,and it wasaddedto théouprMMxanthateeetutionbeforetitration.

MMV~<M'&<nt/

FJo.4. Theetfcctof timeofgnndingonthereaotionproducts

procedurewasused,the quantity ofxanth&tebeingkept consta.ntat 5.4

milliequivalentsandthe xanthate treatmenttimebeingkept constantat
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fifteenminutes. Experimentalresultsaregivonin table4and plottedin
figure4.

ïn thelongergrindingtestsaconsidérablevacuumwasnotedonopening
the pebblemiM,indieatingreactionof oxygenwith the mineralduring
grinding. InereasingdiScutty in filtrationof the treatedpulp waaen-
counteredwith inoreasingfinenesaof grinding. Silicatein tho ground
pulp,wornoffthepebbles,increasedtoabout10to16percentofthéweight
of theminera!forthe longestgrindingtime.

Thédata fromtheseruns showthat the unloachableportiondeSniteIy
increaseswith increasein surfaceof the mineraiparticleswith longer
grinding,and in longgrinds approachesthe total amountof xanthate

The accuraoy of the average aize figuresfrom sedimentation analysis ie prob-
ably of the order of 10 per cent. The figuresare calculated Maumtng Stotcea' law

for spheresfalling inHquid; the irregularity in shape of ground minerai partioles
t!mtts the aocuracy of the method.

t Thie )8 M eatimate, as no further separation was made of the –7.6ft portion.
The figure iBpurposely low, to be on the safe side. The weight per cent of this

portion is so small that the soundneMof the estimate haa no great enect on the ao-

curacy of tho total surface figure.

t Ateumin~all particles to be cubes.

added. The titration figures on the filtrate ehow that the hydroxide

decreases, while the reducing ions (SjnO.)- increase with increase in

surface. Although no determinations were made, it is expected that the

sulfate in the filtrate also increases with inerease in time of grinding.
i

E~MMt<t<Mt<Atc&KeMof unleachable film

As the phenomena associated with the formation and presence of the

unicachable entity on the minera! surface seemed to be indicative of an

irreversible adsorption, it seemed desirable to make a quantitative com-

parison of the extent of minerai surface and the maximum amount of un-

leachable attainable with that surface. The minerat whieh had been

stututug, ttuu ut tuug snMUN ttppruaenes Mte Mttu amount or xantttMe

TABLE 6

St'~eaM~yM'&o/dMKmM)aroundchalcocite

ft8088'I'Io.u..ClO*,'fBBOftm\O"LMtX AYMMOBNO)eftnno *?S* TBm~BtKMH.8118 AYERA06Bli.

B~t
PB. Uytl'C BUAp~ACBttUWACBt
M" 'e~AMt

mfemttt mterott tttt.'p«r~«m em.'twftom

-74(+200mesh) 80 140 0.6 0.7
-74,+37(-200,+40Un<Mh)CO 220 6.0 H
-37,+ te 2t* 620 M.4 1M
-t6,+7.5 10' noo 67.~ 637
-76 zf 6900 1.2 M

Tot&t. 100.0 8M

Theaccuraoyof theaverageeizefiguresftomsedimentationMtatysMisprob-
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groundin thépebblemülcontainedtoolargeà percentageofextremelyfiue
materialfor accuratesurfacetoeasurement;aceordinglyfor thisworkthe
minerai,aftergrinding,wascarefully"deslimed"by watersédimentation
inbuokets. Asampleof thedesiimodminéralwasthensizedbycombined
screeningand acétonesédimentation,and fromthe slzinganalysisthe
surfacewasestimated. Re8u!t6ofthiaoperationaregivenin table6. lu
otherworkwiththe determinationofsurfaceareabysizfag(5)it haabeen
ahownthat a correotioufactorshouldbeappliedto the theoreticalsurface
figureto correctforirregutarityin shapeofparticles,cracks,etc. Afactor
of 1.6was used,givingan actual surfacefigureof 1360cm.~per gram
(1.6X 899). Thefactorusedi8possiblyacourateto withiu10per cent;
andas the theoreticalsurfacefigureisestimatedto be accurateto about
10per cent, the accuracyof the actual surfacefiguremay bo roughly
15per cent(\/0.10" + 0.10"= 0.141).

Twosamplesof the sizedchalcoeitewereagitatedwitha largeexcessof
xanthate (2.6and 1.5miUiequivaientsper 160g., respectively)and the
productsdetermined,using the generalexperimentalprocedure. The
unleachablexanthatefigureswere0.16and0.13mimequivalentsper 160g.,
respectiveiy. Usingtheaveragefigure,0.14Smiiiiequivafent,

0.145X 10-' X 6.06X 10" ==8.8X 10"moiecutesofxanthateper150g.
ofchalcocite

1350X 150 = 2.02X 106cm.' of surfaceper 150g. of
chalcocite

Assuminga monomolecularfilm,

2.02X 10*
23 X 10-102 g 23 A U tho areaoceu iedh oneg'g
23 X 10-" Ctn.~= 23 A U. thé areaoccupiedby one8.8Xp

xanthategroup
p Y

Adamand MuMer(10),by twoindependentmethods,estimatedthe area

ofahyd)-ocarbonchaintobe20.6A.U.whichagréeswetiwiththe figureof
23A.U.'foundhere for the areaoccupiedby onexanthateradical. The
differencebetweenthese figuresis weUwithin the limitsof experimental
errorof the methodusedin thisworkfor the estimationof the surfaceof
the chalcocite. Alsothe polargroupof the xanthateradicalmay have
someeffectontheareawhichitoecupies.Thustheresultoftheealculation
justifiesthe assumptionof a monomolecularfilm,and it can besaid that
the maximumamountof unleachablexanthateattainableon a chalcocite
surfaceisequivalentto a completemonomolecularfilm.

ADSORPTION OF CCPNOU8 XANTHATB PROU BENZENE

Tests were run to determineif ouprousxanthate is adsorbedfrom
benzenesohttionby chalcocite. 200-g.samplesofchalcocitewereground
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in a pebblemillforonehourwith500oc.of benzenesolutionsofouprous
xanthateof variousconcentrations.Resultaof foursuchtests amgiven
tn table 6.

The chalcociteafter thesetestswasfoundto bequitefloatableinwater.
Noeuprousxanthatecouldberemovedfromit by leachingwith benzene.
Pyridine,however,removedcuprousxanthate. Thusan "unleachable"
film similarto that of the potassiumxanthate treatment experiments,
to whichhighmineralCoatabilityis due, is alsoformedby thé adsorp-
tion of cuprousxanthate frombenzene. Also,the maximumunleacli-
able figuresfor the twotypesofexperitnentsseemtocheck,althoughthis
benzeneadsorptionseriesistooincompletefora definiteassertion. More
detaiiedworkofthisnaturemightleadto interestingandsignificantresults.

TABLE6

Adsorptione/cuprous~ott<Aa<e/f<wt6ettMtMbychalcocite

MtU.tt<tt'tMt.<!)'Teo~Cu,X. mu.H!<WYAMttt<K)fCu,X, ttttUM~VAMtfMCtCttXt
ADDEO t,ta~tM«)t.UT<ON *0«)H<tt!e

0.40 0.00 0.40

0.89 0.23 0.66
t.M O.M 0.80
3.43 t.M 1.70

COMPARATIVE TEST8 WITH MALACBtTE

A fewsemiquantitativeexperimentsof the samenatureas someofthe
chalcociteexperimentswererepeatedwithmalachite,(CuCO).Cu(OH)<).
Twotests weremadeon 200-g.samples,using the generalexperimental
procedureforgrinding,treatment,anddeterminationofreactionproducts.
It was foundthat malachiteabstractsxanthatefromaqueouspotassium
K-amytxanthatesolution,formingcuprousxanthate and dixanthogen.
The malachiteafter the leachingprocedure,contraryto experiencewith

chalcocite,wasentirelynon-HoataMe.Thus,withmalachite,an unleach-
ablewater-repellentcoatingisnot formedinan aqueousxanthatesolution.

Severaltestswitha benzenesolutionofouprousxanthateshowedthat
malachitedoesnotappreciablyadsorbthecuprousxanthatefrombenzene
solutionunderthe conditionsunderwhiehchalcociteexhibitsa marked

adsorption.

DÏSCUBStON

On the basisof the resultspresentedin this paper it seemsthat the

collectingactionofxanthateisessentiallydifferentforchalcociteandfor
malachite. Apparently,the flotationof the sulfidemineraiis causedby
the formationof an orientedmonomojocutarfilmtightly"anohored"to
the minerat;whereasnotationof theoxidizedmineraiseemsto bedue to
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tho formationof a muchthickercoatingof base-metatxahthato(and
dixanthogen),not "anchored"to the minerai,butmeretyadjacentto the
mineraisurface. This comparisonoffersa rationalexplanationfor the
fact that in actualnotationoperationthequantityofxanthateroquiredfor
ftotationofmalachiteismanytimesthat requiredforflotationof chaleoctte.

Thé "anchored"monomolecularfilmformedon chatcocitedoesnot
possessthesamesolubilitypropertiesasanyknownxanthateor xanthate
derivatives. Although,as evidencedby its completeinsolubilityin
benzene,thé filmdoesnot consistof fuprousxanthate,cuprousxanthate
may beremovedfromthe surfaceby meansofpyridine. Onthe whole,
all théobservedpropertiesof thisfilmseemtobeanalogouslnmanyways
to the propertiesofnimsofadsorbedgMesonsolids,whichwereobserved
and chrinedby Langmuir(6). Quotingfromhisdiscussionof theadsorp-
tion of oxygenon tungsten:"It is veryevidentfromthisworkthat the
oxygenlayerbas totallydifferentpropertiesfromthoseweshouldexpeet,
eitherwitha layerofoxideora filmofhighlycompressedgas. Thefacts
are ingoodaccord,however,withthé theorythatoxygenatomaarechemi-
callycombinedwiththetungstenatonM." Onthebasisoftheseandother
RimuarresultsLangmuiradvancedthe theorythat in the adsorptionof
gasesonsolids,the adsorptiveforcesare chemiealforcesof thé primary
valencetype. Carryingthis conceptionoverto thé presentwork,it
appearsthat the "unleachable"filmconsistsofxanthategroupschemically
attachedto copperatomsof théchalcocitebyprimaryvalencebonds.

Théadsorbedfilmis formedonthe chalcocitefrompotassiumxanthate
solutionby reactionof the xanthateIonswiththésurfaceof the mineraL
As suggestedby Frumkin(8) foradsorptionofelectrolytesby cbarcoat,
hydroxideionsare producedat the surfacefromadsorbedoxygen;these
hydroxideionsare replacedby xanthateionsand enter the solution,as
Mtows:

-Cu~j+ ~0, ~Cu~b

,Cu~jO+ H,0 + 2X- iCu~X+ 20H-

L. L~Jx
Carbonateionsmay be formedfromhydroxideand the carbondioxide
presentin thesystem.

Duringgrindingand othertreatment,a certainamountofadsorbedor
"anchored"reducingionsandsulfateionsareproducedat theminera!sur-
face by oxidationreactions,as suggestedby Taylorand Knoll (H) for
galena. Theseionsarealsoreplacedby xanthateandenterthe solution,
as fotiows:(Adénotesadaorbedanion,sulfateion,reducingion,etc.)

!Cu<S'A + 2X- ;Cu~X+ 2A-
A X



272 A. M. 6AUBÏNANC BBWHAaBTMHOHMANN, M.

Cuprousxanthateis forrnedby reaetionofxanthateionswiththat part
of the chalcocitesurfacealreadycovoredwithan adsorbedxanthatefilm,
asfollo\v8:

.xCu~ X + ;0, + H~) + 2X- 20H- + Cu& + !(x 2)Cut8'X

_jX j 2Cu8 )x

The cuprousamyl xanthatesoformedis teachaMowithbenzène,and its
)

removaldoesnot appreciablyaffecttheflotativepropertiesof themineral.
With theamountsofxanthateusedin flotationpracticeonlya relatively
smallfractionof théamountof reagentmayboaccountedforas cuprous
xanthate.

THEOKETtCAL FORMULATION

Applyingthé kinetietheoryof reactionto thesuggestedreactionmech-
°

anism,amathematiealinterpretationof thereaction-productreiationships
givenin table1may beobtained. Thofollowingsymbolsareused in the
dérivation

=' miHiequivatentsofxanthateionsinsolutionat anytime,
~e total milliequivalentsof xanthateextractedby the minerai

fromsolutionin agivenreaction,
B =e milliequivalentsofadsorbedxanthateonminera!at any time,
Bo totaladsorbedxanthateformedinagivenreaction, t

C = milliequivalentsofcuprousxanthateon mineraiat any time,
t = time,
S = effectiveminerai surface, expressedas milliequivalentsof

"elementaryspaces"(secLangmuir(7)),
a; ecfractionofelementaryspacesonwhichxanthateisadsorbedat c

any time,
a:o==fractionof elementaryspaceson whichxanthateis adsorbed

after completionofthegivenreaction,and

A;,A},ka= constant,s.

First, the rateof decreasein freexanthateionsisequalto thesumofthe
rates of formationofadsorbedxanthateand ofcuprousxanthate,as the
tossin freexanthate in solutionmust be accountedforeitheras cuprous
xanthateoras adsorbedxanthate.

dA dB dC
"<S"~+~h

Therate of formationof adsorbedxanthateis proportionalto the area of

bare,unreactedsurfaceand to the concentrationofxanthate.

= A,(l <)~ (2)âc
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0Therateof formationof cuprousxanthateisproportionalto the covered
surfaceandto theconcentrationofxanthate.

dC b ~.SA (3)~=&~&i (3)

Substitutingequations2 and3 in equation1,

dA Q ki(1 x)SA k.gxSA (4)° + ~)

Fto.5.Adeorptionourve, -1.26B. 9.1log(1 B./1.76).Expérimentât
pointefromtable1plottedasCtretes

Thérate of increasein adsorbedxanthatetsequatto thé rate of increa~e
inadsorbedsurface,exptessedin the sameunits.

dB Sdx

= -dT
Fr~ntequatiotM2 aud5,

fif
= k,(1 x)A (6)dd
= Ml (6)

Difidingéquation4 by equation6,

~=_S-=-~i+~~
(?)
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httcgratingandsubstitutinglimits,

A°= xo(1 ka) kalag.(1 x,~ (8)= ~.(1 M tog.(t (8)

Substitutingdata fromtable 1,Bo= ~oS t.36 whon~te=' 4.19,and
)M8umingS, the surface for 1-hourgrind,to be 1.75milllequivalentsas
indicatedby themaximumofthecurveoffigure2,sotvingfortheconstant
A'a,andconvertingiogsto base10,théequationbecomes:

A = 2J9. 9.1log(1 zo) (9)

Substituting a-.==B,

= 1.25B. 9.1log(t B~l.76) (10)

Thécurveof thisoquationis plottedin figure5,withthéexperimental
pointsfrom table 1 shownas cireles. It is seenthat the experimental
pointscheckthis theoreticalcurvequitectosety,especiallyas the experi-
mentalresultsfor the adsorbedor~'unteaohabie"entityweredetermined

by dinerencefromthree experimentalvalues:namely,the total xanthate

added,thecuprousxanthateextracted,andtheexcessxaathateinsolution.

8UMMARYANDCONCLUMON8

In thisworkthefollowingresultshâvebeenobtained:
1. In short-timetreatment of chatcooitewithxanthatethe xanthate

abstractedby the minera!may beaccountedforascuprousxanthateand
as an entity unleachablewithordinarysolvents. Theformationof thèse
two productsoccurspraoticaUyinstantaneously,althoughwith larger
quantitiesof xanthatethe reactiontoformcuprousxanthateslowsup with
increaseinquantityofeuprousxanthateontheminorât.

2. In long-timetreatmentofchalcocitewithxanthate,leachableproducts
other than cuprousxanthate are formedrelativelyslowly,possiblyby
reactionofcuprousxanthateandhydroxideinsolution.

3. Ailthé potassiumof thepotassiumxanthateromainsin thesolution.
4. Hydroxide,carbonate, sulfate, and reducingions (SmOn)""are

throwninto the solutionin a total amountmetatheticaUyequivalentto
thé xanthateabstractedfromthesolution.

5. Leachingoffthe leachableproductsfromxanthate-treatedchatcocite
hasnoappreciableeffecton thenotativepropertiesofthechalcocite.

6. Pyridine extracts cuprous xanthate from xanthate-treatedand
leachedchalcocite,that is, fromchalcocitehavingthé"unloachable"film.

7. Tite "unleachable" product increaseswith increasein xanthate

addcd,approachinga maximuminamannersuggestiveofadsorption.
8. The maximumamount of unleachablexanthate attainable with

a givensampleofchalcocitecorrespondstoa completemonomolecularfilm
onthechalcocite.
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9. If a quantity of xanthate just suScient for effectiveRotationis

added,it may be aimostcomptet~tyaccountedfor as thc unleachable

produet. Onlya relativelyamatifractionof a monomolecularfdm of
"unteachaHe"is necessaryfor efficientRotation. The fractionof thc
surfaceShneddetermtnesthedrynessof the mineraiizedfroth.

10. Inoreasmgthe surfaceof thé minera!by longergrindingincrcase8
theunieaohaMeportionanddecroasesthécuprousxanthateportionofthe
reactionproduots.

11.Theunleachablewator-repeMentfilmmaybeproducedbytheadsorp-
tionofcuprousxanthatefrombenzenesolutionby théchalcocite.

12.There is an essentialdifferencebetweenthe collectingactionsof

xanthateon chalcociteand on matachite,respectivety.Anunieachable,
water-repellentfilmis not fonnedonmalachitebyxanthate.

Fromtheseexperimentalfactsit appearsthat thé collectingactionof

xanthatesin thé ftotationofchalcociteis a resultof theproductionof an

oriented, partial-monomolecularfilm of xanthate groups,chcmically
adsorbedin thé Langmuiriattsense. This filmMformedby reactionof

xanthateions with the surfaceof the mineraiwhichcontainsvarious
adsorbedentitiesas a resultofoxidationduringgrindingandothertrcat-
ment. The formationof the adsorbedfilmisaccompaniedby reaction
ofa portionof the xanthateto formcuprousxanthateandperhapssmall
amountsof other substancesseparablefromthe mineraiby means of

organicsoivents. Applicationofkinetictheoryprinciplesto thesuggested
reactionmechanismgivesan adsorption-reactioncurvewhichchecksthe

experimentaldataweUwithinthé limitsofexperimentalerror.
ThisworkMbeingcontinuedwithotherxanthatesandotherminerais.

REFERENCES

(1)DNWEY,F. D.: Réactionsof 8omeStttfur-beartttgCoUcetingAgentswith
CertainCopporMinette. ThMis,MontanaSeboolofMines,1933.

(2)G*CNN,A.M.:Trans.Am.Inst.MiningMet.EngM.1M,?3 (I9M).
(3)GAUNN,A.M.,DBWBT,F.D.,ANDOTHEM:Trans.Am.Inst.MiningMet.

Engra.1M,319-47(1934).
(4)GAUcnf,A.M.,AMBMAtOMMon',P.: J. Phys.Chem.M,697-607(t933).
(6)QttOM,JOHN:Tmne.Am.Inst.MiningMet.Engrs.1M.120(I9M).
(6)LANOMMtt,t.: J.Am.Chem.Soc.38,2267-78(1916).
(7)liANQMUta,t.: J.Am.Chem.Soc.?, 136t()9t6).
(8)SeePBABCB,J. N.:J. Phys.Chem.88,tCSO(1932).
(9)PBEOL:QuantitativeOrganieMicroanatysis.P. BtakistonandSons,Phi)a-

delphia(1930).
(10)SeeTATMHt,H.8.: ATrettieeonPhysicalChemistry,2ndedition,Vol.U,

p. 1647.D. VanNostrandCo.,NewYork(1930).
(11)TAYLoa,T. C.,ANDKttOM,A.F.:Trans.Am.Inst.MiningMet.Engrs.112,

382-<7(1934).
(12)TmiADWNt.L,F. P., ANDHAH.,W.T.: AnalyticalChemistry,Vol.11,p. 67.

JohnWileyandSons,NewYork(1930).
(13)WAM,1.W.,ANDCox,A.B.:TraM.Am.laet.MiningMet.Engf! U3,!89

(1934).





277

A 8TUDY0F THE SORPTION0F ACIDSODIUMOLEATEI

B.F. NÏCKEBSON'

Departmento/ Chemistry,AfoMtM~MeKe.?<«?CeM<jft,Amherst,M<MM<AMM«<

~c~~ ~w~tMt~PM

The ooitoidtheory of liquid-liquidayatemBbas beenenvisagedin a
broad,generalformutationby Cofman(2), whoredefinedthe ctassieai
thermodynamiovariablesand then apptiedthemin thé classicalmanner
tocotloidsystems. Oneof théconsequencesofthisapproachis thestate-
ment that coUoidsare characterizedby energychangesof a potential
ratherthana thermalnature. In otherwords,thé energyexohangesof
molecularlydispemedsystemsinvolvea heateSeotwhichoriginatesin the
haphazardkinetic motion. On the contrary, the energy tranefersof
cotloidaUydispersedmatter which, by definition,possessesa restricted
degreeof motion,must be associatedwith chemicalor electrochemical
processes.Thesameopinionhad beenexpressedearlierby Einstein(2).

It iatruethat classicalthermodynamicsin theformofGibbs'adsorption
equationhaaprovedto be both "infertileand incomplète"(16)for the
liquid-liquidinterface. Severalreaaonshavebeengivenfor thisfailure,
amongwhichare the foHowing:entropychangesin theadsorbingregion
contingentupon adsorption(10),inadequacyof thé analyticalmethods
employedto check the theory(10, 4), and theuseof the equationin a
questionablyvalid form(11).

Théinvestigationreportedhere is a furtherstudyof the liquid-liquid
interfaceby a methodalready outlined (16). Tho innuenceof some

hydrocarbonoitson interfaeialfreeenergyis thesubjectof inquiry. The
dataareconsideredin thelightofCofman'stheory.

METHOD

Themethodemployedconslstedof a studyof the kineticsofsorption"
at the interfacebetweensodiumoleatesolutionsand hydrocarbonoib.

CondeMedfromthedissertationpreaentedto theFacultyofthe MMMchuoetta
StateCollegein partialfulfillmentof thé requirementeforthedegreoofDoctor
ofFMtoaophy,June,1CM.

PreMNtaddresa:WorcesterSttte Hoapttat,Worcester,MMsachueette.
*McB&!n(11)appliedthetenn"sorptioa"to surfaceeffecteth&tarenotdia-

tingniehaMyadsorptionorabaorption.
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BrieSythetechniquedependsonthehydrotyticequilibrium

(NaOt), NaOt + N,0 NaOH+ Aoidsodiumoleate
Colloid
micelles

whichbas bconworkedout byMcBainand hisstudents (t2, 14). It is
evidentthat acidsodiumoleatebas thegreatestescapingtendeneyof ail
thé componentsof the equilibriumand,therefore,shouldbesorbedmost

readily. In thoeventofsuchsorptionthe equilibriumisdisplaccdin tho
directionof formationofadditionalfreesodiumhydroxide.

Themeasurementsof incrémentsofsodiumhydroxideweremadeat 2S
d=0.01''C.witha conductivityapparatus. A 10-cc.volumeof aqueous
sodiumoleatesotutionwasintrodueedintoa Freastype conductivitycen
withattendantcareto avoidfrothing. Halfan hourlater the reaistance
of this Mtutionwas determinedwitha Wheatstone.Koh!rauschbridge
sensitizedwitha two-stttgeaudiofrequencyamplifier.Thcn, a 5-cc.

aliquotofthéhydrocarbonoilunderinvestigationwasallowedto rundown
the insidewallof thecellandto becomean unbrokenlayeron thésurface
of thesodiumoleatesolution. Thegroundgtassstopperoftheconductiv-
ity cellwassealedwithmoltenparamn. Déterminationsof thé resistance
of thesodiumoleatesolutionwererecordedat specifiedintervalswithtime
reckonedfromthéformationofthe liquid-liquidinterface.

MATEBÏAL8

Sodiumoleatewaspreparedfromo)eicacidofthobestquality. Approx-
imatelymolaréquivalentsofoleicacidandfreshlymadesodiumateohotate,
both inabsolutealcohol,werepouredtogether. Theprecipitatedsodium
oleatcwas washedon a suctionfilterwithcoldabsolutealcohol. The

partiallypurinedproductwasprecipitatedagainfromabsolutealcohol,
washed,and&naUydriedat roducedpressureandlowtempératuretoavoid

decomposition.
Solutionsofsodiumoleatewerepreparedbya spécialproceduroinorder

to avoidfoams,exposurein transference,and contaminationfromsoft

glass. The calculatedquantityof drysodiumoleatewas weighedand
introducedinto a dry giass-stopperedPyrexbottle and the necessary
amountofeonductivitywateradded. Likethesodiumoleateaotutionsof
Du Noüy (3), solutionstreatedas describedremainedciearaimostin-

definitely,providedtheyweresealedwithparaffinandstoredin thedark.
Sodiumhydroxidesolutionswereobtainedfromthe dilutionof 20 M

sodiumhydroxidewiththeproperamountofconductivitywater(1).
The hydrocarbonoils-o-, wt-,and p-xylenes,toluene,benzene,M-

hexane,M-heptane,n-octane,96percent n-nonane,~-decane,andkérosène
–were purifiedby doubledistillationfrommetalliesodiumthroughan
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all-glassPyrexdistillingapparatus. Thefractionof kerosenewhichdis-
tit!edbetweenÎ80and 240''C.wastakenas repM'iCRtative.The 95per
t'entM-nonanewasmadeav&iJaMethroughthécourtesyof tho Bureauof
Standards,AmericanPetroloumInstituteProjectNo.4.

EXFBMMENTAL

Newdatahavedemonstratedthat benzene,usedin the préviensstudy
(15),Mnota goodstandardof référencefor the hydrocarbons.For this
raasonthesorptionphenomenonwaaexaminedovera rangeofeoncentra-

o ~js;M5!? s
HOU~K<0~t.PtRLITER

FM.1.VanatioM<'ftheconductanceinducedbym-xylenewithconcentration
ofsodiumoleate.DottedlineshowshydrolysisfoundbyindicatMe

tionsofsodiumoleatewith~-xyienosuperimposed.Thelayerofhydro-
carbonoiton thésurfaceofthe dilutesodiumoleatesolutiondispiaeesthe
hydrolyticequilibriuminthé directionofgreaterhydrolysis.Thé magni-
tudeofthedisptacementscanbeestimatedaccumtelyas incrementsof the
equivalentconductanceoftheaqueousphase.

The initialand &<&!conductancesof sodiumoleatesolutionsovera
rangeofconcentrationsare givenin graphicalform(figure1), together
withthepcrcentagcsofnormalhydrolysisobtainedthroughindicatorsby
McBainandHay(13)in thesameconcentrationinterval. Thé finalcon-
duetancewasreadaftertwenty-twohours.
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Althoughthecurveof percontagesofsodiumoteatehydrotyzcdshowsa
rapidandcontinuouainereasewithdilution,thecurveoffinalconductances
underm-xyleneis not symbatio. If the conductanceincrémentswerea
measuresimplyofthe phasedistributionofoleioacid,theequivalentcon-
ductanceofsodiumhydroxide(240mhos)shouldbeapproached. Thisia,
however,not the case. After passingthrougha maximum,the final
conductanceboginsto decreasoin spiteofthéfact that normalhydrolysis
inoreases.

Thesedata indicatethat the effectmeasuredisnot simplytheextraction
offreeoleicacid by the oilphasebut, rather,is a true adsorptionat the
interface.

TABLEt

Sorptionpotentials<A~<<)'OM!'&OKoils

The conductanceinerementsof a seriesofhydrocarbonoilshavebeen
determined. Thehydrocarbonswereinvestigatedtwoat a timeinelosely
similarce!b. Simultaneously,witheachpaira controldeterminationwas
madeon w-xylene. Aliquotparts (10ce.) of thc same~f/lOOsodium
oleatesolutionwereusedforait ofthehydrocarbonsgivenintable1. Thé
ratioof the total conductanceincrementfora givenhydrocarbonto that

for m-xyleneistabulatedasthe relativesorptionpotential.

Ro<esofsorptionofthehydrocarbons

The rate of sorptionduringthe nratfewminutesof the processis an

important datum for any hydrocarbonoil. This initialvelocityis an

TABLE1
Thee«rp<W!tpo<6)ttfa~o/xuMteA~drocartoMOa(~'C.

Ott. tM!tt<t. nXAt..MtMMt.m- MNMtOttQI& OOMnctTAKO)!CMMOMttOB"B'')MT MTBHTtAL

Hexane. 36.72 49.88 0.60e

Heptane. 88.30 M.77 12.47 0.803
Octane. 38.20 M.S6 M.M 0.49S
Nonane. 38.20 49.97 11.77 0.476
Deeane. 38.20 48.69 10.49 0.424

B~ 36.
{;~

Toluène. 36.M 68.00 21.90 0.885
c-Xyteno. 36.66 M.96 24.41 0.987

~Xytene. 36.35 61.12
{~

p-Xytene. 36.69 M.16 23.57 0.962
Ketosene. 36.84 48.36 11.62 0.466
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upproxhnatc measxn' of thé potfntia) gradient for acid sodimn oleate
between the aquco~s solution and the )iquid tiquid interface, ïn cach
portion of thé same Hodiumoh'atc xotutioottn' thprmo(tynanticpot~'ntiat
of acid sodium otctttcis the («une;hcnco, th<'n'tath-c potcututi gradient is
dftprminpd solely by the free intprfaciat cnprgy. Thprcfcre, thé rate of

xorptionat thé outsct of thé proccas iMproportiona) tu thc free intcrracial

t'nergy. The free sodium hydroxidewhichaccumutatcs as a rcsutt of thé

difptacpment of thp hydrotytic equifibrhtn) f'o)np!icatpsthe subséquent
ratesamt attors thé thermodynamir potential of thc acidsoap.

Thé initial rate or sorptionforeach hydrocarhon oitlutsbt'cnratcutated.
The fonductanfp incrément for thp Hrstquartcr of an hour of the vptocity
profess was jnuttipiifd hy four in order to convcrt it to mhos per hour.

TAMt.H2
~<'<o<«'finitial /rff ttt;fr~)f«</f;«'rjttMand <otnffwt~Mf/fWftMft'fMtfttfoin c~nfeff

)t't</)Af//00ft'/MMttti!)!ft<t'Km~fatf )!«<)ft)ftM

Thc Hrst part of thp conductancc-timc cur\-<-may bcassuntf'tt<nhc )incar
withoutmuch errer. T'ht'scinitia) s)opf'sor rctativc ixtcrfacia)frcc cnf'rRy

atucsn,rogiven in tatttc 2 for a fewhydr~'orhotts.
Thf comptctc cutKtuctattt'c-timcdata arc givcn in figure2 fur a)) uf thc

hydrocarbons exccpt the alkanes heptane, of'tanc, nonane, and dM'anc.
Thespatkancs dMpronly stightty from itcxanp;ttn'rpforf (hcy arc onuttcd.

Thecurvf's dcmonstratc ck'arfy that a disturbing fartor rxists in th<'pasc
of hcnzf'nc. Tht-data in both tahtc-s 1 and 2 indicatc a pccutianty atso.
Ctoscrinspection of Rgurf 2 has led to the suspifinn that thf same dis-
)urt)anp<'innucnfcf!thp totucup and ~.xytcnp (urvc! aXhott~hto a ipsscr

dfgn'f.
Thcintt'rprt'tation of thcsf rMutts isgrcaHysimp)ifM whcnthe structure

ufsurfacesgivcn by Harkins, Oark, and Ro))prt.<(a) and Harkins, Davif"
and Ciark (6) is onptoycd. Thpscauthors and I,a))g)nuir(9) hâve xhown
that the tx'nzenc rinf;,uniformtypotarizcd by its doubtcbonds, )k's fiât in
thé .surfaceof pure watcr. Harkins and his cottaborators ha\'c stated
atso that toiuenp motecutpsarc sHghtty titted as a rpsutt of the potarizin~
inf!u<'nceof thc mcthyi group; m- and o-xytcn~makc htr~cr and tarRer

011.
K):)..tTHt:<STKH-m~t.m<t.n.K<AH~.«n ~T

<Mm)f)'(!)tMOH<~

Hcxtmc .j :(.(? )z.C
Kf')'«)tt't)< 2.it}r)6 U.')
Momettc. jgz )8<i
~'Xytcnp. 4..)() 230
To)wnc. 4ti() g);)
m-Xy)ene. (,.72 24.S
f-Xytent- )).-i2 24.4

~~hft~rM<nar~~ftttnt.t~t~ht~<ut~t!t~Ftf.ttt.t.t.t.t)~n«,<t<
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angtcs rc~ppctivptywith the ptanf of the interface. Thc intensity uf thf

stray Mds of thcsc tno!<'<')))('f~'arieswith thc angif uf tilt..

The order of intensity of thftc stray ctectrip (ictdsttdjndp'<tfromstruc-

ture only shoutd bp o-xytenc> m-xytpnp> totuenc > p-xytox' > hpn-

zpnc. The fvidencc gh'co abova (ttth)c 2) is ilcMmptft<'agrc<'m<'ntwit))

thcsc conctuxionsofHarkins and Lungtnuh',atKtM'cmsht iodioU'' thut thc

initial stopc of thp tiox' sorptien ('ur\'t' is a mensurf of thf frcc iutcrfncin)

cnfrgy présent subjcct to thc t'onditions imposod.
Thc work of MrBait) (t4) aod Wa)k(')'(17)has chtCKtmnt<<?nature of

thc aqucous .sodiumotcatc sotutions. At thc concentration (Af/tOO)u~'d

in thc prcscnt pxperimcnts sodium ot<-at<'is tiu'Rctyin thf totm of mi(-c))cs.

Th<'s<'mict'uf'sarp rathcr highly potar as a conséquenceof their strucho'c.

Surfacf tension tn<'asurcmf'ntM(7) show that coitoid miccth'sof sodiunt

ott'atc cxcrt !t murh smattcr surface pressure than motpfutarsoitp (tocs.

As concpntrationinfrcasf" thc surface pressureof Mdiumofcatc (h'crctt.scs

itftcr a maximum bas been passcd. It may hc pom'tudHt),t)u'rcf<n'p,thut

UK'.surfat'cof a M/100 sodium otcatc.sotutiouis somcwhatputar in nature

becausc tue surface .so!ut<'is principaHy in thc form of potar nuccth's.

Under tht's<-conditions the stra.y nctds of thc impinginghyth'ot-tu'bons

probahfy fxist in a.)mosttho same relationship to the sodiumotcatc inter-

faceas thcy (io topure water.

Thc <'on(tuct<mct'mcasurcmcnt.sreported here are cvidcnttyduc to the
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selectivesorption of actd sodiumoleate. The selectivesorption and
orientationof molocularsoapmustof necessitydpstroythé polarnature
ofthéaqueoussurface,andoreatein its placea non-polarsurfaceofoleate
chainsonwhiehthehydrocarbonoilimpinges. Theendresutt,thon,must
bea ré-orientationof thé benzèneringsanda straighteningof the ti!ted
ringsto the perpendtcutar. Thé previouslymentionedflatteningof the
time-conductancoourvesseemsto be evidenceof thisphenomenon.The
tact that benzeneand attof its derivativestend to nearlythe sametotal
incrementregardlessof initial slope,bearsout this statementa!so. In
accordancewith Gibbs*minimumfree energyprincipleany changesin
surfacestructuremustbe in thé directionof increasesofpotentialenergy.
These ré-orientationeffects seem, therefore,to indicate"changesof

entropy"in theadsorbinglayersof thehydrocarbonoit.

<S'<ofa~eofpotentialenergy

It hasbecnsuggested(2)that enorgytransférain eolloidRystemsinvolve
chemicalor electrochemicalprocesses. Somesupportforthisstatementjs
containedmtrmsica!)yin thedata above,but anexperimentwasdesigned
to yieldmoredirectproof. To the sameM/100sodiumoleatesolution
knownamountsofsodiumhydroxidewereaddedstepwiseandaliquotsof
the sodium oleate-sodiumhydroxidemixturewereremovedbetween
additions. An accuratelymeasuredamountofeachaliquotwasinvesti-
gatedwithm-xyleneat 25"C. Thedata areplottedinfigure3.

Theadditionalalkalisuppressesnormathydrolysis.Somcof théadded
sodiumhydroxidedisappearsbycombinationwiththeacidsodiumoleate.
Thestraight line in figure3 is thc conductance-concentrationcurveex-

pectedifnoneof thésodiumhydroxidecombined. Theshadedareashows
the amountand timitof normalhydrolysis.

m-Xyleneinduceshydrolysiseven in the présenceofaddedalkaliwhich
basreducednormalhydrolysisto a negligibledegree. It isprobable,then,
that Cofman'sideais whollytenable. Freeenergyin thesystemiscon-
verted to potentialenorgy. In this inducedhydrolysiswaterMbroken
upintoitsconstituentions;freeenergyistherebystoredaselectrochemical
potential.

~ctf!sodiumo!ea<eandsurface<eMKW

Theincrementsofequivalentconductanceat differentconcentrationsof
sodiumoleateareplottedin figure4 forcomparisonwiththe surfacepres-
suremeaaurementsofJohlin (8). Surfacepressureis theforceexertedby
thesurfacesolutéagainstthe surfacetensionof thepuresolvent;numer-

icatty,it is the differencebetweenthe surfacetensionofthe puresolvent
andthat ofthe solution.

Thesimitarityofthe twocurvessuggcststhat a partofthe surfacepres-
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sureexertedby sodiumoleate is a functionof hydrolysisas meMured
by conductance. In concentrationsof0.02Mandgreater,sodiumoleate
oxistalargelyin the form of micelles. It appears,therofore,that the
nueeUesatoneexerta surfacepressureofabout46dynesandthat greater

<–~––" "––~–––!

surfacepressuresare exertedby acidsodiumoleate. It followsthen,that
thesurfacepressureofa sodiumoleatesolutionwhiehimpingeaonitevapor
hasa very limitedvaluewhen that datumis appliedto the liquid-liquid

1

interfacebetweenthat famé sodiumoleatesoiutiotiand an oil phase. '4
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Owingto the fact that aeidsodiumoleateexertathe gfeatersurfacepres-
sure, togetherwith the fact that thé hydrocarbonphaseincreasesthe

quantityof it by selectiveadsorptionand the resultanthydrolysis,the

surfacepressureofsotutefora givensodiumoleatesolutionittcontactwith
&&oilphasecanexoeedthesurfacepressurewhiohobtainswhenthesame

sotuttonimpingesonitsvapor.

CONCMTSNNS

Thefailureof Gibbs'equationmustbeattributedat )eastin part to a

laek of knowledgeof the processesinvotved. The inflexionpoints and

negativeslopesln the surfacepressure-concentrationrelationshipfor

sodiumoleateareprobablydue tochangesinthesolute. If theconcentra-

tionhmctionweredifferentiatedand eachof thévariousfonnsof aggre-

gatesconsideredMa separatesotutewithindividualisticpronerties,nega
tivevaluesofr wouldprobablynotarise.

Moreovc)',it seetnsthatchangesin thestructureofsurfacesnotcovered

bythe theoryoforientationtakeplaceduringandasa resuttofadsorption.
Thereisprobablya motecutarré-orientationinthesurfaceconfigurationof

someoilsat the planeof contact. Asa conséquencefreeandpotential
surfaceénergiesof the interfaceare altered. Thesechangesmust be

inctudedinGibbs'equation.
Theselectiveadsorptionofacidsodiumoleateby hydrocarbonoilsaHcrs
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the surface pressure by an amount not prediet&Mo from surface temion

measurements. Thé eharacterMtics of tho oil phase must be oonsidered.
Relative sorption potentials, whioh shoutd be usefui data in the quanti-

zation of emuMons, are tabulated.

Some ovidence in support of the idea that cottoids involve potential

energy changes has been given. In the case of sodium oleate and hydro-
carbon oils free interfacial energy is stored in the cleavage of water.

Tho author is indebted to Dr. Paul Serex, whoso sustained interest was

invaluable to the progress of the work.
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NEWBOOKS
Optical Rc<e«)ryPoMw. By T. MAttTtNLowBY. 21.6 x t3.(i cm.; xiii + 4M pp.

London: Longmans, Green and Co., !$?. Priée: 30/- net.

ït would require more apace than ia available to enmnerate <Hthe eubjeeta whieh

Professor Lowry deals with in this book, and it muet suffieeto say that in addition

to an outline of thé historteat development of each theme, he givesvaluable details

of most of the apparatus used in polarimetrie work, and a eomptoheMivetreatment

of the main problemsat present under discussion, especially thoseto which tua on

invMttgationehâve beendireeted, orare related. Mostly the treatment is adéquate,
but in a number of cases it ia incomplete, work quite relevant to the question dealt

with beingignored; and it may be notieed that the diat~amon p.330really repreeente
the behavior not of niootine but of ethyl tartrate (see Z. physik. Chem. 80, 052

(tCM)), whilst in the diagram on p. tM, the ourve of ettiptMttes ought to be in-

verted (J. phye. f3)7, M (t898)).
In the theoretical parts of the book, the treatment is speculative, and often

unsattetMtory from a logical point of v!ew. Thus since quattz, and tartarie acid

in solution, exhibit anomalous rotation dispersion, and the phenomenonin the tat-

ter case is attributed to the existence of dynamfc isomers,it might beexpected, by

parity ofreasoning, that quartz ought also to constat ofseveraldynamie iaomerideB,

a logicalconclusion wbich there is, however, some reluctance to adopt.
This modem tendeney towarde deduetive reasoningseemsmorethan a little pre-

mature in regard to optical activity, conaidering that thé very outlinea of tho sub-

jeot have not yet been B&ttsfactonly investigated, even in a qualitative eenae.

There ie in faet, on aecount of the remarkable eensitiveness of the phenomena in

question to varioua external and internat factora, hardly any subject whiehao little

lende it<etf to auch treatment. Nevertheteas, Professor Lowry'sbook, representing
a8 it does the attitude of a large school of investigators, wit) quickly become, on

that acoount, as we)t as by ita many valuable qualities, indispensableto workers in

this field.

T. 8. PATTtiMON.

Colloid SymposiumAfott<~f«p/t. Papera presented at the Eteventh Symposium on

Colloid Chemistry, Madieon, Wisconsin, June, 1934. Edited by H. B. Weiser.

Baltimore: Thé Williams & WitkinaCompany, t936.

The Colloid Sympoaium since ita birth bas atforded an open forum where the

somewhat artificial distinctions Mparating chemittry, physics,and physiology can

be disregarded. Also it haa been generally possible to aehieve an elasticity of dis-

cussion not uaua) under the atarm-ctock and atop-watch ridden sessions of major
conventions. The publication of its proceedingsas an annuel monographis gener-

a))y justified, more particularly when as in the present volumeone finds a feature

subject rallying to it a number of papera. tn this case the feature was cellulose.

A sort of enaiia' race between coUoidand ceUuIoBechemietaas to which ahou!d be

the last to take notice of thé other appeara ended. ln this eaUeetionthe paper by
W. D. Bancroft and J. B. Calkin entitled "Adsorption of CaustioSodaby Cellulose"

does not appear to contain much new over their papers in Te]:<t<<lResearrh,but suma

up clearly their evidence and arguments against any steichiometric combination.
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E. 0. Kramer and W. D. Lansing contributo &valuable review ot mothodsand data

&vailablefotdetermining m&tee<ttarweights or catMose and ita dérivât! vee; S. Ë.

SheppMd and P. T. Nowaomea oomparison of the propertiee of thé eeMutose (tri)-

esters of thé homotogous fatty acide. Thé papers ofA. Stamm and cottaboratoM on

the diffusion and sorption of water in woodand cottutoeeare rioh in data and aug-

gestive in argument. Papers on adsorption dea! with both the expérimentât aide

and thé thaoretieat–an interesting example of the latter being a critique by G. E.

Cunningham of the Langmuir equation for the adoorption iMthefm, and a propoaed
subatitate. Severat papers deat with eiectrohineties in varioua applications. A

teohnieat paper by F. L. Browneon the behavior of paint a8 affected by get changes
of the vehicte, and a aemi-teehoieatone by W. D. Banoroft and P. H. Mitier on oold

vulcanization ehould be mentioned. Tho latter Il remarkable ae admitting that

data. which can bc rapreuented by a amooth adsorption curvo may actually derive

f romstoiohiometric eombination.

S. E. SaNppABC.

OWAfA~r<~eo,Parahydrogen and Neo~ Hydrogen. By ACAt-MMFABKAB.14.6x

22 om.; xiv + 2i6 pp. Cambridge: The University Press. New York: The

MaemittanCompany,1936. Priée: ?.80.
This important addition to thé Cambridge Serieaof Physieai Chemistry will be

wetcomed by ail inveetigatoM whoare interested in hydrogen. Thé book ie timety
and i8 especially valuable because it combines the différent phases of thé subject in

one volume, tt is divided into two parts. Part t is devoted to ortho- and para-

hydrogen and ite chaptere are aa foUowo: The Discovery of Orthohydrogen and

Parahydrogen; H, Theory; III, Thé Properties of the Hydrogen ModiSeations,

IV, The Kinetice of the Ortbo-parahydrogen Conversion; V,Applications; VI,Oftho

and Para Svatemain other Moieoutes. Part II dMcaMeaheavy hydrogen in ehaptere
entitled as foitowa: I, Thé DiMoveryof Heavy Hydrogen; II, ThePreparation and

Détermination of Heavy Hydrogen; III, The Properties of Heavy Hydrogen; IV,
The Chemistry of Heavy Hydrogen (i. Equilibria, 2. Kineties).

Thé author, who peraonaity bas contributed muoh to the dovelopment of our

knowledgeof the subject, amply tu)BUsthe purpose for whieh thé book waswritten.

This can best beatated as the author does when he says, "the purpose of this book

is to describe the preparation, propertiea and chemioatbehavior of these different

kinds of the same element and ta iUustrate how the investigatione eonnected with

thie subject bave contributed to thé solution of somechemical and physical prob-
teme." The author gives a very complete review of the theoretioat as we)i as the

experimental work which bas been eompteted einee the diseovery of ortho- and

para-hydrogen in t92C. There is not mneh to be Mid in eritieism of the book, for

any tack of compieteneaBmuât be attributed to the present state of deveiopment of

the eubject and not to omiMionson the part of thé author. Part t is therefore more

complete than Part II. The combination of thé theoretical with the experimental
work seemed to the reviewer to be partioutarty well donc. Thé book is heartily
recommended to advanced students in phyeteal chemistry as weii as to thooe who

are working in thé no)d.

L. H. RKYBMON.

The Ptt<Mtp<e<o/ BtperfMe~e! andTheoreticalJS<«;trocA<MM<)-y.By MAMOUtDoLE.

xiii + M&pp. New York: MeGraw-HUtBook Co., tnc., 1C36. Priée: ?.00.

This i8one of thé moat valuablebooka written on the subject of eleetrochemistry.

During recent years the fieldhaa broadened M rapidly and new material, both ex-

perimental and theoretical, bas appeared in auch amounta that atudenta have been



NEW BOOM 289

unable t« kaep ap-to.date by reading original publioatione. In thie book the author
haa analyzed most of thé recent work and organiMd :t and eondensed !t ta a maaterty
manner. It te prtmarity à référence book, though it might be used as a text in a
graduate course or, more especiatty, a seminar.

Several topies whieh are entirely omitted or brieny mentioned in other texts are
given extensive treatment. Amongthese are: the Wienetfeet and Debye frequency
effeot, 11pages; dielectrie constants and electrie moments, 36pages; molecular raya,
27 pages; phMe-boundMy and semipermeabte-membrsae potentiels, 20 pagea; and
the gtass clectrode, t6 pages. Eapoeially interesting is thé ehapter entitted "Quan-
tum Mechanios and EteotroehemMtry."

The author aeaumes a pronouneedmodem point of view. There ate nearly seven
hundred literature references, of whieh more than five bundred are to aftietes that
have appeared during thé last ten yeara, and more than three hundred eince 1930.

The book :Bunusuatty free from errors. It is written in a clear, undeMtandabte
style. Complex mathematical derivations hâve been omitted, though ample refer-
ences are given to original sources for those who wish to follow tbrough euch de-
rivations. Care ia taken, however, to point out the aasmnpttOM involved in the
mathematical devetopments, so that thé reader may underatand the limitations of
applications of thé final simple expressions includcd in the text. There are many
curves and figures and many tables of data that assist the reader materially in tot-
lowing the discussions. One might be miated by the term "expérimentât" in the
title of the book. It M in no MMe a laboratory manual, but the experimental side
of eaoh topie ia emphasized and actual data are extenaively used in thé discussion
of theories.

Naturally there are aeveral points about such a book that oonnict with the views
of eaeh individual reader. Thé reviewer regrets that the author did not aee fit to
use eome of thé conventions and methoda of attack that hâve becomeM generally
accepted by the authors of the most popular te)tts in physical chemistry in the dia-
cussion of thermodynamioa and eteetromotive force. Several instanees might be
mentioned where exceedinglyetementary material ia introduced that tends to detract
from the high tone of the book as a whole. Among such topies may be mentioned
the following: series and parallel circuits, thé eteetrotysis of simple substances,
and the Faraday and the eoutometer, presented between pp. 29 and 33; the direot-
current Wheatatone bridge, pp. 42-3; the.vottmeter, potentiometere of the Pog-
gendorf type, indicating devices (the moving-coil galvanometer), pp. 211-5; stand-
ard cella, and some useful electrodes, pp. 220-6. The material presented on these

pages is found in the most elementary texts of physics and physical chemistry and
must be fami!iar to any person interested in this book. And yet the subject of con-
ductometric titrations, which bas received such extensive development during the
taat few years that H. T. S. Britton published a book on the subject in 1934,is given
only one page.

On thé whole the book represente a diniouit task rtimarkaMy weH done. No
person interested in electrochemistry or the theories of electrolytic solutions can
alford to be without it.

At,FBBDL. FBBOP60N.

B<«(!'OM(+ OtMf-), PfO«OM,Neutrona and CosmicRays. ByRoBMTA. MfM.mAN.
490 pp. Chicago: The University of Chicago Press, 1936. Priée !3.60.
As the author explains in the preface, the present book ia a direct outgrowth of

the volume entitted The Electron published in 1917(University of Chicago Press),
whieh was revised in 1924and further expanded when he delivered the Messenger
Lectures at Coraeti University.
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Bestdeethé amatiam<mntof mvMonneeeeearyin the earlier part*,sixentMy
nowchapterahavebeenaddedenWM~MdpMticiM,ditm&vm'yando~in ofeoemie
raye,the apinningelectron,the positron,thé neutronand thé transmutationof
elements,andthe natureof eoMnioraye.

The nameof the authoris intlmatolyMeeeiatedwithmoatof thèsenewaetds.
Thepositronwasdheoveredtn Malaboratory. Ke has beenone of thoteaderein
the investigationof eoemioraye. Thetreatmentas onemight haveexpectedi8
interoetiag,thoroughandauthoritative.

t&thé Motionon the divisibilityof theelootronthé oonolusionb rMehedthat
thereiBupto the presentnoévidencewbatsoeverofa sub-etectroo.

TheworkJBeptendMtyiUuetMtedwithfiguresand photographeof etoudtMeka
endof apparatus.

S. C. LtNC.

~~o<«<eMefm~eteDa<~undOMeAc«MeA<<tetM<<ttt~.By R. DoczMM.(in eot.
laborationwith H. Pitteh). 23 x t6 om.:69pp.; three di~granMin poeket.
Vienne:JaliuBSprio~er,1936.Mee: 6.60RM.
ThisbookeontaiMaemnmMyofthéthennodyMmioequationsusedinthées)eu.

lationofenergies,entropies,andfreeenergiMofsabatan<xa,withdata forhydrogen,
oxygeN,nitrogen,carbonmonoxide,oarbon,water,carbondioxide,méthane,and
beMettegivenin tablesand ourves. TheMdata are apptied'to the détermination
ofeqmiibnMaconatantBofsometeactioMoftecbnicaiinterest. Théévaluationof
equilibriumconstantein diMociationreactionsis then considered,thé tablespro-
videdfurnhhinf:the valueswhenthé degreeof dissociationis known. Sineethe
data,partieutartythespeoifieheateofeaeee,areonlyveryapproximate,theresults
are in generalmore suitablefor apptieationin industrialoondltionsthanin the
researchlaboratory. The symbolsusedare not those employed in Englandor
Americaandare printedia Gothictype. Withinits limitationsthe bookif)tikety
to beveryusefutand the authorsappearto havetaken painsin selectingthedata.
It shouldbepartieutartyusefutin workalaboratorieswhereprobtemaofthe type
it deatawithmust frequenttycatt for solution.

J. R. PAm'tNOTOtt.
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THE THERMODYNAMICPROPERTIES 0F CADMIUM SUL-
FATEIN WATER-ETHYLALCOHOLSOLUTIONS

VICTORK. LAMERANDERWINL.CARPENTER

Dep<tr<M<n<ofCAeM«<fy,Columbia</<tt'terM'<y,JVewYork

~«'M<wd~Mj~Mt<0,MM

INTRODUCTION

The purposeof this researchwas to investigatehow the partial free
energy,heatcontent,andheatcapacityof a typicalbivalent eteetrotyte,
cadmiumsulfate,areaffectedon loweringthe dielectricconstant bythe
additionofethylalcoholto itsaqueoussolution.

It can be demonstrated(7,20) that the etectricfreeenergy of an ion
can be computedfromthe workof reversiblychargingthe ion fmma
referencepotentialto its actual potential The latter is composedof
two parts: first,a part ~owhichexMtsin the absenceof any surrounding
ionsand arisesby virtueof its owncharge;andsecond,a part which
arisesfromtheunequaldistributionofthe surroundingions as interpreted
by the Debye-Hucketinteractiontheory. The interactioneffectdepends
upon D" as a limitingfirst approximation,and upon a parametera
whichrepresentsin termsof the modelthe distanceofelosestapproachof
the ions. Theinteractioneffectcanbeeliminatedexactlywhentheexperi-
mental resultsat nniteconcentrationpermitofan unequivocalextrapola-
tion to infmitedilution.

Thepotential,~o,whichgenerallyis of greatermagnitude,shou!d,accord-
ing to Bom(3),varyinversetywiththeradiusof theionand the dielectric
constant. Bom'sequationforthesolvente<Teetassumesthe samesimple
model,namely,that the ionsmayberepresentedby spheres of radiusri,
and the médiumby a continuousdietectrichavingthe macroscopicvalue
D. AUchemicalprocessesofsolvationare ignored.

Oneaspectofthis investigationwasto asccrtamin how far this simple
modelcanaccountfortheexperimentalresultsobtainedwith a bi-bivalent
sait, wherethe electrieeffectsare ofgreatermagnitudethan witha uni-
univalentsait, by comparingthe radiiof the ionsas computed fromthe
Bornequationwith thevaluea as givenby the interactiontheory. Al-
thougha numberofinvestigators(6, 10,11,19,23)haveu tilizedgalvanic
cetts to studymediumeffectsin termsof thé free cnergy of transferof
electrolytes,nosystematioinvestigationof temperaturecoefficientsinnon-
aqueoussolventshas beenmade. Suehstudiesare of importancesinee
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they fumishaccuratedata for thecatoutathmofchangeaintheheatcontent
andheatcapacityofthe cellpfocessfromwhiohthe thermalproportiesof
theelectrolyteeaubereadily obtained. Owingto thehighlyreproducible
behaviorof cadmiumamalgam and mereuroussulfateelectrodes,cella
containingtheseélectrodesare mostsuitableforattackingthisproblem.

Sincetherequisitedata for aqueouscadmiumsulfateareavaitabtefrom
thestudiesofLaMerand Parka(17)ontheamalgamcell:

Cd (2phase),CdSO<(M, H,0), Pb80<(S),Pb (2phase) CeU1

for whichthe cellprocessis:

Cd(satd.Hg) + PbSO<(S)= CdSO<(M, HtO)+ Pb (satd.Hg)

wc~Srstinvestigatedthiscellbyreplacingthewaterprogressivelywithethyl
alcohol. EqutUbrium,however,wasattainedsoslowlyin thepresenceof
alcoholthat cellI wasabandonedinfavorof theamalgamcellusingmer-
curoussulfateinsteadof lead sulfate:

Cd (2phase),CdS04(M, a percentEtOH),Hg<SO<(S),Hg CeUIÏ

Cd (satd.Hg) + B~80<(S) = CdSO<(M,a percentEtOH)+ 2Hg

The limitedsuccès!)which the mereuroussulfateelectrodebasachieved
in aqueoussolutionis due primarilyto the uncertaintyarisingfrom the
relativelylargecorrectionsfor its solubility,whichmustbeappliedwhen
the concentrationof the more solublesulfate(cadmiumsulfate)is less
than 0.005M. Fortunately, thesolubilityof mercuroussulfateis greatly
reducedbytheadditionof alcohol. In33.3weightpercentethylalcohol,
usingHulett'smethod(14) ofprecipitatingthémercuryaschloridebythe
additionof hydrochlorieacid, wefind'Sn~so.= 1.8X 10-6molesperliter.
Thesamevaluewasobtained in experimentsinwhiehthealcoholwasËrst
evaporatedand the ehloride precipitatedfromaqueoussolution. The

solubilityproductof mereuroussulfatein 33 weightper centalcoholia

consequentlyso small that no correctionfor sulfateion is necessaryin

caleulatingthe observednormal potentialsB~,evcnforconcentrationsas
lowas 0.001M cadmiumsulfate. Furthermore,cell II yieldedhighly
reproduciblepotentialsand henceMweUsuitedfor our purpose,even

thoughits use is limited to rather narrowrangesofconcentrationas a
resultof the decreasedsolubilityofbothcadmiumsulfateand mercurous
sulfate. In 15per cent cthyt alcoholthé lowerlimitforpreciseworkis
0.01Mcadmiumsulfate;in 33percentethylalcoholthelimitsare0.001M

extendingto saturation(about 0.01M);above33percentethylalcohol
the internatresistanceof thé cellis sohighthat 0.01M la the practical
lowertimit; above50per cent alcoholcadmiumsulfatebecomestoo in-
solubleforprecisemeasurements.
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To comparethé résultein waterusingcell1withthoseinalcoholusing
eeMÏI,it<8neeessatytoknowthetherma!propertiesofee!!in:

Pb (2phase). Pb80<(8),H&SO,(S),Hg CeUIII

Pb (satd.Hg) Hg~O,(S)= PbSO<(8)+ 2Hg

8ubtraetingcell111fromcell 11yields

Cd (2 phase),CdSO,(M, a per centEtOH), Pb80<(S),Pb (2 phase)
CellIV

Cd(satd.Hg) + PbSO<(S)= CdSO<(M,a percentEtOH)
+ Pb (satd.Hg)

It willbeobservedthat ceUIV is identicatwithcoU1 exceptthat the
solventcontainsa percent ethyl alcohol. By comparingresultswithceU
1andceUIV,the freeenergyof transfeningcadmiumsulfatefromwaterto
alcoholcanbecomputedwithout involvingthe troublesomeanduncertain
solubilitycorrectionsformercuroussulfate.

Hendersonand coworkers(12, 13)havemeasuredceUIII at 18",25*,
and30"C.,butas this temperaturerangewasnotsunicient,andnoprecau-
tionswerereportedfor the removalofoxygenfromthesolution,wehave
KiavestigatedceUIII overthe rangeO'toSO"C.

APFARATP9

The electricalapparatus describedindetailpreviouslyby LaMerand
Parks (17)wasused. The potentiometerwasrecalibrated. TheEppley
CeUNo.74017,calibratedby the Bureauof Standards,wascheckedfre-
quentlyagainstotherstandard cet!sin thelaboratory.

PREPARATION OF MATERtAM

Thebestc.p.gradesofsalts werefurtherpurifiedbyrepeatedcrystalliza-
tionas describedpreviously,usingconductivitywaterand Nonsolbottles
forstorage. The preparationand stomgeof theamalgamswasidentical
withpreviousdescription. The cadmiumsulfatesolutionswereprepared
by dilutinga master solution (approximately0.1molal)by weight,the
exactconcentrationof whichwasknownto 0.05percentby thequantita-
tivedepositionofcadmiumby electrolysis.

F<A~a&'oM.Wehavecorroboratedthe workof Stout and Schuette
(24),whoshowedthat the method in whichethylalcoholisdistilledfrom
aluminumandpotassiumhydroxideis moreeffectiveinremovingthea)de-
hydesthan the morecommonmethodusingsilveroxide. Tengramsof
potassiumhydroxidewasadded perliterof95percentalcohol. Thenext
day 6 to 8 g. of aluminumturningsperliter of alcoholwasadded,the
reactionmixturerefluxedforonehour,andfinallydistilledinanatmosphere
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of nitrogenin g)sssappamtushavingan efBetentfraetionatingeolumn.
Thémiddleandlast fractionswerefoundta beaMehyde-froewhentested
withfuchsin~utntereagentas describedby Woodman(26). Theapecinc
gravit of the alcoholwasthentakonat 25"C. Theweightpercentof the
alcoholwasdeterminedfromthedensity.

Aferc~row8M~a<<.Mereurottssulfatewasproparedelectrolyticallyby
theHulettmethod(15),in whiehpurifiedmercuryaervedas theanodeand
a platinumwiredippingtntosutfuricacidofdensity1.15wasthe cathode.
The produetwasgmy,owingto the presenceof Snetydividedmercury,
whichisa distinctadvantageinchockingany tendencyof thé mercurous
ionto beoxidizedtomereurieion. Vosburghand Eppley(25)haveshown
that samplesof mercuroussulfatepreparedby threedifferentmethods-
the reductionofmercuricsulfateby mercury,directcurrentelectrolysis,
and the reactionof mercurousnitrate and sulfuricacid--give E.M.f.'s
agreeingwithin 0.01mv. Âkertof(1) alsoobtainedsatisfactoryresults
withmercuroussulfatepreparedelectrolyticallyin hisstudyon the alkali
sulfates. The mercuroussulfatewasstoredin the dark under 2 molal
sulfurieacid ina Nonsotbottle.

EXPERIMENTAL METHOD

Thecet!vesselusedforcells1and II wasthésameas that developedby
CowperthwaiteandLaMer(5) for theirstudyof zincsulfate. This type
ofcellvesselpermitsthe entire fillingoperationto be carriedout in an

atmosphereofnitrogen,and thecellcanthenbesealedoffundermercury.
The reader shouldconsulttheir paper for the diagramand detailsof

manipulation.
The type ofcellvesselusedbyLaMerand Parkswasfoundto be more

suitablefor ceUIII, wheretwosotifbare involved. Theircellvesselis

composedofsixelectrodesdividedby threelargeborestop-cocksinto two

groupsofthreeeaeh. Ononosidethreesimilarlead-leadsulfatee!ectrodos
andon the othersidethreesimilarmercuroussulfate-mercuryelectrodes
aresotup. Thistypeof vesselbastheparticularadvantagethatmeasure-
mentstocheck theconstancyandreproducibilityofeaeh legof the three
électrodesformingtheonehalf-cellaswet)asthémoasurementsof the three
totalceftscan bemadewithoutdisturbingthecontentsor thevacuum.

EXPERIMENTALDATA

To test the reproducibilityand freedomfrom hystérésisof cell II in
alcoholsolutions,threesets of fivece))seachweremadeup on différent

days. The concentrationsof cadmiumsulfateand othyt alcoholwere

respectively0.01M and33.3per cent. Théaveragedeviationat 25"C.
was ~:0.0064mv. For two of thèsesets, the readingswere taken at
differenttempératuresin theorder:25",30°,20",15",10",0",10°,20°,25",
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and30"C. The comblncdaveragesof thevaluesobtainedat descending
andascendingtempefsturesofthe twosetsneverhadanaveragedeviation
greatorthan ±0.02 mv. usuattymuchtess. Œt II tsnotonlyreproduciMe
butit exhib!tatittte, ifany,temperaturehystoresis.

Hendersonand Metton(12),usingbotha saturatedand anunsaturated
solutionof sodiumsulfateas théconductingmedium,foundthat peuIII

gavean E.M.F,of 0.96466at 25'C. They a)sodemonstrated that the E.M.P.
was independent of the conducting mediumby using saturated and un-
saturated solutions of nickel,zinc, manganese,and cobalt sulfates in place
of sodium sulfate.

In table 1 are given our results for cell III ovcr a wîdcr température
interval, using as solvents 0.33 sodiumsulfateand 0.002M sulfuric acid

(to prevent hydrolysis in water), and 0.01 M sodium sulfate in 33.3 per

solution of sodium sulfate as thé conducting medium, found that cell III

TABLE!1

O~en~d E.M.F.o/ ce« Il

T~p~tu~ ~c~E-N~E.

!`C." I/.

NO.01'c" M1I:UCRI\tI R= BIf 8'

00 3 0.960M
'25 3 0.96ZCZ
M.O 6 0.96471
37S 3 0.96880
50.0 3 096891

TABLE22

~a<xM<'f B/or0.0~AfcadmiumOM</<!<e

,v. ~(t) BttV)
(HTO) (N3MxctMt (MMRCZjtt (M~~McmT (MfBeceMT

AMOBOt.) AMMBOL) AM-ONO).) ALCONOL)ALCOROL) ALCOROL) ALCOIIOL) ALCOROL)

0.0 0)4CSt 1.04526 1.0M25 0.08475 0.06374
!0.0 0.14720 104780 1.02596 0.08561 0.06377
!5.0 (0.14673) 1.04870 1.02659 0.08567 0.06356
20.0 0.14688 l.(M942 1.02707 0.08555 0.06320
25.0 (0.14476) 1.0499? 1.02744 0.08528 0.06273
30.0 0.14346 105032 1.02774 0.08477 0.06219

,.r. s''(t) c'-tn')
(H.S) (M~MtOMT(MFMC)!!tfT M.3fEftCt!fT(MpEttCBMTAU'aaot.)*M'onot.)AMMaoL)Aheoaot.)

o.o
1 o.9zvsr AUIOBOL)AIJ.'OBOL)AWOIIOL)0.0 0.03812 0.93687 0.915S6 -0.02364 -0.04465

10.0 0.03485 0.93545 0.91361 -0.02674 -0.04858
15.0 (003239) 0.93436 0.91225 -0.02867 -0.05078
200 0.02956 0.93310 0.91075 -0.03077 -0.05312
25.0 (0.02645) 0.93166 090913 -003305 -005558
30.0 0.02317 0.93003 0.90745 -0.03552( -005810

( ) interpotatedvalues.
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cent ethyl sh-ohot. Thémeasurementsof the two sets agreedwithin
±0.02mv.andcheckedHendersonand MeUon'avatueat 25''C.to 0.05mv.

In table2 are recordedthe observedvaluesofJBfor thorespectiveceUs
for 0.01M cadmiumsulfatein thé solventswater (column2), and 33.3

percentand60percentethylateohoi(columns3and4)at varloustempera-
tures. Eachvaluerepresentsthéaverageofat leasttivecetb;théavorage
deviationwasnevergreaterthan ±0.02mv.,andinmanycasesonly±0.01
mv. The valuesfor the cell processIV, obtainedby subtractingthe

temperature-interpolatedvaluesof E (III) fromF (II), are givenfor

purposesof directcomparisonwithcell1 with whichtheyare equivalent
exceptforthepresenceofalcohol.

In table3 aregiventheobservedvaluesforceilII for differentconcen-
trationsofcadmiumsulfatein 33por cent ethylalcoholat 2a"C. Each
valuerepresentsthéaverageofat toastfivecells;theaveragedeviationwas

TABLE3

F/or«Mel, Il, and/y M/tMMh'one/<;<M«'«t<f<t<<Mto/cadmium<M</o<eandperCM<
o/alcoholal~C.

m
ttMowtAMOMt MmacmTAteoaot.

1 H tV

O.Ot O.M76 1.04997 0.08626
0.008 0.14877 t.05Z49 0.08778
0.006 0.tM04 t.OM77 0.09106
0.004 0.16158 1.060t7 0.09546
0.002 O.t7424 l.)M686 O.tOZIS
0.001 0.18840 1.07386 0.1091S

15percentalcoholat 0.01Af; (H)= I.OM08;E (IV) 0.11437.

nevergreaterthan ±0.04 mv. The valuesforcell1 in waterweretaken
froma largescalegraphof LaMerand Parks' (17)E" valuesafter they
hadbeeninterpolatedto 25"C.usingan equationofthe thirddegreein t.

THEORETICAL

Whena moleofsalt is transferredfroman aqueoussolutionofdielectric
constantDt to anakohoticsolutionofdielectricDi,thé reversibleworkof
transferarisesfromtwosources. Theoxcesselectricalfreeenergy,whieh
the ionspossessby virtueof thoirunequaldistributionas interpretedby
the Debye-Httckdinteractiontheory,changessomewhatwiththechange
inthe dielectricconstant. Secondiy,the individualionsofradiusripossess
a greaterekptrica)freeenergyinthemediumoflowdielectricconstantby
virtueofthegreateramountofworkwhichis necessaryto chargereversibly
theseionsforsucha medium. Bom'sequationfor thissolventmedium
effectis
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~)
( 1)

AiFoisthe freeenergychangeat infinitedilution,wherethe effectsof inter-
actionareabsente

The activitycoefficientoftenisamoreconvenantquantity touseinthe
numericaltreatmentofexperimentaldata.than is the free energy. Any
activity coefficientwhosestandardstate of referenceis takenas unity for
infinitedilutionin purewaterwtUbe designatedby the symbotf. When
thé aetivitycoeScientis referredto thestandardstate of infinitedilution
in a particularwater-alcoholmedium,an asteriskwiUbe used (f). A
subscript zeroindicatesthat the concentrationof electrolyteis zero,and
whenthe mediumispurewater,a Buperscriptzero willbeused(/S = 1,
etc.). Ailconcentrationsof cadmiumsulfateare expressedin molesper
Mtogramof solvent;theconcentrationofalcoholin weightpercent.

In termsofthesedefinitions,the totalmediumeffectis Iog/ and is
composedof twoparts, the solventeffect= log~/yX= logfo, sinee
= 1, plustheinteractionmediumeffectIog/ Thus

!og/ loglo + )og//f (2)

Owen(21)usesthe terms"prinMtry"and "secondary"mediumeffects,
but we preferthe morodescriptiveterms "solvent" and "interaction."
Theyare obviouslyrelatedto the potentials~oand mentionedin the
introduction.

Thé total mediumeffectis obtaineddirectly from the E.M.F.of the
doublecell1-1Vbythe rotation

E = E (IV) E (I) = 0.05915//f° (3)

Zeisthechargeontheion,NisAvofsadro'onumber,andr~.andr-arethemdii
ofthe cationandanion.

TABLE4
_ï'e<a(medium effect" log /oy cadmium ett</e<<«( M"C.

~S~
"MM O.OMM MMJf31BTBTLALCOHOL

t5.0 70.t4 0.5t38
33.3 S&.t6 t.OOM 1.03H LOM7
50.0 48.93 t.3867

p ooM~Mt~f

33.3 69.t6 t.tt78 1.2187 1 t.339833.3 59.16 1.1178 1.2187 1.3398
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Thé resutts are given in table 4 for thé concentrations of cadmium sulfate

and alcohol studied.

Caicuiation of thé sotvent médium enect and thé interaction coeBtcieat

requiMS a knowledge of F' for ceH II in akohot. In figure 1 we have

plotted thé values of .E" denned as

Bc# E + PRT In M; BO' = El, tMT In 14 (y = ) (4)
E'"=E+'~tnM; E"=~nr

(.=~=2) (4)

against thé square root of thé motauty for 33.3 per cent othyt atcohot.

The data obviously do not approach thé hmitinf; stope of thé Debye-

1

Huckettheoryat concentrationsas lowas 0.001M. Thisbohaviorhas
beenobserved(4,9) proviouelyfor the solubilitydata ofsatts in methyl
and ethylalcohol-watermixtures.

Fortunateiy,aprecisevalueofEOisnotnecessary,sincea comparatively
largeerrorinIog/*résultain onlya sma!terror in log neverbeing
greaterthan 1per cent of fo. In table 5 wo givetho calculationof JE"

usingtheGronwall,LaMer,and Sandved(8) equationforthe activityin

equation4foro =2.92A.U.,whichprovedto givethebestfit.
It willbe noticedthat the individualvalues fluctuatemorefromthe

averagethantheydo forcadmiumsulfatein watersolution. Thisisdue
to thefactthatthehighertennsdonotconvergerapidlyin thecaseofthe
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alcoholsolution(D = 59.16),whereasthey do convergewithaumeient
rapidityin thécaseofwater <= 78.64). LaMerand Parkaobtaineda
constantF" whenan ionsizeof 3.6 A.U.unitswasused. WItetherthe
decreasehi a fromM A.V.in waterto 2.92A.U.in 33.8percentakohotis
rea!,orarisesfromtnaunicientconvergence,or isduoto theoreticalweak.
nesseain the Debye-Hûckeitheorycannotbedeterminedat présent, It b
gratifyingthat theE" catcutatedover therangefrom0.01 Mto0.001M,
agréeswithin0.16mv.ofthevalueobtainedbythelineargraphtcalextrap-
olation. We estimatethat jE"is knownto ±0.0005volt, whichfortu-
natelyintroducesanuncertaintyin the calculationof the solventmedium
effectofonly ±0.5percent. UsingtheaveragevalueE" 0.87033,the
solventmediumeffectfor33.3percentethylalcoholin the absenceofany
interactioneffectsequals1.6246.

Accordingto the Bornequation, the solventmédiumeNect,log

shouldbe proportionalto the reciprocalof the dietectricconstantof the
solvent,a predictionwhichÂkeriôf(2)foundtoholdfairlywellforsodium,
potassium,lithium,and hydrogenchloridesup to 80 per centmethyl
alcoholinwater(D = 42.3). Thedotted linein figure2 hasbeendrawn
on thisassumption. Thedistancefromany pointon the solidlineto the
dottedlineat thésamevalueof 1/D is equalto the interactionmedium
effect,which,it wiUbenoted,rapidlybecomesofgreaterimportanceas the
dielectricconstantdecreases.

Fromtheslopeofthedottedlinewecalculatethat

'-(~+~r \r+ <

correspondstoa valueof r ==1.24A.U. If the ionsare sphericaland no
forcesofdeformationintrude,o = 2r = 2.48 A.U. The disagreement
witha ==2.92A.U.,calculatedfromthe Gronwall,L&Mer,andSandved

TABLE 6

Co(c«<o<«mo/ JS' &y<te GroMooM,LaMer, and Sandved~<<~<!t<w;o <.? ~.t/.

COfCKXtMTtC!! go Ot~tADOttfM«ttt!*M

O.tM 0.87076 0.00044
0.008 O.M9C4 -O.OOM7
0.006 0.86966 -O.MW6
0.004 0.87008 -O.M036
0.002 0.87095 O.OOOM
0.001 0.87107 0.00065

Average. 0.87041±O.OOOS

Graphical extrapo~tion. 0.87026
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formof the interactiontheory, whileoutsideexpérimentâterror, is not
sedousconsideringthe highly simplifiedeharacte]-of the modelwhich
completelynegtectsany influenceofsolvation.

In column2oftable6aregiventhévaluesof the interactionactivity
coefficientforcadmiumsulfatein 33percent ethylalcoholandreferredto

Fia.2a
o., 0.000Jtf;A, 0.001M;B,0.002M;X, 0.004Mi0,0.OtOM

unityat infinitedilution in this solventand in column3, the corre-
spondingactivitycoefficientsin aqueoussotution. The!astcolumngtvef
the interactionmediumeffecttog/ °.

Thedecreasein molalheatcontent (- An) and the incroasein molal
heat capacity (~c,) are related to the E.M.F,of the cellproeessby thE
restions:
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-S[E-T(~]
M

aoH1 (a$E~-C~),
(83

It canbeshownthatifB"'isplotted(17)against!/?* théslopeof thecurve
at anypointi8a measureofthémagnitudeof (- An)corfespondingto the

8caleofordinateateadingfromlefttorightreferatoeeUIV(60pereent<tteohot),
cellIV(33percentatcohot),andeeUÏ (water).

temperatureandcompositionof thesolventat that point. Simitarty,the
curv&tureiBameasureofthe valueofACpforthecellprocess.



298 VtCTORK. LAMERANDËÏtWTMt.. CANPENTEM

If ~'7T is plottedagainet1/T, the siope is directlyrelatcdto -AH
and thecurvaturedirectlyto ACp.

Thevaluesof for cetb1andIVarethus plottedinfigure3,fromwhich
it is evidentthat with increasingalcohol content -An deoreaseaand
Ac~becomeslessnegative,i.e.,it increases.

To facilitatethe numerieslcomputationof these quantitieswohave
expressedE for thédiSerentceUprocessesat 0.01M cadmiumsulfateas e
polynomialsofthethirddegreein termeof <"C. 1.

B A + B<+ C~ + D<* (7)

usingtheexperimentalvaluesof the B.M.P.at O",10",20",and 30°C. To e!
test the rcliabilityof the derivedequation,the computedvaluesof E for n

the two temperatures,15"and 2S*C.,were comparedwith the experi-
mentalvalues. The calculatedand experimentalvaluescheckedin ail
caseswithin±0.02mv. Theempiricaloquationmayaccording!yboreUed
upontogivethecorrectderivativeswithinthe limitsofaccuracyofthedata.
Suchacheckisnotobtainedifa seconddegreeequationisemployed. The
coefficientsofequation7aregivenintable 6a.

AuandAcp,calculatedbysubstitutingthe properanalyticalexpressions
of the derivativesofequation7 in equations5 and 6 are givenin table7
for lo''C.,forwhichtemperaturethe higher derivativesshouldbe most

reliable. Column5 for la includcdto preserveconsistencywiththe

TABLE 6

Interaction activilyco~c«t)<a e/ cadmium st~/<t<<a<M°C.

/*(NfMo)mi'EtOH) /'(H<0) -teg/y

0.001 0.363 0.698 O.Z86
0.002 0.238 0.606 0.406
0.004 0.164 0.496 0.607
0.006 0.122 0.443 0.660
0.008 O.t04 0.408 0.694
O.OtO 0.092 0.382 0.6)9

TABLE 6a

CoefficientsX ~O'/or e9tt<!<t'o<M10 and

CEt.t.MOCEM A C D

(0 per cent, M °0.0t). 14661 19.9833 -1.46 0.0t6t67

tH(tndependentQ{so[vent). C6061 16.SOOO 0.0 0.0
IV (33.3per cent, M = 0.01). 8475 13.8607 -0.66 0.00X333
IV (60per cent, M ° 0.01). 6374 3.8333 -0.38 0.002667
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experimentalvaluesofF at thevarioustempératures,but noclaimismade
foraccuracysincethisquantitydépendsuponthe third derivative8~/97*.

SinceParkaandLaMer(22)havemeasuredthe E.M.F.and its tempéra-
ture derivativesofthecellforwhichtheprocessis

Cd(S) = Cd (two-phaseamalgam) V

~Hand&Cpfor théproeess

Cd(8)+ H&S04= Cd80<(M,a per cent EtOH) + 2Hg VI

werecomputedbytherelationVI = II + V.

ïn a.simUarwaythe samequantitiesfor processVII, involvingsolid
cadmiuminsteadof the two-phaseamalgam,can be computedftomthé
relationVII = IV+ V.

HBAT CONTENTS AND BEAT CAPACITIES OF DILUTION

Thevalues2for

AB= H(0.01M,a percentEtOH) H (0.01M, H<0)
and

Ac~(0.01JM) Cp(0.01M,apercentEtOH) c, (0.01M,H,0)

arisingfromthe transferofa moleof cadmiumsulfate froma 0.01molal
solutionin waterto a 0.01mota!solutionin 33.3 and 50 per centethyl

Thepartialmolalquantities,designatedbythébar,alwaysreferto thesolute.
ThecustomaryeubMript2hasbeenomittedaeunneceasaryinthispaper.

TABLE7
_S)mnMt-fMMHj</<M-~'C. (MNJ'K) tMcalories

PEA aAc"
~NOMM <S~.

EtOH ~r

III Pb (aatd.Hg) + Hf[,SO<(B) Pb80< + 2Hg 42,208 0 0

tVCd(Mtd.HK)+PbSO.~CdSO<(O.OtAf)+ )
0.0 8.M7 -2M tt.4

Pb(Mtd.He) ) ~3

60.0 3,670 -60 2.2

f 0. 66,041 -220 t7.4

VICd(8)+Hg,80<(S)°Cd80<(O.Ot~)+2HK 38.3 61.609 -122 8.3

60.0 61,184 -8: 7.8

VnCd(8)+Pb80,(S)=.CdSO<(O.OlM)+ f~- ~S.m.Mpr.c-

~tS:0

8:SPb (satd.Hg)
50:0 Ù26

ess VI
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alcoholaregivonin table8 for the températures10', t5~ and20"C. The
valuesof L(0.01M)andCp(0.01M)are t&bu!atedfor the diBbnmttem-
pératuresintable9. Lisdeanedbytheequation

L = H(0.01M,a per centEtOH) iî"(M = 0,H,0)

Cp= (VI)+ cp(Cd)+ c~HgtSO,) 2cp(Hg)

usingthé valuesas givenin the InternationalCriticatTablesfor solid
cadmium,merouroussu)fa.te,and liquid mereury. The values for L
(0.01M) and Cp(0.01~f) for cadmiumsulfate in water (22)are also
listedforcomparison.Table9 showsthat c~(0.01M) forcadmiumsul-
fateisverynearlya linearfunctionofthe weightpercentofalcohol.

m~nr~0

Inordertoobtainanestimateof theprobableerrorin thèsevalues,0.02
mv.,whichwas the averagedeviationof the experimentalresults,was
addedtoor subtractedfromthemeasurements,andnewvaluescatcuJated.
In thecaseof theheatcontent,it wasfoundthat themaximumerrorwaa
obtainedif thé0.02mv.wasalternately addedto andsubtractedfromthe
measurements.Thisamountedto ±1.3 per cent (±62 cal.). In thecase
ofthéheatcapacity,themaximumerrorwasobtainedif the0.02mv.waa
addedto the firstmeasurementand subtracted from the third. This
amountedto :b2.4percent(±2.6 cal.per degree). Theprobableorrorin
Lmaybetwiceas largeas the errorinAHof transfer,sinceit involvesthe
aubtractionofoneÂHfromanother. The errorin Cpmayalsobe twiceas
largeas theerrorinAc,,as it isnecessaryto add the changein the heat

TABLES

fo!ufs o/ AH ftM<t Ac,

&S m0.<) M.. tEHOEtrEtOM) o, M.0t M. « MttMNtEtOM)

*S~' tO.Ot
M. H~) c,,(tMMM.tM)

M'C )t'C. !0'C. 10~tM~!W~

M 3931 4S32 49M 143 ? M
? 4073 4907 M46 18$ 138 ?

TABLE9

Values 0/ L <tM<<C,

i.-5(e.O)M.tr<!SCB)tTEtOn)- “<
a

~NT
H'w-e.H~)~Cd80. ~"c~JEtOH) CdBO.

M'O. M'C. M'C. WC. t6*C. M'C.

0.0 526 621 7S2 -380 -M -106

33.3 4457 MM 5668 -137 -98 -M

BO.O 4SM ?28 6198 -? -68 -17
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capacityinvolvedin thetransferofa moleofsolidcadmiumfromthesoUd
stateto a two-phaseamalgamtoùc,.ftomprocessII. Theheatcapacities
of thesoMds,cadmiumandmercuroussulfates,and that ofliquidmercury
areaccuratetoabout0.1cal.perdegree.

HendersonandStegeman(13)measuredtheE.M.r.ofceitIII at 18',25',
and 30"C. Prom their empMcatsecond-degreeequationone would
expectthatAc,(III) = 10.6cal.perdegree. Althoughourmeasurements
uponthé samecellat O",12.6",25', 37.5',and60"C.yielda valueofAH
(III) at 18'C.whichcheckstheir valuewithin0.2 por cent (69cat.),we
find9~/9~ (seetable7) to be equalto zéro. Consequent!y,Acp(III)
shouldbe zéro. Thispredictioncan be checked,usingthe calorimetrie
heatcapaeitydatafortherespectivesoUdagiveninInternationalCritical
Tables,Vol.V,pp. 85-97. Thecalorimetricdata require~c,(III) equal
to 0.1cal. Thisagreementfumishesfurtherevidencethat the changes
in heatcapaeityinchemicalprocessesmaybeaccuratelycatcuiatodfrom
preciseE.M.F.measurements,providedthedata extendovera widerange
oftemperatureandan empiricalequationofBufBcientpowerforaccurato
représentationis employed.

Thesedatashowthat for 16'C.the molalheat of dilutionin waterof
0.01M cadmiumsulfateia 621cal.,whereasthe heat enectinvolvedin
transferringonemoleofcadmiumsulfateat 0.01molalfrom33percent
alcoholto wateris463Zcal.,i.e.,the thermaleffectof interactioninwater
isabout12percentof that of transfer,whichis essentiallya puresolvent
effect.

Perhapsthemoststrikingresultofthisinvestigationis thealmostlinear
increase(i.e.,tolessnegativevalues)whichthepartial heatcapacityofthe
saitundergoesonthe additionof alcohol. Thé largenegativevaluesfor
€“whichsaltaexhibitin wateris ascribedbyZwicky(27)to compression
of thosolventin thé neighborhoodof the ionand to a hMSin degreesof
freedomof thesolventas resultofetectrostriction.In a solventof lower
dipolemomentsucheffectsare lessand hencea tessnegativevalueofc?
is observed.

8UMMARY

1. B.M.F,measurementsare reportedforthecell:
Cd (two.phaseamalgam),CdSO,(M,a per cent EtOU), Hg<80<(8),

HgforM==0.01in 33.3and 50percentethylalcoholat 0', 10",IS",20',
25',and30'C. as afunctionofMin33.3percentalcoholat 26'C.,andfor
M 0.01in15per centalcoholat25'C.

The cell:Pb (two-phaseamalgam),PbSO<(8),Hg~0<(8),Hg basbeen
measuredat 12.6'C.-interva!sovertherange0' to 50'C.

2. Thepartialheatcontents,andthepartialheat capacitiesofcadmium
sulfatehavebeencalculatedin theatcohoMcsolutionsforeomparisonwith
thecorrespondingaqueoussolutions.
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3. The total medium effect for 0.01 molal cadmium sulfate in 16, 33.3,
and 50 per cent alcohol, and the solvent and interaction medium effeota in

33.3 per cent alcohol, have been evaluated. The results have been con-

sidered in the light of the Born tramfor equation and the extended form of

the Debye-Httcket interaction theory.
4. The value of r, the mean ionio radius of the cadmium and sulfate

ions as calculated from the Born equation, is in fair agreement with the

value of a, thé distance of olosest approach of two ions, calculated by
means of the extended theory of Debye and HUcket.
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THE SOLUBILÏTYOFLEADSULFATEIN AQUEOUSSOLUTIONS
OF SULFURICACIDAT HIGH CONCENTRATIONS
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CrockfordandBrawley(1)havedeterminedthe solubilityofleadsulfate
inaqueoussulfuricacidsolutionup to 80percentacid at O",25*,35",and
50"C. Donk(2)basmadea systematicstudyof the samesystemup to
approximately100per centacidat 0*,50",100",1SO",and 200"C. His
workwasconcemedprhtdpaUywith thecompositionof thesolidphases
and hisactualsolubilitydataare quitemeager,in somecasesbeingcom-
pletelylacking. Acompletediscussionofthe relationshipsin thebinary
systemsulfuricacid-waterisgivenby MeUor(3).

Thepurposeoftheworkreportedin thispaperwas toaddto thedataof
the ternarysystem,particularlyat the higheracid concentrations.To
thisendsolubilitydatahavebeendeterminedat acid concentrationsupto
approximately104per centBulfuricacid,correspondingto 80.5per cent
sulfurtrioxide,at 0°,25",35",and SO"C.Theeutectic temperaturein the
binarysystemleadsulfate-sulfuricacidbasalsobeen determined.

EXPERIMENTAL

The usual procedureemployedfor solubilityïneasurementswas fol-
lowed. Variousmixtureswereallowedto cometo equilibriumin glass-
stopperedbotties,properlyagitatedin constanttemperaturebaths. The
temperatureswereconstantto d:0.02"C.at the three highertemperatures.
Forthe0"C.isothermthetemperaturewasneverover 0.1"C. EquUibnum
wasrapidlyattainedin thosecasesinwhiehleadsulfatewastheonlysolid
phase. Whensulfurioaoidor oneof its hydrateswasa solidphase,con-
sideraMetroublefromsupercoolingwasexperienced.

The materiatsemployedwerepreparedand purifiedaccordingto the
methodsusedbyCrockfordand Brawley(1). The analyticalprocédures
werelikewisethé same.

Thecompositionsof the solidphaseswereobtained by the methodof
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TABLE 1

SchtMMy(~<ea<<<M</<~in aqueoustxf/Mn'eacid al .f~ M",andM'C.

C.K<!MTMT..M or AC..
'M~<M 'MO a. Mt.T,.t.. At

IN WMotr t)t)t <!jt)tt

–––––––––––-–~––––––––––––––––
M*C.

M*C. M*C.

M n.s 24.0 42.0

? 60.0 100. t30.
90 M 318 3M
M 800 l.OCO t,3M
MO 18,000 S.MO 27,600
101 81,000 M.MO 42,000
102 47,000 62,000 M.OOO
M3 ?,000 M.MO 72,000

TABLE 2

Da«</o)' the 0"C.«o<A<wt

*e<t)coxoofraA- i,BABtUt~ATBM
"0. TtO)t!)tW)nOBTMO.tMtMOO. MUBMAMt

fBttCBNT OFMmTtO))

1 77.48 4.2 Leadeotf&te
2 79. !0 8.6 LeadautfateandeutfuricacH

monohydrate
3 89.44 42.0 Lead sulfateandBuMuricacid

monohydmte
4 9t.69 272 Lead eulfate
6 94.03 680 Lead sulfate
6 96.C2 2200 Lead eulfate
7 97.08 3000 Lead sulfate and auffurioaotd

intersectingtie-lines. For thé determinationof tho leadsulfate-sulfurie
acideutectictemperature,theusualcoolingcurvemethodwasused.

DATAANDCONCLUSIONS

Thedataobtainedfor the 26°,35",and 50"C.isothermsworeplotted
on largecoordinatepaperand the bestcurve drawnthroughthe points.
Theconcentrationsgivenin table 1are taken fromthèsecurves. It was

not thoughtworthwhileto givethe dataforthe wetrésiduel Therésulta

agréewiththoseofDonk,in that leadsulfate is the onlysolidphaseat
thesetemperatures.

In table2aregiventhedataforthe0"C.isothermasactuaUydetermined.
Nosolutionsexistabove97.08percent.

The leadsulfate-sulfuricacid eutectictemperaturewasfoundto be
6.4"C.

If a!lthédataavaHaMeonthe temarysystemarcplottedit isfoundthat
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leadsulfateexistaas theonlysoiidphaseoverthe major part ofthé dia-
gram. Onthe leadsuifat~-watersideof thediagramthé binaryeutectic
? ofcourseat practically0"C. Onthe leadsuttate-Buifuricacidsideisthe
one eutecticwhosetempératureis givenabove. On the sulfurioacid-
watersideare foundthreehydratesof sulfuricacid. Twoof thesehâve
definitcmeltingpoints. Onlythémonohydrateexi9tsabove0"0. Within
thé diagramwillbe four tornaryeutectics,aUof whichwilloccurvery
closeto theBidesof thediagram.

The0"C.isothermshowstheexistenceoffivesolubilitycurves. Ontwo
ofthesethesolidphaseis leadsulfate;on twoothersit is themonohydrate
ofsunuricacid;on theotherit is anhydroussulfuricacid. Thévaluesof
the acidconcentrationsat theintersectionsofthosecurves(solutions2,3,
and7),areessontiaUythesameaa thevaluesgivenby Donk.

MMMAKY

Thesolubilityofleadsulfatein varioussolutionsof sulfuricacidat con.
centrationsabove80 per cent and at O",25",3S~ and 60"C.bas been
determined.

ThesoUdphaseat 26",35",and 60"C.isalwayslead sulfate. At 0"C.
sulfuricacidandsulfuricacidmonohydratealsoexist as souds
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COLLOIDALSOLUTIONSIN CONCENTRATEDELECTROLYTE8'

ANDR.VOET
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INTRODUCTION

If concentratedsulfuricacidbe electrolyzcdwith a directcurrentof
highcurrentdensityanda potentialdifférenceof, for instance,100volts,
usingelectrodesof noblemetab, such as gold,platinum, or palladium,
aftersometimetherewillsuddenlybe observedin the liquidadarkcolor,
whichseemstoproceedfromtheanode. It wasthought tbat thisphenom-
enonmightbeascribedto theformationofa coUoidatsolutionofpalladous
sulfide. In orderto test this assumption,experimentswerecarriedout
whichsoonprovedits exactness.Experimentswere then performedin
order to findout whetherothersubstancesare colloidallydispersedin
sulfuricacidandinotherconcentratedelectrolytes.

EXPEB~MENTA~

î. CoKeentKtMsulfuricacidas a dMpersMMtMe~tMm

a. ColloidalBuISdes

ThepalladiumsulfidesolmaybepreparedasfoUowsAsolutionofabout
200mg.ofpalladouseu!fatein 1 literofcommercialconcentratedsulfurie
acid(about96percent)isheatedto aboutMO"C.,after which100to 200
mg.offloweraofsunurisadded. Onstirringtheliquid,a.darkeningissoon
observed. Aftcrcooling,the sotiafllteredthrougha glass6tterto remove
ama!!quantitiesofcoarserparticles.

Thesolformationmayberepresentedbythefollowingréaction:

Pd80<+ 28 PdS+ 2802

The particlesizebasbeendeterminedby the usual ultramicroscopic
method. If theparticieis supposedcubic,the edgeof the cubeis found
to be 97 mft. Thisnumberis, withoutdoubt, too high, owingto the
poiydispersityofthesol.

The solmayremainstableforseveralweeks. Finally littleflakesare
formed,whichadhereto oneanotherandat lastsink to the bottom. This
flocculateexhibitsa remarkablebehavior. On shaking the flakesdis-

ThiapaperMpartofa theftMpreoentedatthéUniversityofAmsterdam.
ft-
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appear,andtheoriginalsolia restoredcompletely. Aftera fewdaysthe
nakesappearagain,but eau be dispersedanew by shaking. Thesame
behaviorMexhibitedon centrifuging.The flakesappearon the bottom
ofthe vessel,butdisperseat onceonshaking. Thévelocityofflocculation

increasesonheating,but théreversibilityofthe flocculateisnotinnuenced.
An"aging"phenomenonoftheflocculatecouldnot beobserved;morethan
a yearlaterthereversibilityof the flakeswas unchanged. Thereversible

floeculationis clearlydifferentfroma reversiblesédimentation,as in the

lattercasethéparticlesonlysinkto the bottom, whilein thé formercase

little visibleflakesare formedthroughoutthé liquid,whiehconatantty

growandat last.sinkto thebottom.
On dilutingthe solwithwater,an irrevcrsiblecoagulatoimmediately

appears.
Thegoldandplatinumsulfidesoiscanbepreparedin thesamewayand

havepracticallythesameproperties. Thé silver sulfidesol is formedby
mtxinga solutionofsilversulfatein the concentratedacid witha solof

sulfurin thésameliquid(seebelow). At a temperatureof about40*to

50°C.thesolformationis observed,but at 60" to 70"C.the particlesdis-

sotvecomptotciyin the dispersionmédium. Whenelectrolyzingconcen-

tratedsuifuricacidwithsilverelectrodesAndré (1)observeda brownish

liquid,whichhemistookforasilversol. Asa matteroffacta sitversulfide
sothadbeenformed.

b. Colloidalmetats

Colloidalmetalsmaybepreparedbyreducingthedilutesolutionsofthe

saltsin sulfurieacidwithreducingagentssuch as a concentrated,freshly

preparedsolutionofwhitephosphorusinetheror in carbondisulfide.The

pattadiumsolis formedat roomtemperature,whilesolsof platinumand

goldresuttonheatingto 30°to 40"C. Réductioncanalsobeaecomplished
with hydrogenat a highertemperature,but the resultantsolsare les

stable, owingto secondarycoagulation. The pattadiumsot is a dark

brownstablesol,whichdoesnot flocculateon heating. Ondilutionofthe

solwithwateran immediateflocculationensues. Theinfluenceofdilution

onthestabilityof thesolisshownin table1. Upondilutionwithalcohol

thesotdoesnotcoagulate,but dissolvesslowlyin the courseofa fewdays.

Ultramicroscopicexaminationshowsa fairlygoodmonodisper8esolwith

slowlymovingparticles. Theparticlesizehas beendeterminedforseveral

speeimens.Usuattythe valueof the lengthof the edgcof the supposed
cubicparticleisfoundto bebetween30and40m~t.

Differentcotorsareexhibitedbythegoldsols,fromredtoyettow,brown-

ish,and blue,apparentlyowingto slightmodificationsin the mannerof

préparation. Themoststableare theredsols, whichcanbe preparedby

reducingat the lowestpossibletemperature,while immediatecoolingafter

thebeginningofthereductionisnecessary.
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The partiolestzeôf a goldsotbas beendeterminedby thé u!tramicor-
scop;emethod;the lengthof the cdgRof thé supposedcuMcpartielesis
foundto be44.5n~.

Thegoldsolsarelessstablethan thé palladiumsolsandgenerallyfloccu-
bte withmaweek. Onheatingtheaob,thécolorchangesîromMueto red
and ycMow,and finallythé soisbecomealmost colorless. Observations
of thé Tyndalleffect,wMchbecomesmore intense, prove that thé sol
Soccut&tfs.

The platinumsol is a brownish-MackBol,the propertiesofwhichare
practicallythesameas thoseof the goldsol.

c. CoUotd~tsilverhalides

AsilvercMoUdesoli6formedonmndnKa solutionof2 or3 milliequiva-
lentsofsilversulfateinsulfuricacidwithan equivalentquantityofhydro-
eMoricacid. It is a whiteopalescentliquid, which resemblesa silver

TABLE 1

_tMtUM~ JttttMw on the stability t~ the M!

coMONTtMt or Taa mteton
110.

"MM.~M water
~B..

M. ee.

25 0 Stable

2
5 Ftocoutationinoneday

10 Ftoocutatbn~atewhours
4 10 15 ÏMtMttaoccnt~tion
5 S 20 Instant Boceo!&tion

chloridesolin water. Aftera fewdaysthe sol flocculates. Thestability
is not infiuencedif exactlyequivalentquantities of siivcrsulfateand
hydrocHoncacidbe mixed,or if one of thesecomponentabeslightlyin
excessofthe other.

The silverbromideandsilveriodidesotsare formedwhena halideis
addedtoanexcessofa silversulfatesolutioninsulfuricacid. In thiscase
theformationofthesilverhalidestakesplacemuchmorerapidlythan the
decompositionof thehydrobromicandhydroch!oricacids. Thecolloidal
silverbromideis whitish-yellow,the silveriodideyellow,in color. The
halidesolsin suKuncacidflocculateon dilution with waterand have
practicallythesameproperties.

d. Colloidalsulfur

Thesulfursotmaybepreparedby addinga drop of aconccntratedsolu-
tionofsodiumsulfideto concentratedsulfuricacid,whitestirringthe liquid
steadily. Thesol fonnationis due to decompositionof the poiysu)nde
whichisalwayspresentinsodiumsulfide. The slowdécompositionofthe
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hydrogensulfidethusformedcausesa graduai increasein thé solconcen-
tration.

e. Colloidalorganicsubstances

If anorganicsubstancebe broughtintocontact withconcentratedsut-
furieacid,it iscarbonizedin manycases,while the acidis coloredbrown
toblack. Ultramicroscopicexaminationsshowthat a solbasbeenformed.

If a dropofa dilutesucrosesolutionbemixedwithsuKurioacidandthe
mixturebakeptat 150"C.forsometime,a dark brownsolrésulta,which
showsanumberof intenselytight-scattering,slowlymovingparticles. On
dilutionwithwater,the sol flocculates.The analysisof the flakesgave
the followingresults:C = 64.73per cent, H = 3.18per cent, no ash.
Sulfurwasdetectedonlyqualitatively. It is evidentthat the dispersed
phaseisa sulfuratedproductofsucrose.

Sabbatini(4)prepareda solinwater(whichhemistookfora carbonsot)
bypouringthereactionproductofsucroseand sulfurieacidintowaterand

dialyzing. Asa matterof fact thé originalsolution in su)funoacidwas

alreadya colloidalsystem.

f. Colloidalcarbon

Acarbonsolmaybeobtainedby electrolyzingsulfuricacidwithcarbon

electrodes,usinga director alternatingcurrent witha potentialdifference
of 100votts. Toremovethe coarserparticlesthe solisfilteredthrougha

glassfilter. Thesolisstableforsometime, but ondilutionwithwaterit
ftocculatesimmediately.

Otherdispersionmedia

a. Phosphoricacid

Colloidalsulfidesmaybeobtainedbypassinghydrogensulfidethrougha
dilutesotutionofsaltsof therespectivemetalsin commercialconcentrated

phosphoricacid,whichcontainsabout89per cent of theacid,whileother
solsarepreparedas in the sulfuricacidmedium and generallyshowthé
sameproperties.

A differentbehavioris exhibitedby the silver halidesols,whiehshow

nearlythe samestabilityif the quantitiesof silver andhalideboexactly
equivalentor ifa slightexcessof halidebe present, but whicharemuch
morestableif silverbeslightlyinexcess.

Théresultsofadéterminationoftheparticlesizeofagoldsulfide(AuA)
solgavea valueof67mufor the lengthof the edgeofa supposedcubie

particle.
AUthesesolsnoccuiateondilutionwithwater and inseveralcaseswith

organicliquids,asisshownin tables2and3fora goldsulfidesol.



CO~~OIDA~O~prtON6!trcOMe?t<'r?ATB&K~ECr~~O~Y!8 Mt

b. Baturatedaatt sohttionsasdispersionmedia

QeneraHyall saturatedsolutionsof verysoubtesatts havea stabilizing
actionon colloids,but thereare onlya fewsaltsof whiehthesaturated
Botuttonhasbeenfoundto be a mediumforstablecolloids,forinstance,
saturatedsolutionsof the acetatesof potassmmand ammonium,or the
chloridesof calciumandmagnesium. Amoreextensivestudybas been
madeof the potaBMumacetateandcalciumchloridesolutions,whichcan
bemediaforseveralstablemetal,sulfide,andothersols. In mostcasesthé
sotscanbestabilizedbyverysmallquantitiesofgelatin. OndUutton,as
weUasondialysis,stabilizedandnon-at-aMUzedsolsaoecutate.

TABLE2

B~e<e/dilution«)t<A)M<e)'onagold<M~<~Bol

COMMMmott 0<*TM ettMMtOM MBMt~t
NO. –––––––––––––––––––––––– COttM'nON OUSt BOL

PhMphoric aoid Water

M. ce.
1 ? 0 Stable
2 20 6 FtoccM~tcftBtowty
8 t6 10 Flocculates morequtokty
4 10 18 Instant ftoocutfttion
5 5 20 Instant flocculation

TABLE 3

~«:< 0/ dilution <M'<Aalcoholon a gold<t<~)M<M(

COMMMnOMOfÏHBOtMBMtOM«KMOtt
MO. ––––––––––––––––––––––––– CON))[Tt<Mte~TMMt,

PhnephotioMid AhoM

M. ec.

t M 0 Stable
2 20 5 Ftoocu~teB~owty
3 16 10 Ftocoutatea morequickly
4 10 1& Instant flocculation

S 20 Instant BoMutation

S. physial properties

a. Conductivity

Theconcentratedelectrolytesolutionswhichhave beenusedas disper-
sionmediahavea veryhighconductivityascomparedwithordinarysols.
The specifieconductivityof sols in wateror in organicmediasetdom
exceedsa vatue = 3 X 10- Table4 showsthe specifieconductivity
of thediSereutmedia.
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TABLE 4

NpMt~e<'on<!McttM'<yo/ <A<different media

MMA K~*XtO*

8utfuncacid,96pereent. 940

PhosphoncMtd,87per<:ent. MO

CtttcMntcMorMe.ttaturated. 960

PotasMumacetate.BatutMted. 620

TABLE 5

Relativeviscosilycf the dispersion media

MMTtVE YMCONTt
MBBtA *TM*0.

WATM-t t

Sutfur!cMid,96percent. 20.4

PhosphonoaMd,8Cpereent. 55.2
Calcium chloride, solution saturated at room temperature. 6.89
Potassium acetate, solution saturated at room temperature.

*1

11.91

Phoephorio aeid, 44.6per cent. 6.15

b. Etectrokineticpotential

The usuatmethodaforthédeterminationof the electrokinetiopotential
of thé partielescannotboapplied,owingto the high conductivityof thé
medium. InafewcasesitwaspossibletoovercomethisdMBcutty,making
useofthépropertyofeuifu~cacidthatmixturesof it withothersubstances
sometimeshavea lowconductivity.A solutionof sulfurtrioxidein sut'
furieacidbasbeenmade,containingabout65.1per centfreeauifuttrioxide, t
whichbas a very lowconductivity.Cataphoresishasbeencarriedout
witha palladiumsulfidesolin thismediumin a speciaUymodifiedBurton

apparatus. Nomovementwhateverof the boundary couldbodetected.
Thesamephenomenonhasbeenobservedwitha palladiumsotinamixture ;j
ofaboutequalvolumesofsuifurioacidandglacialaceticacid.

c. Relativeviscosity

Therelativeviscosityofthesesolshasbeendeterminedwithaviscosim-
eter of the Jones-Veazytype(3)in a thermostatat 25"C. Nodifference
in thoviscosityofthesoisandthédispersionmediacouldbedetected.

N8CU68tON

Accordingto the currentviews,the stabilityof a solis ascribedto a

potentialdifferencebetweenthéparticleandthe médiumor toa solvation
of the particle. Asneithera movcmentin the Burton apparatusnora

highrelativeviscositycouldbedetected,bothofthese explanationsseemed
tobeoutofthéquestion. It mightbesupposedthat theparticiesaredis-
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chargedby theelectrolyte,but that theverygreat viscosityof thedisper.
sionmediumis the causeofan extremelyslowflocculationandtherefore
of the apparentstabilityof thesol. Inspectionof table 5 showsat once,
however,that this asaumptionis not correct. The maximumviscosity
reachesthevalueS5.2,inrelationtowater,but the proportionbetweenthe
stabilityof solsin concentratedphosphoricacid and in diluteaqueous t
solutionismuchhigher,sincethe timeneeessaryfornocculationis in thé
lattercasemeasuredin secondsandminutes,but in the formerindaysand
weeks. Otherobservationsleadto thesameconclusion. A sotin phos-
phoricacid whichhas beendilutedto twice its volume is flocculated
withina shorttime,yet thétableshowsthat thé viscosityofthismedium
is higherthan the viscosityof a saturatedsolutionof calciumchloride,
whichcanbea mediumfora stablesol. A red goldsotcanbomadein a
concentratedsolutionofsucrose,whichbasa highviscosity. Yeta small
quantityof electrolyteturne the colorfromred to blue withina short
time. In thiscasethe highviscositydoesnot stabilise.

Onthe otherbandit mustbeconsideredthat, owingto the verysmaU
concentrationof the sols,their relativeviscositywill,accordingto Ein-
stein'slaw(2),not differfromunity by an observableamount,evenif a
largerquantityofsolventehouldadhereto theparticle.

Again,the phenomenonof reversiblenoccutationmay bebroughtfor-
ward,whichisinsomerespectsanalogousto the reversibleisothermalsol-
gel transformationusually caUedthixotropy. This phenomenonis
exhibitedbysomecolloidswhiehhavea moreor iesslyophiliecharacter,
auchas the ferrieoxidesol,the vanadiumpentoxidesol, etc., and is ex-
plainedby assuminga veryweakbondbetweenthe partieleswhichare
surroundedbylayeraofadheriugliquid. Nowin this casethe concentra-
tionof the colloidissohighthat atl the liquidis enclosedwithinthé large
gelcomplex,andthe freedispersionmediumbas completelydisappeared.
However,thisbehaviormayaisobeexhibitedby a dilutecolloid. In this
casethe quantityofliquidis too largeto be totaUyenclosed,butsolvated
flakesareformed,thethixotropyofwhichisshownbya total dispersionon
shaking. This phenomenonbas beenobservedby H. Wemer(6),who
atudieda suspensionofBoiusalba. Thisclaysuspensionftocculatedafter
sometime,but the Sakés,whichwerecoveredby a liquidlayer,couldbe
dispersedbyshaking.

Thispictureisquite identicalwiththe reversiblenoccutationexhibited
bythe palladiumsulfidesolinsulfuricacidand by othersolsmentionedin
thé experimentalpart. It is thereforeassumedthat thé particlesofthese
sots,whichshowthixotropyin dilutesolution,arecoveredby a layerof
adheringliquidmediumandpossessinsomedegreelyophilieproperties.

Theconceptionofthixotropywillhaveto be extcndedanddefinedas a
reversibleisothermaltransitionfroma solto a congtomerate,while,more-
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over, the lattermayequallywellbea gelas a fioccutate. Thispointof
viewcanbeprovedbytheobservationtbat somecolloidsshowthixotropy
in concentratedsolution,but reversibleBocoutationwhendiluted. This
typicalbehaviorisclearlyshownbybentonite.

In accordancewiththis hypothèseit maybe assumedthat in coneen-
trated satt solutionsan adsorptionof thésatt will ensue. Thehydration
of the adsorbedsatt willhydfate the particle, which thereforewill be
stabilized. Thishypothesisis supportedby the observationthat, in gén-
eral, the morehydratedthe ionsof thé satt are, the higheri8théstability
of the colloidalsystems.

The protectiveactionof proteinsis explainedby a hydrationwhieh
stabilizesthe particle. Thusthe hydratingaction of the sa)tin concen-
trated solutioncanbopartiallysuppliedbygelatin. Nowit is clearthat
with smalleoticentrationsof electrolytesmoregelatin willbe neededto
stabilizethecolloidsif thcsalt concentrationis increased,whileinconcen-
trated satt solutionsthereverseis true. In the formercasethéhydrating
gelatin is necessaryto obtainthe minimumstability, whiehis decreased

by the actionof the electrolytes;in the latter case the hydrationof the
adsorbedsaltactsasasubstituteforthéhydrationof theprotein.

CONCLUSION

Fromthisstudyit maybe conctudedthat thé influenceofelectrolytes
on eoUoidsis morecomplicatedthan wasformerly thought. A hydro-
phobiesotwhichisperfectlyfreeofelectrolytesis generallyunstable,as a
smaUquantityofelectrolyteis necessaryto form the doublelayer. This

quantityisstabilizing.Asomewhatlargerquantity producesnoccutation.

Finallya veryhighconcentrationof electrolyteshas againa stabitizing
influence. In générât,a colloidalsystem,according to the electrolyte
concentration,hastwostableattdtwounstablezones.

8UMMARY

1. Acolloidalsolutionmaybestableinsolutionsofconcentratedelectro-

lytes.
2. Mcthodsof preparationhavebeendescribedfor solsofmetals,sut-

fides,silverhalides,sulfur,carbon,etc.indispersionmediasuchasconcen-
trated sulfuricacidandphosphoricacidandsaturated solutionsof salts,
suchas calciumchlorideand potassiumacetate.

3. Solsinsolutionsof concentratedelectrolytesdo notshowanyetectro-
kinetiepotentialdifference,noran increaseinrelativeviscosity.

4. Somecolloidsinconcentratedelectrolytesexhibitthixotropy.
5. Thehypothesisthat théstabilityofcolloidalsystemsinconcentrated

electrolytesiscausedbysolvationissupportedbyseveralarguments.
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THE SOMTBIMTYOF LEAD BROMATEAND IT8 ACTIVITY
COEFFICIENTSÏN SOLUTIONSOF ELECTROLYTES

F. H. MAoDOUGALLArmEVERETTJ. HOFFMAN~

fSeAoe!<~CA<m<'a()~,MMft~y<~M<<mMû<<t,M<MMMpcK<,WttOMeht

~e<wdSeptemberW,~CM

INTRODUCTION

Thisinvestigationwasundertakeninorderto studythe effectofnitrates
of certainuni~and bi-vatentmetalson the solubilityand activitycoeffi-
cientsof a M-univtdentsalt,and to compareobservedresultawiththose

computedon the basisof modemthéoriesof electrolytesolutions. For
thia purposethe solubilityof lead bromatewasdeterminedat 26*0.in

aqueoussolutionsof variousconcentrationsof the nitrates of sodium,
potassium,lithium,calcium,strontium,and lead.

W.Bûttger(1) determinedthe solubilityof leadbromatein waterand
foundit to be 13.37g. (0.0289mole)per liter of solution at 1M6"C.
Fromconductancodata he catcuiatesthat the saturated solutionis 72

percentionized. Wefindthe solubilityofteadbromatein waterat 26*C.
to bo 0.03437moleper liter. The densityof this saturated solutionM
1.0112.

MATERtALS AND PROCEDURE

Water. The solutionswerepreparedwith "conductivity"waterwhieh
wasobtainedby the distillationof distilledwateroversodiumhydroxide
and potassiumpermanganatein a tin-linedvessel.

Lead bromate.The lead bromate was prepared by the following
method:A solutionof sodiumbromateheated to 30°C.was addedto a
solutionof lead nitrateat the sametemperaturewithconstant etirring.
The leadbromatewasallowedtosettle,and the solutionwascooled. The

supematantliquidwasthendecanted,and the leadbromate waswashed
severaltimesbydécantation,filtered,and washedagainonthe filter. The
leadbromatewasthen washedthoroughlywithpure 95 per centalcohol
and absoluteether and driedin a vacuumdesicoatorover magnesium
perchlorateat roomtemperature. Attemptsto dry the lead bromateby
heatingresultedin decompositionasdescribedby Rammelsberg(5).

1Thispaperg!vesthocssentMportionsofthetheaispresentedbyE.J.BMhnM
inJune,1935,to theGraduateFacuttyof theUniversityofMittnesotainpartial
futStmentofthérequirementsforthedegreeofDoctorofPhilosophy.
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A't<!t!<M.Thenitrateswereof the bestqua!ity avaiJaMe.Theywere
crystaHMedonceand somotimestwicefrom conductivitywater. They
werethen dehydratedthoroughly.

Sodium~tom<ya<eM~OM. The sodiumttuosutfatesolutionusedfor
analysiswaspreparedby the methodofWatson(6).

Preparationofw<«<MMs.Conductivitywater was addedby meansof
anaccurateiycaiibr&tedpipet(lOO~c.capacity)to gtass-stopperedbottles
containingpreviouslyweighedquantitiesof the nitrateand an exeesaof
leadbromate. AJtwetghingswere correotedfor buoyaney. A heavy
coatof paraffinwasappliedto thé stopperaof the bottlesafter thésolu-
tionswereprepared,and the bottles werethen meohamc&ttyrotatedin
a water-bathat 26.00 ± 0.05"C.forseveralhours until equilibriumwas
estaMished.

J~M of<!tM< Afterequilibriumhadbeen estabMed, thebottles
wereremovedfromthe rotator and, stitt immersedalmostcompletely,
wereheldstationaryin the water-bathto aUowthéexcessleadbromateto
settle. Theclearsolutionwasthen drawnoff by meansof vacuuminto
an Ettemneyernaakalmostcompletelymuneraedin thewater'bath(4).
A smallplugofabsorbentcotton wasplaced in the endof the delivery
tube to preventthe passageofany solidparticlesof leadbromateduring
the transferof thé solutionfromthe bottle to the flask. Four 10-cc.
samplesof the solutionwerewithdrawnfrom the Saskby meansof an.
accuratelycalibratedpipetandtransferredto previouslyweighedweigh-
ing bottles. Thesesampleswere then accuratelyweighedin order to
déterminethé densitiesof the solutions. These solutionswerethen
washedinto 500-cc.glass-stopperedErienmeyerflaskscontaininga solu-
tionofpotassiumiodideacidifiedwithhydmcMoncacid,andweretitrated
with0.3M sodiumthioauU'atepreparedby the methoddescribedabove.
A 0.2percent starchsolution,containing0.1 per cent saucytieacidas
preservative,wasusedas indicator. Analysisof eachconcentrationof
nitrate solutionwasthus run in quadruplicate. It waspossiblefroma
knowledgeoftheweightofeachconstituentof the solutionandthedensity
to determinethe concentrationsas molality,rnolarity,ormole fraction.

EXPEROtENTALBESUL.T8

Tables1 to 6 iist the solubilitiesat 26*0.of lead bromatein aqueous
solutionsofthe nitratesat variousconcentrations. Wedenoteingeneral
themolalityandmolarityofa soluteinasolutionbymandc, respectivety.
ThenormaHzedmole-fraction, ofPb++tscalculatedonthe assumption
of completeionizationof the dissoivedsalts. Normalizedmole-fraction
(4)isequalto themole-fractionmultipliedby the factor55.51. Theionic

strength,S, givenin these tables is calculatedon the basisof complete
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TABLE1

NetxMM~,~<<M«M eeM<as<t(Ki and J?,), and activity e<~MeH<e<~<««<&nMM<e
_? the p)'M<Mee<~po<<M~ttMnitrate a<jM°C.

lIA~v. 0 i
K~O. ~E< PMM.ttPMBtO.). ° ~t -r*

MIMMH

0. 1.01120.034370.03447 0.46600.019800.674O.M60.864
0.04883t.OtM0.039240.039380.63490.62NO.OtWS0.4?t0.8200318
0.099341.0t8t0.048780.044060.67200.66t0O.OM870.4060.2MO.S84
0.19M.02860.061040.061290.66600.016Z0.019850.8300.2460.243
0.2960.03780.067980.058280.64000.06C90.019870.280O.ZM0.213
0.8901.04660.063960.064340.63130.6878$.OM880.2460.1960.192
0.4867.0647O.OM030.070430.44810.71290.019880.2200.1790.176
0.6784.06080.07677O.OM3C0.46220.73300.019860.2000.1660.161
0.7671.07760.087M0.088060.5886076620.019870.1090.)430.138
0.9339.09060.098180.099210.4687––––––––
1.18M1.11270.11340.11400.4181Av.=0.01984
1.4419 .1327 0.1293 0.1293 0.4363–––––––––––––––––––
1.8314 .1664 0.1660 0.1676 0.4068 =0.30; ~0.01482:1.-
2.0362 1.1883 0.1686 0.1717 0.3846 0.02441;«.~ 0.3120
2.2469 1.2011 0.178Z 0.1816 0.3978
2.44491.21610.17990.18300.4164
2.64231.22200.17320.1769 1

TABLE 2

<6M«MK<y,equilibriumc<MM<ottta(KI and Jf,), and activily «M~Met~ of teodbromate
the p)'e«MM'e<~sodium nitrate al ~C.

<<

N.N0, ~SS Pb(BtO.),PbtB.O.),N-NOI
BOMnOH

PblBrO.)¡ A CI J
S0100'tlOli

0. 1.01120.034370.03447 0.46100.019920.5810.3650.864
0.048331.01410.038840.039000.72940.61370.019880.4830.3230.321
0.10t31.0t840.043170.043360.67890.66230.019950.4180.2M0.2M
0.19911.02660.049840.049970.64830.60360.019970.3460.2620.249
0.29631.03340.06630O.OM020.63290.63070.020030.2990.2260222
0.39381.04240.061440.061670.61430.66830.020060.2650.2040.201
0.48921.04660.064300.064640.66860.69690.019590.2410.1950.191
0.68741.0M40.071120.071220.60030.71210.019980.2200.1770.172
0.77761.06970.08024O.OM330.48300.74300.019970.1890.1570.162
0.96661.03370.088990.088990.67090.76670.019960.1680.14!0.136
1.19701.10000.099670.099620.6636–––––––––
1.42411.11680.10980.10970.6406Av. 0.01993
1.86661.14600.12950.12920.6060-––––––––––––––––––
2.29211.17640.14870.14840.6009A=0.385;~0.01463;
2.68601.20100.16610.16480.4911 0.02466;<~=0.8110
3.46721.26300.19900.19860.4725
4.86461.33780.26360.25460.4646
6.09121.41720.30260.30410.4420
7.17701.48240.34160.34460.5327

t<n) mom.u. of ttTMMt mBtnamY, v<M..M, NO. 3
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TABLES8

~M«MK<y,~mMttxm ceM«to<<(K<and K,), <m~<tcMc«yeo~c<m« (<e<<tfonx)~
<AeprM<nceo/ h'<A<t<mnitrate at iM'C.

<
< MM* e î

UNO, tt*TH< Pb(BfO.)tPMBtO,). 1 T*
`

'tOt.MtOtf

0. 1.0tt20.034370.03447 0.4MZ0.020W0.6900.3660.3M
0.049261.0t360.03M9O.OM640.8C6S0.0043O.ONMt0.4960.3260.826 j
0.098731.0t680.042240.<M2440.78370.63690.020t40.4M0.297O.M6
0.2049t.02440.04874O.OM800.76430.6MO0.020210.3M0.2680.266
0.30121.0293O.OS3660.063790.76000.61020.020260.3200.2340.231
0.39331.03480.068000.068120.78680.64M0.020290.2900.3170.218
0.49291.03990.062060.062170.73330.80650.020260.2960.2020.198
0.68161.04460.066170.066260.73730.68280.020160.2480.1980.188
0.77611.06490.072260.072260.72260.71170.020140.2180.1740.169
0.96441.06490.07S670.078490.7102–––––––––
1.4269 1.0880 0.09337 0.09310 0.6814 Av. = 0.02017
1.86801.10840.10610.10670.6623––––––––––––––––––
2.30321.13020.11900.11840.6412A 0.60;X,=0.01463;jC.
2.7213 1.1M7 0.1310 0.1300 0.6367 0.02498:<t.-0.30M
3.M92 1.1887 0.1634 0.1618 0.6919

4.9703 1.2662 0.1930 0.1904 0.6686

u/ fttrotttttttft7ntr<fte

dd
ii

Br<NO,), "S~ Pb(B~.), Pb(BrO.). A <. A.

0. 1.0M2 0.03437 0.03447
0.006S66 1.0117 0.0368t 0.03&&6 0.8342 0.4?6 0.478
0.01031 1.0129 0.03702 0.03717 0.8929 0.490 0.485
0.01958 1.0144 0.03893 0.03911 0.9267 0.611 0.618
0.06020 1.0226 0.04466 0.04471 0.8892 0.603 0.630
0.09944 1.0332 0.05180 0.05199 0.8441 0.617 0.629
0.1976 1.0648 0.06339 0.06364 0.7972 0.680 0.630
0.2949 1.0741 0.07301 0.07318 0.7676 0.719 0.629
0.3903 1.0933 0.08177 0.08191 0.7427 0.749 0.626
0.4866 1.1107 0.08M9 0.08961 0.7281 0.768 0.626
O.M04 1.1301 0.09739 0.09750 0.7092 0.786 0.620
0.7614 1.1627 0.1110 0.1113 0.6842 0.811 0.614
0.9446 1.1971 0.1249 0.1263 0.6608 0.831 0.606
1.3742 1.2748 0.1636 0.1643 0.6297 0.862 0.496
1.7788 1.3438 0.1765 0.17&1 0.6127 0.880 0.480
2.1699 1.4084 0.1966 0.1979 0.6031
2.5197 1.4668 0.2t06 0.3140 0.6980
2.8704 1.6261 0.2228 0.2267 0.6976

TABLE 4

Solubilityo/ <e<K<&fomo<<ttt thepretexcet/ <<fM)<(Mtnnitrate ot M*C. Va!<tMt~« a)«<
A ca!e<<!o<eJ/M'sa<MM<edMtMMotM<~lead bromale M thepr~MMe

0/ <tfOt)<t«Mnitrate

01

Calculated from équations 24 and 26.
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e d t i A A'
Q.<NO.). *~S' ~B<0,). FM&0,), <t'

0. 1.0U8 0.03437 0.0344.7

0.006271t.0099 0.036660.03584 1.2263 0.476 0.641
0.01116 t.OH7 O.M6400.08M& t.4t96 0.483 0.636
O.OZtM 1.0t36 O.OM2t0.0394t O.CSM 0.6M 0.633
O.O&tMt.OtM 0.042980.048t4 l.!3M 0.649 0.676
O.t2t6 1.03t3 O.M3W0.05409 0.8M9 0.630 0.666
O.t976 t.0426 0.06MZ0.0623t 0.8363 0.674 0.668
0.3362 1.0643 0.074970.07522 0.7874 0.726 0.M1
0.4920 1.0869 0.087690.08808 0.76t3 0.764 0.644
0.6764 1.0997 0.094730.09496 0.73t6 0.7SO 0.637
0.7780 l.!283 O.tt06 O.U08 0.6946 0.810 0.622
0.9624 1.M67 O.n94 O.t204 0.6908 0.825 0.628
t.3806 LZ090 0.!4M O.t437 0.6763 0.862 0.627
1.7872 t.2607 O.t647 O.t663 06602
2.1719 t.3074 O.!8t3 0.1823 0.6408
2.6361 1.3489 0.1944 0.1963 0.6364
3.1960 1.4216 0.2H8 0.2154 0.6347

Ca!c<)latedfromequatmns24 and 26.

PbfNO.). ~S- Fb(B~). Pbf~M.

0. 1.0113 0.03437 0.03437 0.03447 0.03447

0.0049471.0104 0.033710.036290.03388 0.03S46 0.8167
0.0099211.0118 0.033320.036350.03348 0.03961 0.7564
0.01990 1.0132 0.032580.088190.03277 0.03841 0.7697
0.04981 1.0219 0.031610.043330.03176 0.04364 0.7W
0.09940 1.0366 0.0314B0.050580.03160 0.05083 0.7633
0.1978 1.0643 0.032640.062620.03318 0.06366 0.6973
0.2955 1.0936 0.034570.073330.03466 0.07362 0.6942
0.3882 1.1120 0.036570.082830.03097 0.08372 0.6M3
0.4871 1.1480 0.038760.092450.03887 0.09272 0.6M1
0.6804 1.1735 0.041020.1016 0.04119 0.1017 0.6330
0.7672 1.2290 0.045720.01193 0.04683 0.1196 0.6027
0.9470 1.2786 O.OM460.1364 O.OS0690.1371 0.5770
1.1663 1.3402 0.056130.1668 0.05648 0.1677 0.6544
1.3807 1.4011 0.061830.1767 0.06226 0.1779 0.6397

TABLEb

.SohtMK~o/<««<troma~in <A<pf-Mence<~calciumnitrate<t<M*C. ~w <~«<M<<

A ca!M<<a<e<</M'«t<<tfo<e<<ao<M«<)Mo/ <M<<&f<MMa<ein Me~wnM
<~calciumnitrate

TABLE 8

SohtMMtfof leadtrompein thepf~Mee o/ <<a<!w(!'o<e<!<~°C.
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ionizationof the dissolvedsalts. The ionioatrength is definedby thé

equation

5 =. (1)

wherec<? the molarconcentrationand <!<is the valenceofan ion of the

t"'ldnd.
It willbeobservedthat ingeneralthesolubilityofleadbromateinoreases

withinereasingconcentrationofaddednitrate. In the présence,however,
ofleadnitrate,thesolubilityofthe bromatediminishestoaminimumand

then increases.Thedata obtainedwithleadnitrate asaddedsa!tcanbe

bestcomparedwiththosefoundwithothersalts bymeansofthe quantity
3/r-

/</–,
whereL. isthe ionieproductof ieadbromate, i.e.,

L. = tPb~ [BrOn" (2)

calculatedon the assumptionof completeionization. Whenthe added

aa!tbasnoionin commonwithleadbromate,it iBreadilyseenthat

=
[pb~] c = [Pb(BrO,M (3)

Whenthe addedsait is leadnitrate of concentrationc,,

.3/- (4)= ~(c+c.)e~ (4)

Wehaveaecordinglyincludedin table6 thévaluesof
~/–

whichareseen

to increasein thenormalwaywithincreasingionicstrengthofthesolution.
The solubilitydata are representedgraphicallyin figure1. It wiUbe

seenthat, at a givenionicstrength,the increasein the solubility(orsotu-

bilityproduct,L.) dueto addednitratediminishesin theorder,potassium

nitrate,sodiumnitrate, lead nitrate, lithium nitrate, strontiumnitrate,
calciumnitrate.

The solubilitydata obtainedwereusedto test the applicabitityof the

Debye-Hucket(2) equation,whichbecomesfor a bi-univalentsait in

aqueoussolutionat 26"C.,

-log f = log~ log~ =
(5)

AS~
(5)

1.009<S'
1 +0.3283X 10'eSt

In thiséquationtoisthenonnalizedactivitya.nd;Sis the normalizedmole-

fractionofleadion(orofbromateion)foran ionicstrengthS,anda isthe
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meanioniodiameterparameter. Ït isseenthat may be tookedonas the
valueofi (thénormalizedmole-fractionofPb++in a satumted solutionof
leadbromate)extrapolatedto a valueofS = 0. This extfapotatedvalue
of isequalto moandappfoxioatetyequalto co,the extrapolatedvalues

FM.1.SotuMHtyof leadbrom~tein thepresenceof etectrotytea.ï, KNOt:
~r

H, NaNO,!III, Fb(NO,),;nia, valuesof
–'

for leadnitrate solutions;IV,

UNO,!V,8r(NO,)t;VI,Ca(NO.),.

of the molalityandmolarity,respeotivety,of a saturated solutionof lead
bromate.

Thetwounknowns,%oand A(ora),canbecalculatedbymeansofequa.
tion5 fromtwosetsofcorrespondingvaluesofxand S. In eachcasethe
valuesof andSforleadbromateinpurewaterwerecombimedsuccessively
withthe correspondingvaluesof thèsequantitiesforsolutionscontaining
increasingconcentrattonsofaddednitrate. If, fora given addedelectro-
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lyte,a fairlyconstantseriesofvaluesofA (orof<;o)is obtained,especially
for the moredilutosolutions,wemayconcludethat the postulatesof thé

Debyetheoryaresatisfied.Theseincludethe assumptionthat the elec-

trolytesdealtwitharevirtuallycompletelyionized.
In column5oftables1to5andincolumn7oftable6aregiventhevalues

ofA anda'ecalculatedin thémannerdescribedforeachseriesofsolutions.
It wiUboobservedthat in eachcase thé valuesof are far frombeing
constant. Thereisa markeddecreaseinA withinereasingioniestrength.
Wecanoonclude,therefore,that, ifwepostulatethat leadbromateandthé
addedsaltsarecompletelyionized,equation5is notapplicableto aqueous
solutionsof leadbromatein the presenceor absenceofotherelectrolytes.
Weshaltexaminelatertheconsequencesthat followfromtheassumption
that, insaturatedsolutions,leadbromateisonlypartiallyionized.

TBBaOCKELEQUATION

In an extensionoftheDebyeandHQckeltreatment, E. Httcket(3)took
intoaccounta possiblevariationofthedielectricconstantofasolutionwith
the concentrationofthe dissolvedsubstances. The equationhederived,
asappliedto thepresentproblem,maybewritten,

loge = log:to1.00981 + Cs (6)
tog%-togf.+~+C<S

(6)

whereCisa constant. Forourpurposewemayconsiderequation6 to be
an interpolationformula. Theconstantsof theéquation,~o, andC,can
be foundby thesolutionof three simultaneousequationsof the form6,
usingthe correspondingvaluesof 1and S. The usefulnessofequation6
can then be testedby calculatingvaluesof 2 for variousvaluesof<Sand

comparingthe calculatedwith the observedvalues. Weshaltomit the
detailsof thesecalculations,whichshowedthat equation6canreproduce
witha fairdegreeofaceuracyourexperimentalresults. Wegivein table

7 theappropriatevaluesoftheconstantsoftheHuckelequation.

INCOMPLETEIONIZATIONOFTERNARYEÏ.ECTNOÏ<TTB6

Sincethe Debye-Hückelequationbas beenfound to be applicableto

aqueoussolutionsofnumeroussimpleelectrolytesup to an ionicstrength
ofat leastunity,thequestionariseswhetherthe failurein thépresentcase
is apparentratherthanreal. Nowthe Debye-Huckelequationbasbeen

appliedto the solubilitydata of leadbromateon the assumptionthat ail
the saltsconcemedarecompletelyionized. Thisassumptionwasmadein

calculatingthe ionicstrengthS and theconcentrationofPb++or ofBrO~
inanysolution.

Referringto thedatagivenin anyof the tablesfrom1to 6,weseethat
the calculatedvalueofAdeereaseswithincreasingconcentrationofadded
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nitrate. Thisresultmaybeexpressedin the statementthat the solubility
of lead bromate~«s'<KMMmorerapidlywith increasingconcentrationof
addedelectrolytethanwouldbepredictedbytheDebye-Hûcke!equation,
using a valueof Aobtainedfromsolutionsof lowionic strength. In
other words,the effectiveactivitycoefficientof lead bromate decr~Mes
morerapidlywithinereasingconcentrationof addedsalt than the theory
predicts. Theassumptionthat the addednitrateis onlypartially ionized
willnot,by ttsetf,accountforthisbehavior;in faot,ifthe addednitratein
themoreconcentratedsolutionsisionizedto a emaUerdegreethanwehave

supposed,the soiubiUtyof leadbromateehouldincreaselésa,insteadof

more,rapidlywithincreasingconcentrationoftheaddedsalt.
Letus suppose,however,that leadbromatein solutionis eitherincom-

pletelyionizedorthat it existein theformofthéionsPbBrO~ Pb~, and
BrO,. It wiUbe recalledthat, in calculatingA of equation6,twosolu-
tions are compared,one containingonly lead bromateand water,the

secondcontaininginadditionsomesolublenitrate. Ifweassumethat the
dissolvedleadbromateis not entirolyin the fonn of Pb~~ and BrO~
ions,thé ionicstrengthsof the twosolutionsreferredto will, ofcourse,be
lessthan thevaluescalculatedonthe basisofcompleteionization,but it i6

readilyseenthat thé decreasein the calculatedionicstrength due to our
newassumptionof incompleteionizationofleadbromatewill berelatively
greaterfortheStstthanforthesecondsolution. Henceit followsthat as
wegofromasolutionofleadbromateonlyto solutionscontaininginaddi-
tionasolublenitrate,theactivitycoefficientofanyionpresentwilldecrease
morerapidlythanifweassumecompleteionization. This is qualitatively
in aereementwith the observedbehavior. To simplifyto someextent
the treatmentoftheproblem,wemakethe followingassumptions:

(a) Leadbromatein aqueoussolutionionizesin twostages, as givenby
the scheme,

I. Pb(BrOj,)!:(s)Pb(BrOa). PbBrO~+ BrO~ (7)

II. PbBrO~ Pb~ + BrO, (8)

TABLE 7

fa~<~<Ae H<!<AetceM<on<</M-<««<&fO)M<ein «~««MMtoMtons o/ fOftMt<tnitrates

BM.t~nott A C

Pb(BrO.)r-KNOt O.StM 0.0t860 O.UM

Pb(BrO,)r-NaNO, 0.8t43 0.01S76 O.M'!32

Pb(BrO,)rLiNO< O.W38 0.01904 0.040M

Pb(BrO.)rSr(NO,), 1.06M 0.01948 O.OS906

Pb(BrO,)f-Ca(NO,), 1.1041 0.01961 0.(M624

Fb(BrOt)<-Pb(NOt). 0.9216 0.01910 0.06225
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(b) Theionizationaooordingto théBrststage isanalogousto the ioniza-
tionofauni-univalentsait. Weassumethereforethat the ioniza-
tionofleadbromateintoPbBrO~andBrO isvirtuallycomplete.

(c) Wereatrictourcalculationsat the presenttimeto thocasethat the
addednitrateisauni-univalentsait (e.g.,potassiumnitrate)which
weassumeto becompletelyionized.

(d) In solutionscontainingaddednitrate, it is probablethat a certain
amountofthe intermediateion,PbNO~,willbeformed. In this

preliminarytreatmontwe assumethat the amountof PbNO~
formedcanbenegtected.

(e) Weassumethat the Debye-Huekoiequation is applicableto our
solutionswhenthe correctvalueofthe ionicstrengthis used. It
foitowsfromthisequationthat in a givensolutionaUionshaving
numericallyequal chargeshave approximatelyequal activity
coefficientsand that the activitycoefficientofa divalentionis

approximatelyequalto the fourthpowerof that of a univalent
ion. Weshailsupposethat theserelationsareexact.

MATHBMATÏCAL TRNATMENT

Ifcandc,aretheanalyticallydeterminedmolaritiesofleadbromateand
ofaddeduni-univalentsait (e.g.,potassiumnitrate) andif« is thedegree
ofdissociationof the intermediateion,PbBrO~,accordingto equation8,
wefind

[Pb++]= c«

[PbBrO~= c(l «)
(0>

tBrO,] = c(1+ <~)
tK+) = tNO,} = c.

Theionicstrength,S, ofthesolutionisgivenby the equation

S = c(l + 2«)+ c. (10)

Equationsanalogousto equation9 maybe written in termsofmolalities
insteadof molarities.

Theactual,normalizedmole-fractionof Pb~ ~pb~.Mgivenby the

equation

_55.5I)Kt<
55.51+ (2+ a)M+ 2~.

Withinat leastonepart in 3000,this expressionmaybereplacedby

6S.51)Ko'

~=55.81+3~+2~
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)f the term f3 m~ in tha ~onmntnBt~H* nf thn ~«cMfMtfton substituting 3 for the term (2 + a) in the denominator of the previous

equation. Denni~ (without subscript) by tho equation

SB.BiMt

56.51 + 3m+2M.2m,

wemayWrite

~pb**==~M

~t-bB~=~(1a) (13)

~B~ = ~(1+ «)

The quantity deSmedby equation12 mightbe called the analytical
(norm~tzed)mole-fractionofleadbromate(orof leadion).

In connectionwiththeequilibriagivenin equations7 and8,wedefine
theconstantXIbytheequation

XÏ opb~ = A/~)Wl + «)' (14)

where/t and are activitycoefficientsofunivalentand divalentionsre-
specttvety. Sinceweassume/< equation14becomes

~ï~(l+«)y (15)

SimuartywedefineKt bythe equation

<'pb«<tB~ /J,~0.(l+a)
"PbBtO,* /t 1 Of

or

X,=~±~=~~L~ (16)1 – a 1 – Q!

Sincewehaveat 26"C.,accordingto DebyeandHûeket,

0.6046~

~~==-r+~

equations15and 16maybewritten(bearingequation10in mind),

iog~ ==tog~+ ~iogMl + «)') 1.009~(1~2~~1+ ~iVc(l + 2a)+ c.

bg = log + log + V~±~±~
(19)l-o!a 1+ A Vc(l + 2«)+ c,

Ofthefourunknownsinéquations18and19,.K'tandX: are constantsforatl
solutionssaturatedwithleadbromate,Aispresumedto be aconstantfora
seriesofsolutionscontaininga givenaddednitrate,and a variesfromone
solutionto anothereveninagivenseries.
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STOICmOMBTMC ACTIVITY CONfMCtBNT Of LEAD BROMATB

ït is readilyseenfromequation14that the meanactivity,a~,of lead
bromateinasaturatedsolutionofthis saltis equalto KI. It followsthat
thé t<M<!A«WM<ncactivitycoefficient, of lead bromatoin a saturated
solutionisgivenbytheexpression

(20)4i-ï ît-i

Similarlyit can beshownthat the stoichiometricactivitycoefficient,
referredto molalitiesis givenbytheequation

~=-~=~ (21)
4~ 4*M!

(21)

Oncomparisonof equations14, 15,and 20, we find

~.(~).[.<]'[<<J
(22)

Onlyif a wereequaltounitywoutd/*beequalto (~ or/

SOLUTION OF EQUATIONS 18 AND 19

Equations18 and 19wereBotvedby a laboriousand tuae-conaunung
methodoftriâtwhichweshattittustrateinthe caseofthesolutionscontain-

ingpotassiumnitrate (seetable 1). Twoof these,that containing0.09934
N potassiumnitrate (solution1)andthat containing0.7671N potassium
nitrate (solution2),wereselectedforstudy. Let o'tandt«representthe
valuesof a forsolutions1and 2 respectively. First ofau,somearbitrary
valueforAwasselected. Thena valueof «t wasassumedforsolution1.

ADpUcationoféquations18and 19to solution1, usingthesevaluesofA
and«t, !edtoa valueof.Kiand a valueof.K' ThisvalueofKIwasthen
usedforsolution2andby meansofequation18a valueof«twasderived.
Thisvalueofassubstitutedin equation19gave avalueofKtforsolution
2. If thisvalueof.K<didnot agreewiththé vatueof foundfromsolu-
tion 1, a newvalueof ai wasselectedand the caleulationswererepeated
untilfinallyidenticalvaluesof~t werefoundfor bothsolutions.

Usingthisvalueof Ks, equation19 wasthen appliedto ail the other
solutionsofthepotassiumnitrate seriesanda valueofa wascalculatedfor

eachsolution. Applicationofequation18,usingthe valueofa sofound,

gavea valueof for eachsolutionof the séries. If thevaluesof
foundforthevarioussolutionsdidnotagreewith thosefoundforsolutions
1and2,a newvalueofthéparameterA wasselectedandthewholeprocess
wasrepeateduntilfinallypracticallyidenticalvaluesof werecalculated

fora solutionsoftheseriesup toanionicstrengthofaboutunity.
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In thiswaywefoundforsaturatedsolutionsofleadbromateinthepres.
enceofpotassiumnitrate,a valueof Aequalto0.30,a valueofXiequalto
0.01452,andthe remarkablyconstatentvaluesof (average = 0.01984)
givenin theBeventhcolumnof table1. Similarlyfor sodiumnitratesolu-
tions,wefound A 0.386,X, = 0.01453,and an averagevalueof
equalto 0.01993(seetable2). Forlithiumnitratesolutions,weobtained
~4==0.80,Kt = 0.01463,andJS:t(average) 0.02017(sectable3). The
excellentagreementamongthe threeindependentdeterminationBofboth
~t and seemsto offerconsidérablesupportto the view8presentedby
the authors.

The tablesalaocontainvaluesofa, the degreeof ionizationofPbBrO~,
aawellasvaluesof/ï, thelatterca!cutatedbymeansof the equation

= !.g (/~)' (23)
1 + AVc(l + 2«) + c.

Theaveragevalueof fromthe threeseriesis0.01998. Tables1, 2,and
3 contain valuesof the stoicbiometrieactivitycoefficient8, and 'y',
calculatedbymeansofequations20and 21usingJ~ 0.01998.These
equationscanalsobousedto calculatethe stoichiometricactivitycoeffi-
cientsforany ofthe solutionsin tables1 to 5. For the solutionslistedin
table6, in whichthe addedsalt isleadnitrate,the atoicbiometncactivity
coefficient, isgivenbythe relation:

4'~4 ~l

Similadythe valueof -y*followsfromthe equation

~'i

L

!DEAtt 8ATURATED SO!<UTtON OF LEAD BROMATE

Considerthe hypotheticalcaseof a saturatedaqueoussolutionof lead
bromatein whichthe ioniechargeano longermake the ionsnon-idéal
solutes;in otherwords,let us supposethat by somemeanaor other the
variousmolecularspeciespresenthaveunit activity-coeNoients.In this
idéalsolution,let be the normatizedmole-fractionof the leadbromate
andlet o!.bethe degreeofionizationof the ionPbBrOt. It followsfrom
equations18and 19that

logX, = log20+ log[~(1+ <~]

logK,=Iogj-.+log!±~1
L i <%)J
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Fromthéacceptedvaluesof and viz.0.01998and0.01463,respeo-

tively,wereadilycalculate

jt'0= 0.0246&

«.-0.3103

Valuesof~oandofe,derivedfromthe valuesof and for eachofthe

threeseriesofsolutions,aregivenin tablest, 2, and 3.

APPLIOA'1'IONTOCALCIUMNITRATEAND8TBONTÏPMNtTRATBSOLUTIONS

Whenthéaddedsaltisofthe calciumnitrate type, weobtain,insteadof

equations18and19,theexpressions

bg~=Iog.+~o~(l+~-L009~ 1+~1 -c(l + 2«) + 3c,

!o~,=io~+t.g~±~ ?)
1 l-o! l+~c(l+2«)+3c.

if weassumetheaddedsalt to becompletelyionized. Fromequations24

and25weobtain

2 logKI log log .B log
[~-+

~'1 (26)

UsingtheaveragevaluesofKt and Kg,viz.0.01998and0.01453,obtained

previously,wecanapplyequation26to eachof thé soriesofsolutions(see
tables4 and5),and calculatefor eachsolution the valueof a. Subati-

tutingthisvalueofa inequation24,wecan determinethemagnitudeof

thé parameterA. The resultsobtainedby these caicutationsappearin

columns6and7of tables4 and 5. Weincludehereonlysolutionswhich

containedanaddednitrate.

Thevaluesof socalculatedexhibita remarkabledegreeof constancy
ifweexceptsolutions3and5inthé calciumnitrate series. Anexamination
ofa largesçaleplotof figure1 showsthat for solution5the pointwhich

representsthesolubilityof leadbromatefallsconsiderablybelowthe best

smoothourvethroughtheexperimentalpoints;the samothingisobserved

toaslighterdegreeinthecaseofsolution3 (C.= 0.01116).
Wewerenotsosuccessfuiin dealingwiththe leadnitrateseriesexcept

whenthe concentrationof added leadnitrate was verysmall. Whena

largeexcessofleadnitrateis present,our results seemtoindicatethat not

onlydoesanappreciablefractionoftheaddedlead ionscombinewithBrO~
to formPbBrO~,but that a considérableamount of undissociatedlead

bromateisa!soformed.
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1. Wehavedeterminedthésolubilityat 25"C.of leadbromatein pure
waterand in the présenceof potassiumnitrate,sodiumnitrate,lithium

nitrate,calciumnitrate,strontiumnitrate,and leadnitrate.
2. ThetheoryofDebyeandRacketisnotvalidforthesesolutionsifwe

assumethat loadbromateexiatsinaotutionasPb++and BtOt exclusively.
3. Wepostulatethat the ionisationof leadbromateoccumintwostages

(a) Pb(BrO~PbBrOt+BrO,

(b) PbBrO~ Pb+++ BrO?

Ofthèseweassumethat the firstisvirtuallycompleteand that thesecond
is incomplete.

4. Thèseassumptions,whenincorporatedinto the equationsof Debye
and Hucket,enabledus to determinecertainequilibriumconstantsrelated
to thereactions

(a) Pb(BrO~(s) PbBrO~+ BrO;

(b) PbBrOt Pb+++ BrO,

6. Consistentvaluesof and werefoundby a study ofthe potas-
siumnitrate,sodiumnitrate,and lithiumnitrate solutions. Usingthèse
valuesofKtandJ~,satisfactorilyconstantvaluesofthe parameterAwere
calculatedforboththecalciumnitrateandthestrontiumnitrateseries.

6. Thestoichiometricactivitycoefficientof leadbromateforanyofthe
solutionslistedcanbeeasilycalculatedfromthevalueof -Kt. Otheractiv-

ity coefficientsaregivenin the tables.
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INTRODUCTION

The purposeof this investigationwasto determinethe solubilityof
lanthanuminmercuryfrom0"to 60"C. Theneedforthèsedataarosein
the continuationof an investigation(17)of the theoryof Debyeand
HUcke!(5)as extendedby GronwaU,LaMer,and Sandved(9) forsym.
metricalvalencetype electrolytesand by GronwaU,LaMer, and Greiff
(8)fortheunsymmetricaltypes. To test thepredictionaof the theoryfor
the UMytMnetrioathigh valencetype electrolytesby employingfree

energymeasurementaobtainablefromsuitablegalvaniccells, lanthanum
saltsappearto be thémostpronusing. Themorecommontrivalentmetal
saltasuchas thoseof ironand aluminumare extensivelyhydrolyzedin

aqueouasolutionandthereforeundesirableforE.M.f.work.
If the temperaturecoefficientsofthe electromotiveforceare alsodoter-

nuned,thepartialand integralheatsofdilutionof the sait maybe com-
puted. It is thereforedesirableto have the solubilityof lanthanumin

mercuryover the temperaturerange to be studied. A heterogeneous
amalgamisdésirable,for then the electrodeMeasilyreproduciblewithout

analysis. No data couldbe obtainedin the literatureconcerningthe
solubilityoflanthanumin mercuryexceptthe singlestatementof Müller

(20) that amalgamscontainingonly 1 atomicper cent lanthanum atUl
showeda solidphase. Agravimétrieratherthanan electrometricmethod
wasemployed,becauseeventhoughMüllerfounda 1 per cent amatgMn
to be heterogeneoushe didnot approacha constantE.M.F,until he em-
ployedanapproximately5 percentamalgam. Thediscrepancyindicated

bythèseobservationswillbeinvestigatedinfuturework.
Thecompositionofthé solidphaseinequilibriumwiththé amalgamat

2o"C.wasinvestigatedby chemicatanalysis.

PREPARATION OF MATEMAM

Jtfereto~.Redistilledmercurywas stirredundera dilute nitric acid-
mercurousnitrate solutionfor three days. It wasthenredistilled three

1 Thispaperis basedupona theaisBubmtttedbyJosephL.Campanellate the
FaoultyofRhodelataNdStateCoMegeinpartialMS!tmentoftherequirementafor
thedegreeofMastefofScienceinChemiatry,June,t933.
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timesm a slowcurrentofairas reoommendedby Huiett (12),andlinally
distiltedonceunderhighvacuum.

0~<c acid. Thebestgradeofc.p.oxalieacid wasrecrystattizedthreo
timesfromdistilledwater,andthecrysta!sweredried inair.

LcH~aMMm.c.p.metallielanthanumprepared by the electrolysisof
thefusedchloridewasobtained. Themetalwasanalyzedbypreeipitating
the oxalatewithoxalieacidand ignitingto the oxideat 800-860"C.as
recommendedbyKotthoSandElmquist(16). The averageof twosepa-
ratedéterminationsshowed99.97percentlanthanum. Thearcspectrum
of thismetalwasexaminedin a quartzspectrographin the laboratoryof
ProfessorW.A. Noyes,Jr., at BrownUniversityand foundto beexcep.
ttonaUypure,containingonlya traceof ironand alununum. Nofurther
purificationwasattemptedonaccountofthe difficultiesinvolved.

~<<e emylalcohol.Commercial95percent alcoholwasrefluxedfor
severalhourswithsuBcientlimeto remove10per centwaterandthen
distilled,discardingthe initial and final200-cc.portions. The middle
portionwasagaindistilledfromsufficientmetailicsodiumto removean
additionat5 percentofwater. Densitydeterminationsshowedthealcohol
thuspreparedto be99.89percentpure(14).

L<M~<tKMMbromidemonohydrate.Toa 10per cent solutionoflantha-
num chloridewhichshowedno absorptionUnesin the visiblespectrum
(the most likelyimpuritiescerium,neodymium,and praseodymiumat!
possessprominentabsorptionlinesin the visiblespectrum),an excessofa
5percentsotutionofoxalicacidwaaadded. The precipitatedlanthanum
oxalatewaswashedfreefromhydrochlorieacidand ignitedto theoxideina
largeptatinumdish. Theoxidewasdissolvedin c.p.hydrobromicacid;
on slowevaporationthe sotutionfumishedcolorlesscrystalsof hepta-
hydratedlanthanumbromide. The monohydratewaspreparedby long
dehydration(tento twelvedays)of themorehighlyhydratedsaltin foexc
at90"C. Thecompositionwascheckedby chemicalanalysis. Theexperi-
mentaland theoreticalvaluesfor lanthanumcheckedto ±0.19 percent.
Temperaturesabove90*0.cannot beemployedbecauseof theformation
of insolublebasiccompounds(16).

Propylenediamine.Propylenediamine(70-75 per cent) wasobtained
fromthe EastmanKodakCompanyforthé determinationofmercuryby
themethodofSpacuandSpacu(25).

EXPEtMMENTAI. PROCEDURE

Théhighbasicityoflanthanummakestheamalgamveryreactiveinair
and water. ThiseHminatesthe electrolyticmethodofformationofboth
the métaland ita amalgamsin aqueoussolutions. Theamalgamahave
beenpreparedwitha fairdegreeof successby the electrolysisofeoncen-
trated solutionsof LaBr~-HtO,I~aCI~or LaC~'HiO in absoluteethyl
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alcohol(2, 15,18). Theamà!gamsëtnp!oyedin this investigationwere

preparedby twomethods!(1)Theneeessaryamountsof lanthanumand

mercurytomake0.5percent,1percent,2 percent,and 3 percentamal-

gamswereweighedoutseparatelyandput intoa fusedquartznask. The
Haskwasevacuated,andthenheatedinanoitbath toapproximateiy200"C.
for eighthours. Thé lanthanumhad by this time disappeared,and a

pasty two-phaseamalgamresulted. Thesamephenomenonthat MuHer

(20)reportedwithrespectto thepastysolidphasewasobservedinailcases.

However,this behaviorseemedto haveno effecton the compositionof
eithertheliquidorsolidphase. (2) Electrolysisofa concentratedsolution
ofLaBft.H<0in absoluteethylalcohol,as recommendedby Audriethand
coworkers(2,16,18), wasthesecondmethodemployed. Asolutionof9 g.
ofLaBr<.H<0in26ce.ofabsoluteethylalcoholwasusedina test tubetype
eeuhavinga platinumcontactsealedin thé bottom. The mercuryform-

ing the cathodewasslowlystirredby an air-tight stirrer. A currentof
0.2ofanamperepersquareeentimeterwaspaRsedthroughthe solutionfor

twentyto twenty-fourhours. Thecellwascooledcontinuoustyby run-

ningwater.
The heterogeneousamalgampreparedbyeithermethodwasplacedin a

fusedquartznask(60-co.capacity)and evacuated. The Naskwasplaced
in a waterthermostatat 25=b0.01"C.andshakenat intervalsforseveral

days. Afterreachingequilibrium,whichwasapproachedfromboths!des,
the naskwasopenedandsamplesof the liquidphasewithdrawnforanal-

ys!sbymeansofa specialfilterpipet. Thispipetwasa modifiedformof
that usedbyHulettanddeLury(13)in theirworkoncadmiumamalgam.
The detailsof thispipetare shownin figure1. By meansof a vacuum

pumpattachedat B the amalgamwasdrawninto C throughthe tight
plugof glasswool,A. The filteredamalgamwasdroppedintoa small
containerand quicklycloaedforweighing. A supplyof thesepipetswas

kept in the thermostatso that they wouldbe at the propertemperature.
Thismethodofseparatingthetwophasesisconsideredsuperiorto filtering
throughchamoisleatherorsinteredJenaglasscrucibles,becauseit ismore

rapid. With lanthanumamalgamsthis is importanton accountof their

rapidoxidationinair. Furthermore,Russell(24)foundtheuseofchamois
skinunreliable.

Afterremovingthe samplesat one temperaturethe next temperature
levelstudiedwassetandtheprocessrepeated. Foroperatingthe thermo-
stat at 12.5"C.a modifiedformof the apparatusrecommendedby Stier

(26)wasempbyed. Foroperationat 0"C.a bath of iceand watermush
wasusedasdescribedprevious!y(17). TheBeckmanthermometerswere

checkedat intervalsagainsta standardthermometerrecentlycertiËedby
the Bureauof Standards.

Theanalysisofthe samplespresentedsomedifficultyon accountof the
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relativelysmallamountof lanthanumand largeamount6fmercurypres-
ent. Noaeof the ordinarymethodsof quantitative anatysiswasfound

applicable,nor wouldhydrooMoncacid react quantitativelywith tho

amalgaminaspecialflasksimilarto that usedby Hulett andde Lury(13).
It wassoonobserved,as notedby othermvest!gator6(2,16,18,30),that

lanthanum,likealuminum,completelyseparatesfromtheamalgamwhen
left exposedto the air. The lanthanumseparates as the greyishwhite

hydroxidewithsomebasiccarbonate. Consequentlyafterweighingthe

samplestheywereset asidein contact withthe air for twoweeks. To

preventthe possibleformationof a proteotivecoating thesampleswere
shakenat regularintervals. At the endofthia time a measuredquantity
of0.1N hydrocMorioacidwasaddedto theamalgam,andafterstandinga

fewminutestheexceasaciddeterminedby titration withstandardcarbon-
ate-freesodiumhydroxide,usingphenolredasan indicator. Théanalytical
weightsand buretsused werecatibrated,and correctionswere appfied
wherenecessary.It was found that under the conditionsemployed
(approximately0.1N hydrochtoricacid)a negligiblequantityof the mer-

curydissolved.It is interestingto note that the sampleslost weighton

standingthe twoweeksinspiteof the increasein weightdueto compound
formationwiththeoxygenintheair. Thiswas undoubtedlydue to evap-
orationof the mercury. This method of analysis has beenfoundby
Jukkola,Audrieth,andHopkins(15)to checkthe gravimetricmethodof

precipitationas the oxalateandignitionto the oxide. Thesolidphasein
the amalgamat 26'*C.was analyzcdfor both mercury andlanthanum.
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Afterthe amalgamreachedeqùtlibriutnin the thermostat, the Uquidand
solidphasesworequicklyseparatedby filteringthrough a plugof gtass
wool. Thé lanthanumwasdeterminedby precipitatingthe oxalatewith
oxalicacidandignitingto theoxide. Thequantityof mereurypresentm
this casewasmuchsmaHer,and its precipitationas thé oxalatecouldbe

preventedby hydrocMoricacid. The merourywas determinedin the
ffltratefromthe oxalateprecipitationby the methodof SpacuandSpacu,
usingpropy1enediamine(25).

Thesotubitityoflanthanuminmerouryisgivenintabte 1 forthevarioue

températuresstudied. The resultstabulatedrepresentthe averageofat

0 O.OOS63

t2.6 0.00899

26 0.00962

37.6 0.0134

M 0.0179

WMOBTt'MCMt
AVMjmtt ATOWmfMCBXT

MN-mAttOM AVBMOB
t~tiraAttMt

TABLE!1

O.OOMO
O.OOM4 0.006S2=):0.000080.00640
0.00668
O.OOSM

0.00909
0.00919 000907~0.00006 0.00934
0.00902
0.009t6

0.00949
0.00996 0.009CO±0.00006 0.0t33
0.00986
000967

0.0t39
0.0t88 0.0t34±0.0004 0.0182
0.0126
0.0133

0.0190
0.0178 0.0184±0.0006 O.OM6
0.0186
0.0189

BENU1/T8 AND DISCUSSION
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least four separateanalyseson individualamalgamapreparedby thé
methodspreviouslydescribed. Theatomioper cent wasoaloulatedfrom
the weightpercentby the graphicalmethodgiven by Olander(22)and
checkedby anatyticalcomputation. The results in table 1 are shown
graphieaUyinfigure2,wherethelogoftheatomicfractionisplottedagainst
the reciprocalof the absolutetemperature. The slopeof the linowas
determinedfroma largesoateplotandtheUnecorrespondsto theequation

logNa ` 1020 0.46'7ôtog~0.4576

where is theatomicfractionof lanthanumin the saturatedamalgam.
Theagreementbetweenthe thermaland etectrotyticama!gamswasnot

as goodas desired. The percentof lanthanumm the e!ectrotyticamal-
gamswasconsistentlyhigherthan in the thermal amalgams. This dis-
crepancymaybeinvestigatedbyfuturework. Mostoftheamaigamshere
reportedwerepreparedby the thermalmethod.

Thesolubilityof a sparinglysolublemetal in mercuryis clearlynot
likelyto bea definitequantity. Somemetals, like copperandmanga-
neseandunlikezinc,lead,or tin, are knownto form aggregatesnotonly
with themselvesbut alsowith mercury. It has beenclaimedthat iron
amalgama(4)andsodiumamalgams(23)(upto 0.14percentsodium)are

definitelycolloidalin nature. However,in the case of liquidsodium
amalgams,Bent(3)nndsnoévidenceofa coUoidalnature. Thesizesof
the particlesin anyamalgammayaccordinglyvary fromatomicdimen-
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siensupwards,andthe quantitywhichpa~es througha 6tterwouldthen
dependuponthe factorscontroMingthe distributionof partiel sisesand
thediameterofthé61terpores. UntUthesizeofparticlesinmercuryhave
beendeterrnined,thé term"sotubitity"musthâvea limitedmeaning. A
methodotherthanNtrationmustbefoundfordetermininga homogeneoua
phase. This is particularlyimportant with lanthanumamalgamson
accountof the peculiarpastycompositionof ail amalgamsof lowlantha-
num content. The valuesreportedat least 6x the upper Umitof tho
solubility.

In tholightofthérdationshipbetweenthemeltingpointofa metaland
its solubilityinmercuryestablishedby Tammannand HinnQber(27)our
resultsare not unreasonaMe.Theyfind that for metalsmettingat from
300"to 400''C.morethan1percentof themetalMsolubleinmercury,and
thisdecreaseswithincreasiogmeltingpoint. For metalsmeltingaround
1000"C.(lanthanummeltsat approximately826'C.)the solubilityis 0.1
percentandJesB.

The lowsotuMUtyof lanthanumin mercury,togetherwiththe general
propertiesof ita amalgams,leadsue to the conclusionthat amalgamsof
thismetalareunsuitedforpreciseelectromotiveforcemeasurémentswith-
outconsiderabledHScutty.ThéanatyMsoftheamalgamcaobeeliminated
by employinga two-phasesystem,but then a droppingelectrodecannot
bcusedandnon-aqueoussolventaarenecessaryonaccountofthe activity
of the amalgam.

Thesedata may be interpretedin termsof internalpressuresandthe
solubilitytheory as deaeribedby Hildebrand(10). Accordingto the
theory,the insohtbilityof lanthanumand mercuryin each othershould
foUowfromtheir positionin the table of internatpressures. However,
onecannot predictthe existenceof compoundsfrominternalpressures,
andeventhougha largedifferencein internatpressuresexista,insolubility
cannotoccurifcompoundformationtakesplace.

Therearemanywaysofestimatingthe internatpressuresofmetals,but
wearehandicappedin thecaseof lanthanurnbecausethe necessaryphysi-
cal propertiesin the liquidstate (suchas coefficientof expansionand
compressibitity,surfacetension,andheat ofvaporization)arenot known.
If weadopt the methodof Gilfillanand Bent (6)and dividethe boiling
point(19),althoughit isnotaccuratelyknown,bythe atomicvolume(21),
lanthanumis placedbetweenbismuthand leadin the table as givenby
Hildebrand,Hogness,and Taylor (11). Thispositionindicatesa rather
largedifferencein the internalpressureof mercuryand of lanthanum
(approximately250percentincrease)andis inaccordwith theinsolubility
foundin thisinvestigation.Furthermore,thesolubilityof leadinmercury
basbeendeterminedbyGouy(7)andfoundtobe0.013percentbyweight
at 26"C. Andrewsand Johnston(1) foundthe solubilityof bismuthin
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mercuryto be veryaman. Lanthanumahouldbe mutuaMysolublewith
lead and with bismuth. However,it shouldbe rememberedthat this
positionforlanthanumisbasedonslightlyinaccurateconstants.

Theresultsof theanalysisofthesolidphaseinthe amalgamat 28"C.are
summarizedin table2. Ineachcasethevaluegivenisthe averageof two
determinationsmadeonfourseparatelypreparedamalgam.

Theempiricalformulacalculatedforacompoundhavingtheaboveratio
of lanthanumto merouryis La:Hga. To determinewhetherthia com-
poundisa chemicalindividual,it is necessaryto determinethecomposi-
tion at varioustemperaturesto Beeif the compositionis constantand
betweenwhat limitsit exista. Sinceit is extremelydifficultto separate
completelythecrystallineamalgamfromadheringmother liquor,thereby
makingtheanalyticalresultsuncertain,wedidnot attemptthisproblem
at this time.

BUMMARY

1. Lanthanumamalgamswerepreparedbydirect heatingof the Metal
with mercuryand by the electrolysisof LaBr,.HtO in absoluteethyl
alcohol.

2. Thesolubilityoflanthanum-inmercuryis reportedat O",12.5",26",
37.6"and6<yC.

3. In thetemperaturerangefrom0"to60"C.thesolubilityisrepresented
by the equation:

logN2
1020

-0.4575
)og~= ~?~

0.4575

4. A briefdiscussionofthe problemsaffectingthe déterminationof the

solubilityofasparinglysolublemetalin mercuryisgiven.
5. Thelowsolubilityoflanthanumin mereuryindicatesthat lanthanum

bas a ratherbigh internalpressure,approximatelythe sameas that of
bismuth.

6. Fromthe generalbehaviorof lanthanumamalgamwebelieveit un-
suitedforpreciseB.M.F,workwithoutconsiderabledifficulty.
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X-RAYSTUDIESOF CRYSTALLITEORIENTATION IN
CELLULOSEFIBER8. Il

SYNTHETtCFtBBMfBOMBACTENtALCEU.Ot.09BMEMBRANES'
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As partialprooffor the conclusionsdrawnin a previous paper (13),
x-raydiagramsof naturalfiberswerecomparedwith those of liberssyn-
thesizedfrombactenatceUuJosemembranes.During the preparationof
these "Bynthetiofibers,"certaininterestingobservationsregardingthe
plasticbehaviorof the crystallitesuggesteda further study of the type
and degreerelationshipbetweendeformationand orientation. It is the
purposeofthepresentpapertodescribebrieflythis extendedinvestigation
and especiallyto pointout the signincancoof the results in that they
appearto throwadditionallightonthequestionraisedin the earlierpaper
(13),namely,whatis thenatureof the crystallite? Further information
in this connectionianot onlyof theoreticalinterestbut also of practical
importance,especiatlyin the productionof regeneratedcellulosesheeta
and fibers.

Asidefrom a study of thé characteristicsof ceUulosefiberdiagrams
themselves-acriticalreviewof whichbas beengiven elsewhere(14)–
oneoftheusefulmethodBofinvestigatingtheconfigurationof the crystal-
lite is to observewithx-raysits plasticbehavior. Uofortunately,owing
to theexistenceofa complex,evervarying,cytindricalcellwall,harboring
numerousnon-ceUulosicmaterials,it isextremelydifficultto drawdefinite
conclusionswhen the methodis appliedto natural fibers. Although
bacteria!cellulosemembraneshave little macroseopicresemblanceto
naturalnbers,theyoBera uniqueopportunityforstudyingcertainfunda-
mentalproblemsrelatingto the finestructureof natural celluloseforthe
followingreasons:(1) they possessa well-formed,natural ccHuiose,
crystallinestructure;(2) they existas a uniformmembranein a highly
swollenor gelcondition;(3)plasticflowcanbe readilyproducedin the

PreoentedboforetheDivisionofCelluloseChemistryet theEighty-ninthmeet-
ingoftheAmencanChemicatSociety,heldinNewYorkCity,April22-26,198S.

SeniorTextileFoundationFeMow.NowAesooiateCottonTeohnologist,Divi-
eionofCottonMarketing,BureauofAgricuttufa)Economies,U. 8.Departmentof
Agriculture,Washington,D. C.



344 WAYNRA. StSSOtf

naturalmembrane,whilewithnaturalfibersit is neeessarytouseasweH-
ingagent first,-a proeesswhichusuallychangesthe nativeto the mer-
cerizedcrystallineform;and(4)thesizeofthemembranespécimenaitows
a directcorrelationofthe x-rayand otherdata, whUea bundleofnatural
Sbersis aecessaryfor a satisfactoryx-raydiagram. Theseadvantages
first suggestedthemselvesin the courseof confirmingwithx-raysthe
chemicalresultsofHibbertandBarsha(3)regardingthe identityof mem-
braneandcottoncellulose.

DESCRIPTION OF MEMBRANES

Membranespreparedby baeterialaction from solutionsof sucrose,
glucose,glycorol,fructose,galactose,and mannitol were used.' The
methodofpreparingthe membranesanda descriptionof theirproperties
maybefoundin thepublicationsof Hibbertand coworkers(3,6, 7, 17).
In brief,thé "membranes"are synthesizedfrom sugarsolutionsby the
bacteriumAcetobacter~KwMin the presenceof a nutrientmedium. As
depositedon thé surfaceof tbe solutionby the bacteria, the membranes
are in a highlyswollenor gel condition. They containabout 1 g. of
celluloseto 100g. ofwater,a largeportionofwhiehcan beremovedby
mechanicalpressure. Theremovalof this water, eitherby pressureor
by drying,is an irreversibleprocess,and the dried membranesare tough
denseparchments,veryresistantto the penetrationofliquids. Themem.
branesare chemicallyidenticalwith cottoncetlutose,as shownby the
methylation,acetylation,aeetolysis,andhydrolysisexperimentsofBarsha
andHibbert (3).

Farr and Eckerson(5), frommicroscopioand microohemicatstudies,
haverecentlyfoundthé membraneto consistof bacteria,and eachbac-
teriumto be composedof a protoplastsurroundedby a relativelythick
celluloselayer,whichin tum is coatedwitha thin layerof pecticsub-
stance. Theyfoundthe membraneto bebuiltup of thin layersof these
bacteria,and the uniformcolorobtainedin polarizedlight (5)indicates
directionalarrangementofstrandsof bacteriain these thin layers.

DEFINITIONOPTYPESOFORIENTATION

In thémajorityofspecimensexaminedtherewas moreor lessdeviation
fromthe preferredtypeof orientationpresent,but, owingto the large
numberof samp!esdescribed,the orientationof each willnot be repre-
sentedby distributioncurves(16)or facepolediagrams(20). Instead,
thepreferredorientationofeachsamplediscussedwillbectassiSedmerely
as oneof the followingtypes:

Randomorientation.ThecrystaUitesarearrangedin atlpossibledirec-
tions,and the samerandomx-raydiagramis obtained withthe 8ample
at anyangleto the x-raybeam.

ThesemembraneswerekindtyfurniehedbyDr.HaroldHibbert.
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i4minmrrf~ nrô~srlnhn~n The. n`.1~. I:a..i: i.1 ai_a uL_ Lt/m«!' orientation.Theonly limitationimposedis that the6-axes
(directionof cellulosechains)of the crystallitesMeparallel to a plane.
Thé crystalliteslieat randominthé planeand baveaU possiblerotations
aroundtheir 6-axcs. Withthe planeperpendicutarto the x'ray beam,
thé x-mydiagramisrandomwithaMtinespresent;if the planeMparallel,
a fiberpatternisobtainedwithaUlinesprésent.

Selectiveuniplanarortet!<(t<Ma.~The orientationis sitnitar to a uni-
planarorientationin that the t'axes are parallelto and are armngedat
randomin a plane,but dinersin that the (101)planes of the crystallite
havea selectiveorientationparallelto theplane(usuallythe largesurface
of thé specimen).With thé x-raybeamperpendioutajto the plane,a
randomorientedpatternisobtainedwith the (101)une missingand the

(101)present. Withthebeamparallel,the (101)lineis presentMa dense
arc onthe equator,whilethc (10l) is presentoniyas a faint arcon thé
meridian.

t/~M.CM~orientation.Thé only limitationimposedis that the b-axes
of the crystallitehavea preferredorientationparallel to the fiberaxis.
With the x-raybeamperpendicularto the fiberaxis, the (101),(101),
and (002)linesexistas intensitymaximaat theequator, and theirrelative
densitiesremainconstantwith rotationof thé sample aroundthé fiber
axisas longas thefiberaxisis perpendicubrto the x-ray beam. If the
x-raybeamisparallelto the fiberaxis,a randompattern is obtained.

Selective«K&MMt!orientation.The b-axesof the crystallitesare not
only parallelto the fiberaxis,but the (101)planesare atsoparallelto a

<Oftenreferredto118aringSberetructurc.
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planecontainingthe fiberaxis-a combinationof a uniaxialorientation
and a selectiveuniplanarorientation(équivalentto a biaxialorientation
for the cubio~ystem).With the x.ray beamperpendicutarto the 6ber

Il At

<weMMMt

Fto. 2. Uniplanar orientation (eee text for exptanation)

3' J<
X~MYCM«MM

Fto.3. Selectiveuniplanarorientation(seetextforexptanaUon)

axis,the (101),(101),or (002)linesmayexistas intensitymaximaon the

equator,but the relativedensitiesof theseUneschangeif the sampleis
rotatedat diferentanglesaroundthe fiberaxis. For example,with the
selectiveplaneparallelto the x-raybeam,the (101) linewillbe present
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andthe (101)absent;withthe beamnormalto the plane the orderis re-
versed. If thé fiberMM(alsothé plane)is parallelto the x-mybeama
<!berpattem is obtained.

9~c
M~tMCMHt

~c
7CRAYDfA6RAY13

Fie. 4. Un!Miatorientation(aeetext forexpbnaHon)

3* t<
XMyPMM-)M

Fta. 6. Selectiveuniaxialodentation(seetext forexpianation)

Stereographieprojections,or po!efigures,representing the various types
of orientation and their corresponding x-r&ydiagrams are illustrated

diagrammaticaJIy in figures 1, 2, 3, 4, and 5. In the pole figures the

dotted areas represent the projection of the &-axesand the cross-hatched
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areastheprojectionofthe {101}directions. A, B, and C representarbi-
traryreferenceaxeswithinthe sample. In drawingthe x-raydiagrama
considerabledéviationfromthepreferredtype iBassumed.

BTU&Y OF MEMBRANES NOT MECBANtCAI.LY DBFOBMEB

Undriedmembranes.Owingto thé largeamount of waterpresent,it
is impossibleto study withx-raysthe orientationof the celluloseas it
existain the swollencondition. Thé cellulosediffractionpattern,if prés-
ent, iscompletelymaskedby the charactensticwater haloes,and as the

sampledries the water pattern is graduallyreplaced by the cellulose

pattern. It isnot indicatedfromthe x-raydata, therefore,whetherwell-
definedcellulosecrystalliteswitha definiteorientationexistin theswollen

membrane,or whetherthey are fomed during drying. Microscopie
observationsin polarizedlight, however,indicatethat the cellulosehas
a deSniteorientationwithineach bacteriumand that the bacteriaare

arrangedend-to-endto formlongstrands(5).
Membranes~rtedin theform (~ an aerogel.The possibilityof using

aerogelsto study the structureand orientationof gels hasbeenpointed
out by8. S. Kistler,whokindiyconverteda sectionof the swollenmem-
brane into an aerogel(8). The aerogelwas examinedwith the beam

perpendicularand alsoparallelto the planeof the membrane,and from
eachdirectiona crystallinecellulosepattern with a randomorientation
wasobtained. If the aerogelis pressedinto a sheet there is a tendency
towardthe formationofa selectiveuniplanarorientation.

Assummgthe aerogeUngprocessnot to disturb the crystallinityor

orientation,the randomcrystaUinex-raypattern wouldseemto indicate
that crystallinecelluloseis depositedwith the water held betweenthe

crystaUites(intenniceUar).The randomorientationwhichchangesto a
selectiveuniplanarorientationwhenthe acrogelis pressedwouldsuggest
a honeycombstructurewitha selectiveorientationin the cellwaJJsof the
structure. Microscopieexaminationrevealsno visiblehoneycombstruc-

ture,andit ispossiblethat thecellulosewaUsof thebacteriaandthe space
betweenthébacteriaformthecellwallsofthe assumedhoneycombstruc-
ture. Thisassumptionwouldbe in harmonywith the microscopiecon-
clusionthat the cellulosebasa definiteorientationwithineachbacterium.

DriedwithplaneofmembraneporoHet<oa ~!ossplate. If a largesection
of themembraneis allowedto dry with thé flat surfacerestingona hori-
zontalglassplate,the driedsheetpeeledoSand subjectedto x-rayanat-
ysis,a selectiveuniplanarorientationis found,similar to that reported
by MarkandSusichfor "biosynthotischecellulose"(9). Représentative
diagramswiththe x-raybeamperpendieularand paraUetto the planeof
the driedmembraneare shownin figures6a and 6b, respectively.If
it is assumedthat the originalorientationin the swollenmembraneper-
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sists in the driedcondition,weare led to concludethat the eeUutose!s
depositedin thé membranewitha sélectiveuniplanarorientation more
perfect than is possiblefroma honeycombstructure. It was noticed,
however,that upondryingthemembraneadheresto the glassplateand
that shrinkageoccursonlynormalto thé glassplate. For example,a
swollensheetabout0.6cm.thickwillshrinkto about0.0005cm.(0.1per
centof itaoriginalthickness),whiletho widthandlengthremainpracti-
callyconstant. That thisunidirectionalshrinkageapparentlyaffectsthe
orientationis shownby the followingexperiment.

Dried?? planeofMte!t!6raMeperpe~~CMhtf<oa ~hMaplate. Several
sllcesof the membranewereoareMtypreparedand placedsideby side
withthe originalptaneofthemembraneperpendtoutarto the glasssurface.
Again,as with the membraneparallel,shrinkageof about the samedi-
mensionsoccurredonly normalto the gtassand a selectiveuniplanar
orientationwaeobtained.

Sampleswerea!sodriedwiththeplaneof thé membraneboth perpen-
dicularand parallelto a mercurysurface. Thisprocedureallowedthe
membraneto contactfreelyin alldirectionswhitedrying, and in most
casesan imperfectuniplanarorientationwasobtained. In othersamples,
providedtheratio oftop to edgesurfacewaslargeenoughto allowprac-
ticaUyall the water to leavefromthe top surface,a tendency towarda
selectiveuniplanarorientationwasfound. However,for samplesdried
onmercury,the orientationwaslessperfectthanforsimilarsamplesdried
on glass,and the membranehada tendencyto wrinkleor pucker,which
madethe estimationoforientationdifficult.

Membrtmedriednotw coa<o<!<«~ surface. If a rod-likespécimenof
the membraneis allowedto dry in aucha waythat evaporationtakes
placeequaUyinalldirectionsnormalto thestrip,thereisan approximately
equalshrinkagein aildirectionsanda resultingstighttendencytowarda
uniaxialorientation. However,whenthe sampleis allowedto contract

freelyupondrying,puckeringmakesit difficulttoestimatethe orientation.
ln somecasesthe samplesmaybe classifiedas havinga randomorien-
tation.

Theseresultson dryingwouldseemto indicatethat the selectiveuni-
planarorientationof a driedmembraneis probablythe result of stress

producedby a unidirectionalshrinkageresultingfromthe rapidremoval
ofwaterfromonedirectiononly. It is weUknownthat shrinkageis an

anisotropiopropertywitha maximumeffectperpendicutarto the <mxis,
but the presentdatawouldseemtoindicatethat thedirectionofshrinkage
is atillmorespeci6c,–itoccursprincipallynormalto the (101)planes,or
in the [101] direction. Evidently,a randomorientationis the equilibrium
state of the swoUenmembrane,and if a majorshrinkageocoursin one
directionupondryingthe (101)planesassumea positionnormalto that
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direction. Orientationand shrinkageappearto be two dépendentvari-
ables–thé resultof an anisotropiccrystallineproperty-and if one la
fixedthe bebaviorof thé otheris limited.

In the previouspaper(13)it waspointedout that thé selectiveorien-
tationofdriedbacteriatcellulosesheetsis suggestiveof a generalmecha-
nismof selectivecellulosedépositionwhiohmight be extrapolatedto
plant cellmembranes,but the presentresultswouldseemto invatidato
the suggestion. Owingto the morerigidconditionof natural fibers,it
is difticultto prediotwhatinnuenceshrinkagemayhave on theirorienta-
tiott,but the presentexperimentswouldseemto Mer that it is a faotor
whichcannotbe ignored,andthat it maybe in part responsiblefor the
non-selectiveorientationfoundinspiralfibers(13),–a pointwhichshould
bearfurtherinvestigation.

BTUD'YOF MMBMED MEMBRANES

If, insteadof allowingthe membraneto dry on a Sat surface,it is
stretched,compressed,or in someway deformedduring drying,various
orientationeSectsareproduce For studyingthis relationshipbetween
deformationand orientation,specimensof thé swoUenmembranewere
carefuUyprepared,deformedin diSerentways,allowedto dry, andsub-
jectedto x-rayanalysisat variousanglesandpositionsalongthe sample.

5<fe(oAe~membrane.The stretchingwasaccomplishedby auspending
in a verticalpositionastripoftheswollenmembraneand applyingweights
attachedto the lowerend. Theamountoftensionwhichcouldbesafety
appliedwithoutcausingrupturewassmallat first,but becameverygreat
as thestripdried. Bothbroadflatstripsandnarrowrod-Ukestripswere
treated in this way. Stretchingin one directionproducesa uniaxial
orientationwhichis mostpronouncedin the rod-M&esamples,gradually
changingtowarda selectiveuniaxialorientationas the strips are made
moresheet-like. An x-raypatternof a rod-likesamplewith the beam
perpendicularto the fiberaxisiashownin figure7. Its similarityto a
cottonpattern is illustratedby a comparisonof figures7 and 8.

JRoHedmembrane.Oneendofa flat strip wasclampedto a glassplate
and the strip rolledin onedirection. Thiaprocesstends to producea
selectiveuniaxialorientation,as iHustratedin figure9.

DMMMtmembrane.For this experimenta set of standard diameter
holes,used for determiningwiregauges,sumcedfor drawingdies. A
taperedendof the membranestripwasstartedthroughthe die,fastened
to a clamp,andpulledthroughby applyingweightsto the clamp. Since
twentyto fortyminuteswereoftenneededforthe finalpasses,precaution
wasnecessaryto preventtoorapiddryingof the sample. Drawingpro.
ducesa uniaxialorientationwhichbecomesmoreperfoctwithprogressive
passesthroughthe die. The typeof fiberstructureobtainedby drawing
is illustratedin figure10.
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PfMsedfnem~ane. A squaresectionof a membranewas placedbe-

tweentwogtassplatesandpressureapplied. X-raydiagramsehowedthe

sampleto possessa selectiveuniplanarorientation,similarto that pro-
ducedby allowinga sheetto dryon a glasssurface.

Membranedriedwithends,/M. Arod~ikostrip ofswouenmembrane

wasstretchedacrossthc endofabeaker,theendstapedto the sidesof thé

beaker,and the stripallowedto dry. Théshrinkageaccompanyingdry-

ingcausesthe stripto becomeverytaut. X-raydiagramsshowa uniaxial

orientation,as illustratedin figure11.

Flat stripswerepreparedin the samewaywiththe exceptionthat thé

middleof the Btnprestedon a glassrodof2-cm.diameterplacedacross

the top ofthe beaker. ThisarrangementaUowedthe middleof the strip
to bepressedagainsta smoothsurfacewhiteunderstress. Thus the sec-

tionof thestrip incontactwiththe glassrodis influeneedby botha uni-

directionalshrinkageand a unidirectionaltensionactingat right anglesto

eachother. Theresultwasa selectiveuniaxialorientationfor this portion
of the strip, whilethe part not in contactwith the glassrod developed

onlya uniaxialorientation.
Therésultaondeformedmembranesshowthat, in general,three types

of orientationwereproduced. If the plasticflowtakes place (a) with

referenceto an axis,a uniaxialorientationisobtained;(b)if withreference

to a plane,a selectiveuniplanarorientation;or (c)if withreferenceto an

axisand a plane,a selectiveuniaxialorientation.

MtcrcsccpMstudy. In an effortto throwfurtherlighton the natureof

the plastic flow,a microscopicstudy wasmadeof the deformedmem-

branes. Fromtheswollenmembranes,bymeansofsuitablesolvents(6),
it is possibleto isolatethe bacteriaindividuallyor in bead-likestrands.

Thesesamebacterialinkedtogetherin bead-likestrandswith a definite

uniforminteriororientation,as indicatedbytheuniformcolorin potariMd

light,maybe foundin thestronglydeformedmembranes. Althoughthe

isolationofthèseunchangedbacteriacannotbeacceptedas definiteproof,
it wouldseem to indicatethat the bacteriamay moveas units during

plasticdeformation.

8TCDY OF MERCEBtZED MEMBRANES

Action<~ao~«Mhydroxide.Whilestudyingthe effectof substituting

thewaterof the swollenmembranesforotherliquids,anunusualphenom-
enonconcemingtheactionof sodiumhydroxidewasobserved. Normally
sodiumhydroxideswellscellulosematerials,but in the membraneit

producesa shrinkage. For example,if a swoUenmembraneis placed
in 18per centsodiumhydroxideit beginsto eontractrapidly,and in about

nfteen minutes'the lengthand breadth shrink to approximatelyone-

fourththeoriginaldimensions,whitethe thicknessremainspraeticallythe

same. The treated samplegivesa randommercerizedx-ray pattern.

TaxMOMtAt.0~tHTHCAÏ.CNBMtMM.YOL.40,NO.3
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TTt~ftt!htfa. ~fctat~~tMtia~~nt~ .J. At~~ -~t~The failure of several ealts to produce the same action would indioate that

it is not an osmotie effect. The shrinkage appears to be doBnitoty asso-

ciated with a orystaUographic change to the mercerized form, since the

sodium hydroxide must be of sufficient concentration (above about 14

per cent) to produce a mercerized structure before any approeiable shrink-

age occurs.

If tho membrane is nrat dried on a glass plate and then treated with

sodium hydroxide, it shrinks to only about two-thirds the former width

and length, with a sHght increase in thickness. This process tonds to

destroy sUgbtty the original selective uniplanar orientation of the dried

specimen. The very compact form of the dried membrane, howover,
makes it diNcutt to produce a mercerized crystalline structure.

~pec~meKdried, <~ MMree)~«<under s<reas. A number of fiber spéci-
mens previously dried under stress wore treated with sodium hydroxide,

subjected to the Bame type of original atress, washed, and allowed to dry.

X-ray analysis showed that, in general, the original type of orientation
is not changed, but thé degree of orientation becomes more perfect.

Figure 12shows the same sample as figure 11 after being replaced over the

beaker and treated for a short time with sodium hydroxide. The native

crystaUine structure is not changed, but the fiber structure Mmore perfect.

Tm. 6a. X-ray diagram of membrane dried in contact with glass surface. X-ray
beamperpendioular to large surface of membrane

Fto. 6b. X-ray beam parallel to surface (same e<nnpleas figure6a)
Fia. 7. Membranedried with tension in one direction. X-ray beam perpendieuiM

te Bber axia (tension axis)
Fto. 8. Typioal x.ray diagram of cotton Cbera. X-ray beam

perpendicular to fiber axis
Fto. 9. Membranerolled in one direction. X-ray beam normal to

plane and direction of rotUng
Fto. 10. Membranedrawn through die. X-ray beam perpendioutar

to fiber axia (drawing axia)
Flo. 11. Membrane allowed to dry with enda of strip faetened to rigid supporte.

X-ray beamperpendicular to fiberaxis (long direction of strip)
Fio. t2. Same sampteas figure 11after treatment with sodium hydroxide

FM. 18.Typical x-ray diagram of ramie abeM. X-ray beam

perpendicular to nber axis
Fto. 14.Strip of membranemercer!zedwith endafaatened to rigid supports. X-ray

beamperpendicularto fiberaxie (long direction of strip)
Fto. 16. Typical x-ray diagram of cupranunonium rayon. X-ray

beam perpendictttar to fiber axis
FM. t6. Strip of membraneBubjeetedtocombined tension and pressure applied

at right angleato ea<:hother (aeetext for expianation). X-ray beam perpcndicular
to directionof tension(axis ofstrip) and parallel to direction of pressure (normal to

plane ofetrip).
Fia. 17.Samesampleaa figure16 rotated 90"around fiber axis. X-ray beam still

porpendieularto fiberaxis (directionot tension), but perpendicular to direction of

pressure (parallel to plane of strip).
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\s.<huwn!)yc<)nt)Mt-i~))<)ff)K'<'st2!U)dl3,th<'Rb<'rstr)\s shown!)y comjMrisonof f~urcs t2 and 13, th<' Rbcr structure is e(tuat
tu that of ramie,which is onc uf thc most pert'cctty oncnted natumt nbers.

A nmnbcr of shccts prc\-iousty(h-ictton gtass \vprc troatcd with sodium
hydroxidc an<[suttjcctctt to a straight tension put!. With progressh-c
extension thc sctcctivc uniptanar orientation b graduatty rcptM'cdhv tt
L)ni:txi:()oricutatiun. At t)t(' inn'nucdiatc t,t)t(;t' buth onpnttttions may
t«- (-<)nf:i<)(-)-f'()as p)'t-(')(t, which t'csutts in an impcrfcct sctcctivc uniaxin!
M'k'nttHitn).

.S~<m< ;<M<«-f(~~<«'<) <~t~ Strip~wcro mouotct) ovcrtt tK'akcr,
<). pn'it)os)y t)<'sct-i))t'((,:)<)()kcpt in conttu't with 18 pcr cott sodium
hyth-oxntcfot' :M nnuutt~, washcd for 3Ummutcs, and nUowcdto (try.
OwittKtu thc sht-inkMgcpt-oduM-dby thf Hodimn hy(troxid< tht- .strips
hcconc \'<-)-ytint) :n)(t a mct-t'criiM'duoiaxiat (ibc~t'structure is prottuccd,
as i))u.~rat<-din figurel.t. tts sitnitarity to MWt.Huriontcd cupnuMtnoniun)
rayon dia~ra'n tnay ))<'.s<'<-nfrom a t'omparisonot' figures 14 and t5.

tf ti)t-strip is phu'cd o\'(-t-a ~tit.ssrod and thfM trcatct) with sodium
hydroxidc, tt)c scotion iu contact with thé g)a.~ ro(t dcvctopMa M'toctivc
uniaxiatorientation, whiic that net in contm-t dcvdops a uniaxiat orif'n-
tati'~n.

.«(-)?( 0 ~/Wf/,Mf;-<-f-<-)!«/,~f't; <M~'fC<<'f/lu f(W<6:'MCf/~SWtt f~<~C«M-
/~w,/t. L'niaxia)nhcr. pt-cviou.-<)yprcparcd by drawing, w<'rcpiac<'()
hctwccntwo smuoth k'a(t shccts and thf ('enter of thé ~unpic tnui.-itcnpd
\vith sodiumhydroxidc l'hc tcad strips with tho sampto- bctwcctt thcm
ucn' tht-n ptat'ctt bt-hvccna stnooth .stcciptatc ~nd a st(-f')ro(tG t-tu.in
diatnt'tf'r. If sufn<-i<'ntty\\idc strips of (pa(tarc Ut«'d and thc axis of te-
stée) nKt is pcrpoxHf'uta)-to thc fitx-raxis of ttn' spwinwn, thc circum-
t'crcnccof thc rod witiforce thc tcadtu ftowpara))<-ttu thf ftbcraxis of thc
spcchnot \))cn thc ro(( and ptatc arc prcsscd togcthcr by mcansof a )argc
visc. TJms,sinmttancousty with thc pcrpcndicutar pressure ))mduccdby
thc vise, ci tcasiott is produccd m thc sampk' hy thc ptastic no\ of thé
ic:M). Sprcadi))gof thc san)p)c i.sprohibited by ptafhtg t))!n )ea(t strips
on cithcr sidc. Thc principfcof thé process bas ht'cn succc.ssfuttyused to
prépare ..etectiveuniaxiit)orientcd spcoirnensof kt'ratin (1), and it is com-
mon!y usc(ttu draw a thin uirc or rotf a thin shcct by ptaf'inf;thc satnpfc
insidcof another mctat. If thick tcad shects arc uscd a mnaxia)orienta-
tion maybc obta;ne(t. Howc\-cr.by propcr rc'gu!ationof thc )cad thicknc~,
t))c pressure, etc., spécimens may bc prcparctt hy this mcthod wf)ic)t
show a seh'etiveuniaxia) orientation, as shown by figures 16 and 17 with
thc x-ray bcam perpendicutar and para!)e)tu thé ftat sidc of thé satnptc,
respeerivety (x-ray heam perpemUf-ohu-to thc nbo- axis). Thc p)-csen<-c
of a setc<-ti\-cnniaxia)orientation was fm-thcreonRnncd by a nhcr pattern
wt)('))t))cx-ray ))ca)nwas <na()<'p:n'a))c)tu thc nbor axis.

't'his cxpcrimcnt i)!ust)-atesthé fact that it is possibtc, by thc propcr
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combinationof tensionandpressure,to preparea selectiveuniaxialori-
entationby forcingthe ample to becomelongerand thinner but not
broaderor narrower,–achangein dimensionscorrespondingto that ofa
rolledsheetmetal, The experitnentindicatesalso thé possibilityof pre-
paringa epecimenwithanorientationapproachingthat of a singlecrystal,
fromwhichthe relativerefractiveindicesalongthe a- and c-sxosmaybe

obtained,as wellas otherfundamentalerystattographicinformationhere-
toforeunattainable,owingto thoabsenceofsinglecrystalsofcellulose.

THEORETtCA!)

In connectionwiththe selectiveorientingpropertiesof the crystattite,
it is interestingto note that the (101)crystaUographicplane of ceUutose,
in its influenceon the typeof orientationobtained,appears to playa
r6!eanalogousto that ofa glideplanein metals. Themechanismofob-

tainingthe orientation,however,must be quite différent for the two
materials. Insteadofa gtideplaneslipas for metals,all of the evidence

pointsto a "mice!!arnow"or movementof the crystalliteas a unitfor
cellulose(14). Theequilibriumpositionforthe cellulosecrystallite,there-

fore,mustbe govemed,notbythe symmetryof gtideplanes,but bythe
externalconfigurationof the crystallite.

Thepronouncedorientingtendencyofcellulosewithreferenceto théb-
axis-that a rayonfilamentcanbe oriented,forexample,by stretching-
isweUknown,andthis propertyis usuallyattributed to rod-likemicelles
or fibrousbundlesof cellulosechainswhichare orientedparallelto the
directionof stretching. If an elongatedshape in the direction of the
b-axisis responsiblefor the paratletalignmentof the crystalliteswhen
celluloseis stretched,the questionthen arises,whatconfigurationof the

crystalliteis responsiblefortheselectiveorientingtendencywithreference
to thé (101)ptane?

Assuminganelongatedcellulosecrystallitewhichmovesas a unitduring

plasticflow,therearetwopossibleexternalconfigurationswhichcouldac-
countforits selectivebehavior:(1)it couldhaveanator ribbon-likeshape;
or (2) it couldhavea greatersecondaryvalenceattraction on two sides.
In otherwords,the selectiveorientingtendencyof the crystallitesmay
be due eitherto theirshapeor to the cohesiveforcesbetweenthem,or

perhapsto a combinationofbothfactors.
It is impossibleto predictto whatextentcleavageplanesmayexistin

crystaUineceUutose,but fromanalogyto othercrystalsone wouldexpect
a tendencytowardcleavagealongthe (101)planes. If this weretrue then
the conditionawouldbe favorablefor thc existenceof nat or shingle-liko

crystallites,which,owingto their shape,shouldbehavein the manner

experimentauyobserved.
If it isshapeatonethat isresponsiblefortheselectiveorientingtendency
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ofcellulose,thenwehavereasonto believethat the crystallitewouldhâve
to be rather iibbon-like.In the caseof superpolymors,Carothets(4)
hasestimatedthat the molecularweightshouldbe above12,000andthé

FtG.t8aand18b.Viewdownthe6-axisofthecelluloseunitcell
(afterK.R.Andréas:Z.physik.Chem.4B,190(t929))

molecularlengthabove1000A.U.beforeorientationcan be produced
easilybystretching. Onthcotherhand,orientcdfilmsmaybe produced

readilyfromcomparativelyshortmotccutes,a propertydue to the exist-
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enceofpolargroupaat theeodeofthe molecules,andit wouldseemlogical
to assumethat the polar hydroxylgroupaof cellulosemay be partly
responsiblefor the orientingpropertiesofcellulose.

Asmay beseenfromfigure18a,the (101)planesof cellulosehavethe

largestnumberofhydroxylgroupspersquareunit ofsurface. Sincethe

secondaryvalenceofcelluloseis attributedto hydroxylgroupa,the aides
of the crystattitoparallelto the (101)planesshouldhave the greatest
valenceforces,owingto thé geomotricalarrangementof the glucose
residuesin thécrystalhttice.andthesehydroxylgroupsmayassisttheseteo-
tive orientingtendencyof the crystatiite. In additionto their selective

orientingtendency,thesehydroxylgroupa,and alsothe onesat thé enda
of the cellulosechains,shouldassisttheorientingtendencywithreference
to théb-axis.

The seteettveorientingtendencyis nota uniquepropertyof baeterial
cellulosemembranes. Gelatin(18), myosin(2), celluloseacetate and
cellulosenitrate films(10),andregeneratedcellulosefilms(15)all showa
selectiveuniplanarorientationwhenaUowedto dry in sheet form. Kera-
tin (1),regeneratedcellulosefilms(15),andcelluloseacetateand cellulose
nitrate films(10)alsoshowa selectiveuniplanaror uniaxialorientation
whentreatedunderthéproperconditions,and it is interestingto notethat
allof thesematerialswhichshowa selectiveorientingtendencyhavepolar
groupsattachedto fibrousmoleculeswhichexistas elongatedmicellesor

crystaHites.
Thereare severalpropertiesofcellulosewhichare in harmonywiththe

conceptof hydroxylgroupinfluence. For example,since the hydroxyl
groupsare largelyresponsibleforthe sorptionof waterby cellulose(12),
a crystallitestuddedwith hydroxylgroupson two sides wouldbe ex-

pectedto havea majorshrinkagenormalto the (101)planes. Further-

more,sincethe (101)planesof the mercerizedlatticeha.vemore(about
25percent)availablehydroxylgroupsperunitofsurfacethan the native,
asmaybeseenfromacomparisonoffigures16aand 18b,this mayaccount
in part for the greatersorptionof waterby mercerizedcelluloseand its

greater selectiveorientingtendency.

NSCU68ION AND SUMMARY OF BE8ULT8

In general,the experimentalresultswouldlead one to concludethat
the major factor in determiningthé type and degree of orientation
foundin deformedmembranesis the relativedirectionand extentof the

flow,or changein dimensionsof thesample,rather than the nature,mag-
nitude, or directionof the forcesproducingthé now. In other words,
if thesampleis elongatedin onedtrec<t'OK,theb-axesof the crystallilesare
orientedparallelto that direction;if </MMMp~MeoK~nc<~in onedtrcc-

tion, <Ae(/0/) p~Msare on'eH~normal<othat direction. This general
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rule wouldseemto apply to both mercerizedand unmercerizedmem-

branes,regardlessofwhetherthé changesin dimensionsare producedby
shrinkageorby plasticflowdueto mechanicalforce. It appearslessdi8i-

cu!t, however,to preparea selectiveorientedfiber structure from the
mercerizedthan fromthe unmercerizedmembranes.

This ruleis notsuggestedas a rigidlawforthe ptasticbehaviorof aU
cellulosematerials-it is merelyan attempt to generalizethe behaviorof

the sampiesinvestigated-butpreliminaryresultsindicate that it may be
ofgénéralapplication,andit is interestingto notethat a similarrute may
be appliedto the plasticflowofmetals(11). It appears to be in agree-
mentwith the opticalresultsofMeNaUyandSheppard (10)on cellulose

nitrate and celluloseacetate films,and with the x-ray resultsof Trillat

(19)on celluloseesters.

Althoughit istentativelysuggestedthat polargroups,as weUas shape,

may influencethe selectiveorientingpropertiesof cellulose,the present
resultsarenotconclusiveeitheras to the shapeand sizeof themembrane

crystallite,or as to the exact causeof its orienting tendencies. It is

temptingto assumethat part oftheorientationeffectsareduedirectlyto

ceUdistortion,or to the 8atteningof a honeycombstructure. Careful

observation,however,indicatesthat it is necessaryto invokesomething

beyondcelldistortion;the orientingtendencyof celluloseappearsto be

a fundamentalproperty,presentnotonlyin native,but alsoinregenerated
and cellulosederivativeswherea ceUstructurecannot be assumed. As

pointedout before,thereis someevidencethat bead-likestrandsof bac-

teriamoveasunitsduringplasticflow,but the evidenceisnotconclusive.
The unitmaybeconsiderablysmaUer,and it isdifRcuttto predictat what

crystallitedimensionsthe influenceofshapeor polar groupswouldbegin
to havean orientingeffect. The majorpoint which thepresent)'MM~<s

eMpAawein this connectionis that, whateverthe final conceptof the

membraneerystallitemay be, thisconceptmust take into consideration

thefact thatthecr~~<oH~po~seMesamajororienting<eM<FeMC!/withr<~ereKee
<othe6-œm,anda KMM)'or selectiveorientingtendency<M~reference<o

the(~Ojf)plane.

Theauthorwishesto expresshisgratitudeto ProfessorG. L. Clark for

his interestand support,and to ProfessorHarold Hibbert forfumishing
the necessarymembranesamples.
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THE INFLUENCEOF DENATURATIONON THE 8PREADING
OF PROTEINSON A WATERSURFACE

HAN8NEURATH
The~r ~Ht'eme<mMo~LatofotonM<~~tw~otttcandPA~tcotCA<m~<fp,~M'MM-M'<

CoM~e,London,E<~<eH<<

NecM'~J~M,

Thispaperdescribesobservationsontheeffectof denaturation,byheat
and by irradiationwithultra-violetlight,on the spreadingof aqueoua
solutionsof ovalbuminand serumalbuminon water. The term "dena-
turation"issomewhatlooselyusedtodescribevariouschangesin proteins,
whichlead to diminishodsolubifityin water;thus besidesthe changes
producedbyheat andbyultra-viotettight,Ramsden(15)anddu Nouy(4)
foundthat adsorptionat the air-watersurfaceproducesinBotubitityof
proteinsand termedthisalso"denaturation." Whenproteinsarespread
on thesurfaceofaqueoussolutionstheyalsousuallybecomeinsoluMe.

The nmnerouspaperspubtishedin recentyears on the spreadingof
proteinsona watersurface(5,6,7,8,10,11,16) haveledto the conclusion
that a fullyspreadfilmofa proteinat a water-airsurfacehas thepeptide
chainsof the proteinmoleculesstretchedout alongthe surfacewith the
lyophilicgroupatowardsthe water. Serumalbumin and ovaibumin
showremarkabledifférencesin theircolloidalpropertiesin bulk solution,
andit waathoughtthat a studyof theirpowerof spreadingat a surface,
beforeandafterdenaturationin bulk,wouldthrowlighton the natureof
thé denaturationprocessand showalsowhetherthere is an important
différencein t!ieproeessesof so-calied"denaturation"by heat and by
spreadingout on a surface.

EXPERIMENTAL

PreparationofMeproteinao~MMM

Ovalbuminsolutionswerepreparedfromfreshhens' eggsby separating
theyolk,dilutingthewhitewithdistilledwater,andfilteringofftheprecip-
itated globulins;the filtratewaselectrodialyzedin Pauti'sapparatus(13)
for severaldays, the voltagebeinggraduallyincreasedfrom 5 to 220
volts. Aftersevendays'electrodialysisthe conductivityhad reachedits
minimumvalueof 6.5X 10-"mhos,with2 per cent proteinsolutions.

Serumalbuminwaspreparedfromdefibrinatedhorsesérum, byfreeing
from globulinsby addingammoniumsulfate to one-third saturation,
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filtering,againaddingammoniumsulfateto two-thirdssaturation,and
electrodialyMngas with ovalbumin. The finalconductivitywas4.5 X
10-' mhos,at 2 per cent. Thé pH of the purifiedsolutionswas4.80for
the ovalbuminand4.85for the serumalbumin,measuredwitha quinhy-
droneeleetrode.

AUsolutionswerekeptin the icechestat about2"C.,undera thinlayer
ofa paraSn-totuenemixtureto preventinfection. Thé concentrationof
thc 2 percent solutionswasdeterminedeveryfewdays by drying2 ce.
at 108°C.for twenty-fourhours;thosolutionsfor sprcadingwereabout
one-hundredthof thisconcentrationand werepreparedfromthestronger
solutionsby dilutingwithconductivitywater.

MeowwMn<aof<AesM!~<tcepreMttMof dhe~preod~Mm<

The apparatusof Adamand Jessop (2) wasused. The filmswere

frequentlyexaminedby the dark-groundilluminationintroducedby
ZocherandStiebel(19),withthesimplificationsusedby Adam(1). The

pH of the aqueoussolutions,uponwhichthe proteinswerespread,was

regulatedby Walpoleacetatebuffersof JV/20or ~V/300concentrationin

acetate;a brasstroughwasused,and the temperatureregulatedby an
electricalheaterbelowthe trough.

Theproteinswerespreadfromaqueoussolution,usingGorter'smethod
(6, 7, 8), withbut stightmodifications.An Agla micrometersyringe,
capableof beingread to 0.0001ce.,washeld horizontallycloseto the

surface,anda measuredquantityof the Uquid,about 0.25ce.,expelled.
It wasfoundthat iftheheightofthe tip ofthesyringewasvariedbetween
2and5 mm.abovethewater,the samerésultawereobtained;if,however,
it wasbroughtso closeto the surfacethat the issuing dropsactually
touchedthewaterin the troughbeforebeingdetached,thespreadingwas
lesscomplete. Everyresultquotedbelowis themeanofseveralmeasure-

ments,whichusuallyagreedwithin1 percent.

RBSCÏ/T8

Figure1, curves1 to III, showsthe surfacepressure-areacurvesob-
tainedwitheggalbuminon the buffersolutionsofpH 4.8 (théisoelectric

point)and4.4. Theareaswereobservedto increasewithtimestightty,
owingto the spreadingor unfoldingof themoleculetakingplaceslowly,
upto aboutsevenminutes. The valuesgivenareat aboutsevenminutes
afterputtingthe materialon the surface. Thespreadingwasgreateron
thé solutionat the isoelectricpoint than on the more acid solution,in
accordancewith the Ëadmgsof Gorter;it wasalso conaiderablygreater
onthemoreconcentratedacidbufferthanonthemoredilute. Svedberg's
valuesforthe molecularweight,i.e.,34,500forovalbuminand69,000for
serumalbumin,wereused (17, 18). No signsof inhomogeneityin the
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filmcouldbe detectedonthé twoJV/20buffersolutionswith the dark-
groundUluminationbelow18dynesat 4.8 and 15dynesat 4.4 pH, at
whichpressurescoUapseeommeneed.Thofilmsshowedstight signaof

inhomogeneityat aUpressuresonthe dilutebuffer;considerablecollapse
occurredonthiasolutionat 13dynes.

Area per molecule in sq. A.U.

Fia. 1. Spreadingof natural ovalbumin and eerum albumin. Curve oval.

bumin, pH 4.8, on W/ZOacetate buffer, pH 4.8: ourve ovalbumin, pH 4.4, on

N/20 aoetate buffer,pH4.4;ourve III, ovalbumin, pH 4.4, on A~/MOaectate butfer,

pH 4.4; curve IV, serumalbumin, pH4.8, on N/20 acetate buffer, pH 4.8; curve V,
serum albumin, pH 4.4, on W/20acetate buffer, pH 4.4: curveVI, serum albumin,

pH 4.4, on W/300acétate buffer,pH4.4.

With serum albumin (curves IV to VI) very similar results were ob~

tained; the velocity of spreading was somewhat tes9 on the dilute acid

buSer, and the curve refers to twelve mmutes after the material was put on.

With the dark-ground iUummator, the film on the JV/20 buSers were

apparently homogeneous, and that on the dilute buffer slightty inhomo-

geneous coUapse occurred at 13 to 14 dynes in curve IV, at 11 to 12 dynes

in curve V, and at 10 dynes in curve VI.
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The Stmsall beeamesolidat about3 dynes compression;thia i8 the

phenomenondescribedby Hughesand Rideatas "gela.tton"of the films.
The fullyspreadovalbuminfilmstend to a timitingareaofabout 5000

Bq.A.U.permotecuto,or 0.88sq.meterpermilligram,in goodagreement
withGortcr'svalueof0.9sq.meterpermiltigram. Thisareaisdecidedly

Fia. 2. Irradiation of proteins with ultra-violet light. Curve 0, ovalbumin

without irradiation; curve 8, serum albumin without irradiation; curvo t, oval-

bumin, tS minutesbeforeapreading; eurve II, ovalbumin, 70 minutes before spread-

ing curvo III, serumalbumin, 20minutes before spreading; curvc IV, ovalbumin, 3

minutes after spreading; curve V, ovalbumin, 6 minutes after spreading; ourve VI,

ovalbumin, 9 minutes after apreading; curve VII, ovalbumin, 20 minutes after

spreading; curve VIII, serum albumin, 6 minutes after spreading; curve tX, sérum

albumin, 20minutesafter spreading.

larger than thé maximum obtained for crystallized egg albumin by Fosa-

binder and Lessig (5), 3750 sq. A.U. per molecule or 0.66 sq. meter per

milligram. Svedberg haa shown (17), however, that crystatUzed egg al-

bumin contains a fraction of molecular weight 170,000, which cannot be

removed even by repeated crystallization, but is precipitated on electro-
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dialysis. Thiswoutdnot havebeenpresentin thé materialusedhère,
owingto the methodofpreparation. If it isassumedthat thefractionof
highmolecularweightin crystallizedeggalbumindoesnot spread,white
that of lowermolecularweightspreads completely,then sinceSvedberg
givesthe averagemoteoutarweightofcrystallizedeggalbuminas 43,000,
it ? easilycalculatedthat Fossbinderand Lessig'sresultsleadto an area
per moleculefor the fullyspreadconstituentof lowermolecularweight
of4960sq. A.U.,in excellentagreementwith the presentresultandwith
Gorter's.

The Umitingarea permoleculeforserumalbuminis about12,000sq.
A.U.;thisvalueis largerthan thosegivenbyFossbinderandLessig,but
the Shnahavebeenspreadonsolutionsof verydifferentpH.

The filmsgivea nearlystraightsurfacepressurc-areacurveabovethe
pressureat whichthey becomesolid; the compressibMityis about70.6
sq.A.U.perdyneforeggalbumin,or 1.41percentof the areaat nocom-

pressionfor serumalbuminit is 250sq. A.U.perdyne or 2.08percent.
Ondecompressingthe ntmsonce,therewasa smallamountofhystérésis,
the areaexpandingto about4 per cent lessthan beforecompression.

Serumalbuminspreadsto an areaabout 15percent larger,pergram,
than ovalbumin,the areabeing1.05sq.meterspermilligram.

EffectsofdeK<!<«ro<MK

The diluteproteinsolutions(ca. 0.02per cent) wereadjusted to pH
4.4by dilutehydrochloricacid,and heatedina quartztest tubeforfifteen
minutesat 100"C. Thesolutionswereperfectlytransparentafter this
treatment. Isoelectriesotutions(pH 4.8) of the same concentration
turnedopaquewhenheatedin thisway;andonaddingthe samequantity
ofsulfosalicylicacidto the denaturedsolutionand to the untreatedsolu-
tion, thé sameopacitywasobtained.

On attemptingto spreadthe heat-denaturedsolutionson JV/20or

N/300 buffer,pH4.4,nospreadingcouldbeobtained. Nosurfacepres-
suregreatcrthan0.3dynecouldbeobtaineduntilthearea wasdiminished
to lessthanone-eightiethofthat at whichthispressurewasobtainedwith
thé naturaleggalbumin. Theultramicroscopeshowedlargenumbersof
aggregatesof differentsizeandshapefloatingon the surface. Timedid
not promotespreading;evenaftertwentyminutesnoappréciablespread*
ing had oceurred. Incompletedenaturation,by heatingfor two or four
minutesonly,diminishedtheextentof spreading,butnot somuchas the

longerheating. Thespreadingof both eggand serumalbuminwaspre-
ventedby denaturingin this way.

Denaturationby ultravioletlight wasstudiedbyirradiatingthe solu-
tions beforespreadingin a rectangularquartz vesselof 3 mm. inside
thicknessat a distanceof 12cm.froma K.B.B.atmosphericquartzmer-
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curyvapor lamp,220v.,2 Mnps. The pH was adjuatedto 4.4. The

spreadingpoweris duniniehedbut not entirclydestroyed. Curves1and
II of figure2,weretakenonspreadingthe solutionsirradiatedfor15and
70minutes,respectively;after 70 minutes,the solutionspreadto about
halfthe areaof thenaturaleggalbumin. Twentyminutesirradiationof
thé serumalbuminsolutiondiminishedthé area of spreadingonly by
about 10 per cent. Inhomogeneitycouldbe detected with the dark.

grounditiuminationon all the filmsspreadfrom irradiatedsolutions.
Theeffectofultra-violetlightwasalsostudiedbyirradiatingthe nims

of naturalproteinafter spreading. The samemercuryvapor lampwas

used,horizontally,about 12 cm. above the surface of thé water. In
orderto diminishthe amountof contaminationaccidentaUyreachingthe
surfaceduringirradiation,thefilmswerecompressedto 5dynes. Prelimi-

naryexperimentsshowedthat, qualitatively,the effectof irradiationwas
thesamein theuncompressedas in the compressedstate. The irradiation
did not raisethe températureof the interiorof the solutionmorethan

2"C.;therisein temperatureof the surfacewasprobablynot muchmore

than this.
CurvesIVto VIIshowthéeffectof increasingtimesof irradiationfor

eggalbumin;curvesVIIIandIX, forserumalbumin. Duringirradiation
the surfacepressurefett to almostnothing. The filmswereseento be

veryhomogeneousafter irradiation. Irradiationon solutionsof pH 4.8
and4.4gavesimilarresults.

Theeffectseemedto be rathergreater withserum albuminthan with

eggalbumin,theareasafterirradiationfor20minutesin thespreadfilms

beingabout50percentofthe originalwitheggalbuminand 33percent
withserumalbumin.

DtSCUSStON

It is evidentthat the differentprocessesknownas denaturationare not
aUthésame. Thespreadingofthe moleculesout alonga surfaceisalmost

certainlyan unfoldingof the moleculeso as to be onoaminoacid thick
in thefullyspreadform,thewater-attractinggroups,i.e.,the–CO–NH–

andany freeCOO-or NH~groups,beingin contactwith the waterand

the hydrocarbonchainsusuallyorientedawayfromthe water. Thepro-
tein doesnot easilydissolvein the water,onceit bas beenspreador un-
foldedat a surface. Accordingto du Nouy(4),a proteininaqueoussolu-
tionaccumulatesat the surfacesuntil all the proteinis at the surfaceand
noneremainsin the interior. Thus the unfoldingofthe proteinmolecule

duringits transitionfrominteriorto surfaceappearsto bea processwhich

occursspontaneousiy,whereasthe reverseprocess,the coilingof the un-

foldedmoleculeand its passageback fromsurfaceto interior,doesnot
occureasily. It is probablethat, whenin solutionin water,the protein
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moleculesarecoiledup sothat the hydrocarbonchainsare buriedin thé

interior,andthe surfaceis coveredby the water-attractinggroupa. Thus
Ramsden's"denaturation"by shakingand adsorptionat M air-water
surfaceisprobablyanunfoldingof the molecule.

Bytheactionofheat,however,the transitionfromthe coiledto theun-
foldedstructureiepracticallyprevented. This couldariseeitherthrough
an increaseinthe forceswhichbindthe coiledmoleculetogether,orby an

increasingaggregation,i.e.,severalcoiledmoleculesuniting. The first
mechanismseemstoagreebestwithelectrochemicalexperience. Accord-

ingto Pauli(13,14),theprimaryprocessofheatdenaturationconsistsof
an interactionbetweenthé freoamino and carboxylgroups, leadingto
an amide.tikelinkagebetweenthesegroupsand consequentlyto the toss
of the"zwitterion"structure. Thiswouldtendto diminishspreadingfor
tworeasons:first,becausethesegroupawouldhave less attraction for
the water than the separateCOO- and NH~groups;second,because

they wouldtend to bind thé moleculetogetherin the coited-upform.

Astbury(3)bringBevidencethat the sidechainlinkagesbetweenpeptide
chainsin proteinsarestrengthenedby denaturation;this wouldprobably
hindertheunfoldingof the molecules.

Haurowitz(9) consideredthat denaturationconsistaof a breakingof
the intramolecularattractionbetweenpositiveandnegativegroups,with
a looseningof the moleculeby stretchingthe longpeptide chains. The
fact that thenaturalproteinspreadverymuchbetterthan the denatured
indicatesthat the internalstructureof the proteinmoleculein solutionis

strengthened,not weakened,by denaturation.
Theeffectofirradiationseemsto be slightlydifferentfromthat ofheat.

The amountof irradiationgivento the proteinsolutions(pH 4.4)in the

quartzcellMorespreadingwassunieienttocausecompleteprecipitationof
solutionsattheisoelectricpoint,yet,thoughthespreadingwasdiminished,
it wasnot entirelydestroyed. It is interestingthat irradiationof the

spreadfilms,i.e.,of the completelyuncoiledfom of the molecules,causes
somedegreeof coiiing,evidentthroughthe collapseof the film. This

maybebecauseit ismainlythefreeCOO-andNHfgroupswhichanchor
the spreadËhnto thé surfaceandkeep it spread. Further workhas to
be doncfora completeelucidationof thia effect.

Thesiightdifferencebetweenthe spreadingofserumand egg albumin

may bedueto the greaternumberof water-attractivegroupaof serum
albumin. Sérumalbumin,spreadingto a 15percentlargerareapergram
than eggalbumin,has about onehundredand threecarboxyland one
hundredandtwelveaminogroupsper molecule;eggalbumin,thirty and
thirty-sixrespectively(Pauliand Valko (13)). A!so a comparatively
smattinternaicohesionoftheserumalbuminmolecule,as concludedfrom
colloidchemicalexpériencebyPauli(12,13),mightaccountfor thegreater
easeofitsunfolding.
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BUMMARY

Egg albumin and sérum albumin have been spread on aqueous buner

solutions at thé isoelectric point and at pH 4.4. Sorum albumin spreads

to an about 15 per cent groater area, per gram, than egg atbutnin. The

spreading is completely destroyed by previous denaturation of the solu-

tions by heat, and partiaUy destroyed by denaturation by irradiation; a

fully spread film can be caused to collapse to a considerable extent by

irradiation.

The bearing of thèse experiments on theories of denaturation is dis-

cussed. It is probable that denaturation both diminiahea the attraction

of the protein for water through the combination, within the molecule,

of carboxyl and amino groups previously free; also the same combination

probably tightens the internai structure of the protein molecule, making

it more difficult to uneoil on the surface.

My heartiest thanks are due to Professer F. G. Donnan, F. R. 8., for his

generous hospitality and his interest and to Dr. N. K. Adam, F. R. S.,

for his very helpful criticism and advice.
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THE FORMATION 0F LIE8HGANG RINGS IN THK PlŒë!NCH

0F PRUCtPITAT)~

))<NAYMU)MANATHSËN

(,'A<;Mt<co<~ohcrft<<')'y,~f('f!f'~t'M('(''u</<~f,t'ah'u«<t,/M'/<«

/ft'f-f«'<S'f~f!M)/«:r/S,

~tuct)work )<asbecn(tuneon thé fonnation of pcriodicbands uf prccij)i-

tatcs of différent substances in the présenceof gcts. It ha.s becn ahnost

gencraXyhetievedthat netsare attnast csst'ntiat f"r sm'h typ<-sof poriodu'

prccipitntion, thongtt thc nmnbpr of in.stancc.sin w))i<'hth<*formation of

ttifsegang rings is disecrmbte (*cn in the abscnct' of {n'!sbas hn'rcascd

(4, 5, 6, 8) comparativctyt't'ccntty. It i.sthe ohjcct of tho prcscttt papt'r
to report the formationof such pcriodi<'bands of prMipitatc.s, not in a gel

but in th<' prcsoncGof certain othcr précipitâtes wherc tin' specint- <-har-

actcristics of get-structurc are absent and wh<'reth<'probabHityof thc co-

existence of sol and thé prpcipitatc of the samc substance (1, 2, 3, 4), if

not absent, wouMappear to ptay uo prominent function. It is vcry difH-

cu)t to exptain the occurrenceof such bands in thc présence of thèse in-

solublesubstanem untessadéquate expérimentâtdata arc avaitabtc, but it

may besuggestcd that scicctiveadsorption of someof thc ionic speciesin

thé system by thèse précipitâtes may in a)) probability play a \'ery im-

portant rô)c in sucha phenomcnon.

EXt'EHtMENTAL

Thc catcimn sulfateand the barium sutfatc wcrepû~'dcrcd to a very fine

statc of subdivision. Into thoroughty cjcaned test tubes known \'o)unK's

of a solution of ferriechtondeof knownconcentration were ititroduccd and

thon 10g. of thc extremety fine powdcr of each of the précipitâtes wa"

anowcd to drop in. A furthcr known \'o)u<ncof the solution of ferrie

ch)oridewas next ititroduccdinto cachof the test t ubcs. Thé exact volume

of the solution to be added was foun(t by tria), and suc)) a vohtme was

scteeted that whcn thé 10 g. of powdercd prccipitate was ptaced in (bc

solution, thé massof the precipitate wou)deomptetctyabsorb thé solution

on standing. The précipitâtes in contact with thé sotution werc attoweft

to stand fer cight hours. The contents of thé tube;!were next eontrifuge()

and kept overnight. It wasthen found that thé n)M.<sof precipitate, aftor

absorbing thc solutioncomptetety, appcared to pn'sent sornc resembtancc

to a thickly set unifonn gel of agar.l', It was, howcvcr,not transparent.
'Mn
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.~kttownvotutucoftttc.sututiunof potassium fcn'ocyattidcofkttowncon-

ccntrationwasttK'ucan'fuUyaddGdtotheprt'cipitatcwitJtotttcattMittgany

distur))anc<'ofthc.w)idp!trtK't('s. 'i'hetcsttub~swiththt'ircootcntswcro

thcn a))owcdto stand for days, tm<tthc changes wen' notcd t'tn'h day unti)
th<'Pt'u.siMnbtucprocipitatchn<trcachcd th<'bott~m of oach tutx'.

A. it )):t.<tx'cnbt'ongtttont hy thc t'xjM'ntncntsuf ï.)oy() and \tor!t\ck

(7~that ('tu'ryit)j;ont thc n'action in n sn)ttHspact' cxcrts n tnarkf~t fav~

ah~'htnn('ut'(.'(H)th''fun)tittiu))()fLit's<'K)ntK''i'xp<'t'itM(.'n(.sw('t'(;<tts<)

))('t'fornh'dm)HU(-ht!tc.'<!Uncwttyin tubes ofnitn'uw))<)ro,htn'inK internat

()i!U)t('tt')-s()f()..5and0.25nu. H'nv('<')',t)n's<'<'X[K*ri)))('ntsyit')dt't)n<)

positive rcsutts.

It tnay hc tncnti(MtK)that 8 cf. of thc fcrrit' chinrittc .~httion was nccc.s*

s:u'yfor 10g. of thp <ttc'imn.sutfateprc'cipitutcfo)'conipk'tc absorption hy
thf sait) prt't'ipitatf; 4 ce. of thc ft'rric <'h)orid<'was atktcd bcforp and
anutho' 4 ce.aftcr thf introduction of thé cidcimnsutfatc into thc t<'sttube.

!)) th<'<'tt.sL-of horiun)sutfatc, howcvcr,f!ce. of thc sotutiun \vasncec~ary,
of which3 ce. w:ts!t()d('(tbeforc and ce. :tft<')'thé introduction of thf

t-'t<)Jt'<'){Ht~i"«s"~tuin('())'yuMinK)OK"f't''iKn!'<u)fat<8('c.t)f0.385A'
ft'rrit't'h!')rid<M))d)i('f).).A'p<)tasiiim))f<'rro('y!tn)(t('

stdfatcpn't'ipitntc. Thcpurposcittintrodnciugsotucoftht'.sotutionbe-

for('thcintrodu(-tio))ofthcpr<'('ipitatcwMsto!ninin)ii!<'th<'possi))i)ityof
thc air buhb)c.sbcinf!kcpt cnctosedin the bodics of thc soiid prcfipitntcs.
(.))'<' ~'n.sahsnystnko) tu cn.snt't'thitt na air bubbk's cuu)d JMt\'ca chiUtcctu

n'n)!unt))ust'))t')os('d.

XHSt.'L't'S WITH CALCn'M .St't.FATË

~t'hcnun)h(')'of ring.sfortned incn'a.scd with theditution of th<?ferrie

t'h)f))'i(tcsotHtion,and thc (Hstanf'cbctwpcnthé rm~sdct'rcaM<'()as thé <'on-

f't't)trati«))<)fth<'h'n'i(-('h)<)ri()('wasin(')'cas<'<t.Thccooccntmtn'nofthf

))ota.<si)))nfct'Kx'yanidcapp<'ar<'()to )ta\'<'no favorabtc mftuencc on the

fommt)onofth('rinj!!<(t.t5A'so)ution\asuM('dinthecxpprimcnt!).
Tf)f first nn(t appcarcdaftcr ab'~ut fort hom'.s;t.hen anothcr ring canic

inthccour.-cofaday.
Thc distattfT'tx'twc<'nt ht's<'two rih~s wa.sq uitnc'oMidcmhtc. Thc thick-

ncs.sot' thc fit->trittg was, howcvcr,greatcr thfm that of thc second. Thc

distant'c of thc fi)'t rm~fron) thc surface of scpa)'atton of thé soiidand thc
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solutionwasaboutone-fourththedistancebetweenthenrstandthé second
ringsat favorableconcentrationsofferriechloride.

Afterthe appearanceofthé secondringthe bluecolorproceededdown-
ward,uniformin tint but weakerin ahade. The progresscontinuedfor
severatdays andthen ceased. Thispositionwasmaintainedfor about
threedays. Attheendof that timethereappeareda distinctlybluering,
muchdeeperinshadethan thebluecolorwhichhad just ceasedmoving,
and uniformlythick,its loweredgecoincidingwith the edgeof the blue
tint whichhadceasedto movedownward.The blue tint above the ring
becamelighterandlighterinshade;aftera day a ringappearedabove it

making the interveningspacecolorless.Anotherring appearedagain
abovethis secondring in the courseofa day, and thé interveningBpace
againlost its color. ïn this way,a ringappearedeveryday untu there
werenve successiverings. Aftertheformationof the fifth ring in the

séries,no freshringsappeared. Theringswerestableand distinct for
abouta week,afterwhichtheybeganlosingtheir distinetness. As soon
as theringsbeganlosingtheirdistinetness,thebluecolorstarted travelling
downfromthé lowermostring,slowlyand gradually,until it cameto
thebottom. Thisoccurredin thecourseofanotherweek. Evenwhenthe
bluecolorhadreachedthebottom,theringsprevioustyformed,though
indistinct,wereyetdiscemibleandabouta monthmorewasrequiredfor
them to losetheiridentitycompletely.It may be mentionedthat the
distancebetweenthe ringsin the aboveseriesincreasedonly slightlyin
theorderof théséquenceofappearanceoftherings. It isalsoof interest
to notethat noperiodicityin theprecipitationwasobservedin the region
belowthe aboveseriesof rings,throughwhiehthé bluetint uttimatety
travelleddown.

At veryhighconcentrationsof ferricchloride(above1.5N), twosemi-
circutarhighlycoloredpatchesappearedjust belowthe surfaceofsépara-
tionof thé liquidandthe solid. Noring,however,wasfoundto appear,
evenafterkeepingthe systemforaboutaweek,but at theendof theweek
severalperiodicbandswereobservedin thesehighlycoloredspots in the
formofarcsofcircles.

At modoratetyhighconcentrationsof ferriechloride(0.75-1.5N), how-

ever,these twodeeplycoloredpatchesalsoappearedbut with increased

areas,and a highlycoloredringappeared8 mm.belowthese two areas.
In the courseofabout threedaysanotherringappearedjust above;this
wassucceededin its upperregionbythreefullydevelopedringsand three

partlydevelopedringsat equaldistancesapart, the lastpartly developed
ring touchingthe lowerbordersof thèsespots. In the meantime,there

appearedseveralperiodicbandsintheformofarcsofcirclesin eachof the

highlycoloredsemicircularpatches. The.mostfavorableconcentrations
offerriechlorideforringformationareintherange0.3-0.6N.
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RESULTS WtTH BAM~?M SULFATE

In the caseof bariumsulfate,however,it was somewhatdinicuttto
obtaintheperiodiobands. It appearedta bediSouItas wellto studythe

probabilityof the formationof the ringswithreferenceto the concentra-
tionof theferriechloride,théconcentrationof the potassiumferrocyanide
havingapparentlynoinfluenceonthé ringformation. In mostconcentra-
tionsno ringswereobtained;if formedat all at someconcentration,they
werecomparativelyindistinct. Thé rangeofconcentrationsin whichthe

ringformationwasfavoredwasalsoverynarrow(0.16-0.26N). It was

only in this smallrangeof concentrationof the ferriechloridethat com-

parativelydistinctrings,thoughlighterin ehadethan thoseobtainedin
the body of the calciumsuifateprecipitate,wereobtained. In 0.2 N
ferriechloridethemostdistinctringswereobtained,and threeringswere
discemible.Thedistancesbetwecnthé ringswereapproximatelyequal,
but the thicknessofthefirstringwasgreaterthan that of the secondand
that of the secondwasgreaterthan that of the third. The thicknessof
the ringswas,however,considerablygreaterthan that of thoseobtained
in the bodyofcalciumsulfate;the rateof travelofthe bluecolorthrough
the precipitatewasa!socomparativelyrapid.

6UMMABY

TheformationofLiesegangringsofPrussianMueinthe bodiesofcalcium
sulfateand bariumsulfate,moistenedwith ferriechloridesolution,has
beenrecorded.

The influenceof the concentrationof the ferriechlorideon the char-
aetenstiesoftheringshasbeenstudied.

Mybestthanksaredueto Dr.P. Neogiforgivingmefacilitiesforcarry-
ingonthispièceofwork.
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NOTE ON THERMODYNAMICEQUIUBRIUMIN THE GRAVI-

TATIONALFIELD

F. o. KOENÏG

D~p<!<-<M«t<o/C~em~tfy,<S<<M/o~t/wt~r~, Cahyonx'o

A«e<wd'&p<eM6er18,JMJ

I. THE FUNDAMENTAL GtBBSïAN EQUATfOrfB FOR THE CttABACTEMB'nC

FUNCTIONS Of A SUBPHASE

In his excellenttreatise,E. A. Guggenheim(1) has recently givenan

exact(non-reiativistic)accountof thermodynamicequilibriumin gravita-
tionalfields,startingfromdifforentialequationsof Gibbsiantype forthe

charactensticfuncttOMofan infinitelythinhomogeneouslayer ofmatter

ofgivengravitationalpotential. Thusfortheenergy,F*, ofsucha layer,

a, he writes

dB"=. r(LS" PW + S ~? + ~f") dni (1)
<

wherer", 5", Pa, F", and denoterespectivelytemperature,entropy,

pressure,volume,andgravitationalpotentialof the layer,K?thé number

ofmo!esof the itbcomponentin thé layer,M<the molecularweightofthe

component,and a funetionwhichis assumedto be completelyde-

tenninedby Pa, 'F', ni.
It seemsworthpointingout, for reasonsstated below,that equation1

can begeneraMzedsoas to takeaccountof thefact that the energyofthe

layer in questioncanbe variedwithoutabsorptionofheat (T'"d<S''),per-
formanceofvolumework(-f~dF''), orchangesofcomposition( M+

~<~)dK?),merelyby a changeof gravitationalpotential as for in-

stance througha shiftof levelin the earth'sfield. The contributionto

B" of an infinitesimalchangein at constantS°,V",ni is evidently

Af'd~ whereM" is the massof the layer.

Equation1 is accordinglyreplacedby

<? = TdS PdV + ~fd~+ E (2.1)
i

wherefor simplicitythesuperscripta isomittedand the sum + M<y

denotedbyri. OfthevariablesE, S, V,Kf,pall butoneare independent,

so that if the numberof componentsis k, the number of independent

duferentialsin equation2.1is k + 3. The correspondingequationsfor
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theothercharaeteristiefunctions,i.e.,theheatcontentH, the Gibbsfreo

energyF, andtheHelmholtzfreeenergyA, areof course

dH = VdP+ TdS + Md~+ E dMf (2.2)
<

dF = -SdT + VdP+ Md~.+ T<dn, (2.3)
t

dA = -PdF SdT + Mdp+ E ~<d"< (2.4)
<

For conveniencothe thin layerto whichthese equationsapplymay be

caJteda "subphase."
Thenewequations(2)areofinterestbeca-use(i) they furtherillustrate

the pointclearlymadeby Guggenheim(ref. 1,p. 154) that "the gravita-
tionalpotentialdifference betweentwo[sub-jphases,in contrastto the

etectricpotentialdifference is thermodynatnieaUydeterminate,owing
to thé factthat its valueis independentof thé presenceand natureof the

phasethere;"(ii)theyshowthat the statement(ref. 1, p. 154)that "in

all thermodynamicformulaethe quantityp°'occursonly in combinations

of the formM + ~<)" is generallytrue onlyfor changesat constant

(iii)theyareof thésameformas thegeneralthermodynamicequations
forexternaletectricand magneticËetds(2) andthus serveto emphasize
certainimportantanalogies. Equations2 furthermoreyietddéductions

of the lawsofhydrostatieequilibriumand ofsedimentationequilibrium
whichto the authorseemmoreconcisethan previousonesand are ae-

cordinglygivenbelow. Thèsedéductionsfall naturally into the stages
indicatedby thé titlesof the followingparagraphs.

II. THERMALANDCHEMtCALEQUU.!BR!OMBETWEENSUBPHASES

Thegeneralcriteriaforthermodynamicequilibriumin conjunctionwith

thé equations2 leadin the usualmannerto the familiarconditions

T" = 7"~ (3)

T?=Tf (4)

for thermalandchemicalequilibrium,respectively,betweenanytwosub-

phasescfandj3.

III. THE atBBS-DUHEM EQUATION FOR A SUBPHASE

The energyofa subphaselikethat ofa bulkphase (in the absenceof

gravity)is clearlyhomogeneousof the first orderin the capacityfactors

tS,V,ttf. ByEuler'stheoremequation2.1thereforeyields

E=M-PV+ET. (5)
<
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.iaY't5~.t: _t _LL _a_ ay
whieh,onditferentiationand comparisonwithequation2.1 in the usual

manner,gives

SdT 7dP Jtfdv+ S "'d~ = 0 (6)

the analogueof the Gibbs-Duhemequationfora bulk phase. For the
treatmentof hydrostaticandsedimentationequilibriumit is convenient
to writeequation6 in theform

dP = <dT pd~-+ c<dT. (7)

wheree ia the entropyperunitvolume,c, the volumoconcentrationof
the t"' component,and p the densityof the subphase. Of the k + 3
intensivevariables?', P, Tfinequations6and7,any+ 2are independ-
ent.

tV. HYDROSTATIC EQUILIBRIUM

If T, Tiare takenas the independentvariables,it foUowsfromequa-
tion7 that foranysubphase

(~
(8)

~01-PJT,,¡

Nowby equations3 and4all the (infinitelynumerous)subphasesofa
fluidin thermalandchemicalequilibriumhavethé samevaluesof T and
of the T<.ButsinceanytwoadjacentsubphaseswhateverdiSerinËnites-

imallyin f, it followsfromequation8 thatanyfluidin thermalandchemi-
cal equilibriumin a gravitationalfieldis alsoin hydrostaticequilibrium,
i.e.,that

*dP = -pd~ (9)

wherethe operatord refersto the différencebetweentwo adjacentsub-

phases. Anyequationsuchasequation9,inwhichdhas this significance,
is convenientlyprefixedby an asterisk,to distinguishit fromequations
suchas 1, 2, 6, 7 in whichd refersto an infinitesimalchangewithina

singlesubphase.

V. ACTIVITY COEFFICIENTS tN A SUBPHASE

For compactnessin thé expressionforsedimentationequilibriumto be
derivedbelowit is expedientto introduceactivitycoefficientsdefinedin
a manneranalogousto that fora bulkphase(ref.1,p. 115),namely

~s~(T',P)+BT'IogFJ. (10)

wherej~ isa functiononlyof T and P, ~<is the molefractionof the

componentin the subphase,and is its activitycoefficient,that is, a
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functionof T, P, ni so chosenas to be unity at infinitedilution. This
deSnitionevidentlyimpliesthat iscompletelydeterminedindepcndently
of by T, P, atone,a fact readilyprovedfromthe equations2, which
herein reveaia decidedadvantageovor the equationsof type 1. From
equation2.3it followsthat

=.~\9~/T.f.n. \an</T.p.

wherethe subscript indicatcsthe constancyofaUthent excepta partic-
ularone withrespectto whichthé differentiationis carriedout. Thé in-
troductionofthe relations

T,S K,+ (12)

M = M,~ (13)
i

into equation11gives

?), 0 (14)
~.=~(T,P,~) (is)

VI. PARTtAt. MOMJt VOLUMES AND PARTIAL MOLAB ENTROPIES IN A

8UBPHA8E

Besidestheactivitycoe6Bcien<a/<it isexpedientto introducethé partial
molarvolumes~<andthepartialmotarentropiesSi. That thèsequanti-
tiesas weUas VandS themselvesare functionsof T, P, t4 atonefollows
fromequation2.3byproofssimilarto thé onegivenabovefor Particu-
larlyusefulforcompactdérivationofthe lawofsedimentationequilibrium
aretwoequationsreadilydeducedfromequations2.3,12,and 10,namely

?),-
i (16)

(~
(17)

in which and5} denotethe valuesof andSi at infinitedilution.

VII.SEDIMENTATIONE()Un<ÏBBtUM

Fromequation12it followsthat foranycomponentof a subphase,say
the j"

d/t,+ M~~ = 0 (18)
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Dinerentiationofequation10andsubstitutionof the resultinto equation
18gives

(~).~
+

(S~
+ RTdlog + R log dT

+~d~-dr~==0 0

which,onintroductionoféquations16and 17and eliminationof dP by
meansofequation7, becomes

RTdlog (p~; ~) dy+ (s~~ <S;+R log~) dT

+ F~ c.dT< dr, = 0 (20)

r

If T,f, f<are takento be the independentvariablesit followsthat in any

SMtpA<Me

~y/a!og~0~ /r.~

foreachcomponent. Thisequationin conjunctionwithequations3 and
4 showsthat in anysoh<<<Mtin <Aerm<andchemicaleç~K~MMin a gravi.
tationalfield

~M log = (p~ ~) d~. (22)

for each component.Equation22 is the exact law of sedimentation

equilibriumina formmorecompactthananyhithertogiven. It is readily
shownto be identicalwith the expressiongivenby Guggenheim(ref.1,
p. 157).

The intégrationof tho sedimentationequation,neglectingcompressi-

bility,has beencarriedout by Guggenheim(ref. 1, pp. 157-8) for the

binaryidealsolutionofany concentrationand forthe "extremelydilute"

idealsolutionofanynumberofcomponents.Theresultfora thirdsimple
caseofphysicalinterest,that ofthe"extremelydilute" non-idealsolution
ofanynumberofcomponents,seemsworthgiving;it is

loN'-1.`'= 1,,g ~M(.0 rpa
q/J

(23))
'°' gNsf~ gc°fe

1
RT

wherepeis thé densityof the puresolvent.

vm. 8CMMABY

Thefundamentalequationsforthethermodynamicsofthe gravitational
fieldarewrittenina formmoregeneralthan hithertoby the inclusionof
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the gravitationatpotentia! asan independentvariable. Thetheoretical
interestof the resultingnewequationsMbneHypointed out, and their

praeticatusefulnessehownby deducingfromthem the knownlawsof

hydrostatieequMibrtumand sedimentationequiBbrium.The tatter law

is expressedina newandcompactforminvolvingthe activitycoefficient.

REFERENCES
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A COMPARATIVEMETHODFOR MEASURINGAQUEOU8
VAPORANDDISSOCIATIONPRESSURES,WtTH

SOMEOF ITS APPLICATIONS'

E. M.COLLINSAonALANW.C.MENZŒ8

~'et C~W)i'M<Laboratory,PrincetonUniversity,f~ttte<<M,JVe<o/o-My

RMetwdA~t<« MM

The methodheredescribedis a comparativeone becausethe aqueous
pressureoveran aqueoussulfurioaeidsolution,whoseconcentrationcan
later be found,becomesequalat the sametemperatureto the aqueous
pressureof the systemunderinvestigation.Sincethe variationof aque-
ouspressurewith temperatureof thé twosyatenMthus under comparison
is,fortunately,verysimilar,refinedtemperaturecontrolisnot a neoessity.
Measurementsmaythereforebemadewitheaseup to tempemtureswell
over 100"C.,at whichclosecontrolof temperatureover tengthyperiods
bas proveddtScutt to mostworkers. It is in part due to this difficulty
that recordsof measurementsof dissociationpressuresof salt hydrate
Systemsare scanty as wellas notoriouslydiscordantfor temperatures
muchaboveroomtemperature,andwebelievethat thissituationcanbe
rcmediedby useof the methodheredescribed. It isessentialto realize,
however,that in measurementsofdissociationpressures,thereenters at
the lowertempératuresanotherlittle understoodsourceof error which
mustbeavoided,espeeiallyindealingwithSystemsoflowerhydrateswhich
ofnecessityexhibitverylargesurfaceareaswhenpreparedby efflorescence
fromhigherhydrates. The errorsin questionhave been attributed to
adsorbedwater (23)and areherefurtherdiscussedin the lightof experi-
mentalresultswhichwebelieveare littlevitiatedby thebetter recognized
sourcesoferror.

Weshall showbelowthe applicationof ourprocedureto the measure-
mentof the aqueouspressuresofsaturatedsolutionsand to the dissocia-
tion pressuresofsalt hydratesystems.

COMMENTS UPON CERTAIN OTHBR METHODS

The first threemethodsmentionedbelow,becauseabsoluterather than
relativeor comparative,requireaccuratetemperaturecontrol, whichis
the moredifficultthe higherthe temperature.

From&thesiepreeontedbyEdwardM.CoUineto thé Facultyot Princeton
Universityinpartialfulfillmentof thérequirementefor thodegreoofDoctorof
Philosophy,January,1933.
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(~).Thé Bremer-Froweintensimeterand its moctiacatioM(12,34, 22,

6) are dinicuttto freefrompermanentgases,whîchmay be but slowly
releasedfromsolidphases(22).

(~). The isoteniscope(37)has theadvantagothat it eau befreedfrom

permanentgasesbyrepeatedtrialuntilconstantrésulteareobtained,and

thus it bas beenusedsuccessfuHyin manycasesin whichequilibriumis

reachedquick!y(10).

(S). The gas currentsaturationmethod,although often successfutiy

employed(22, 1,2, 3, 35, 29),iscumbrous,requiresmuchmaterial,and

isdifficultincasesofslowequitibrium(1). It isnot opento theobjection

suggestedby Partington(28,22).

(~). Thoseindirectmethodswhichdépendonequilibrationwithwater

throughthe liquidphaseof salt hydrateSystemsin contactwith this

waterdissotvedin suchliquideasether (19),ethyl aleohol(11),isoamyl

alcohol(27),nitrobenzene(32,36),benzeneor chloroform(23)arenot as

rapid as had beenhoped,demandinsotubiUtyof the salts in the experi-

mentalliquid, and areobviouslylesssuitableforhigher températures.

(6). Lastly may be mentionedthat indirectmethod whichdépends

uponascertainingby trial the concentrationofan excessof aqueoussul-

furicacid fromor to whichthe systemunderinvestigationneithergains

nor loseswaterthroughthe vaporphase(25,43,21, 44). Themethodis

commonlyoperatedin the presenceof air and is time-consuming,while

the equilibriumconcentrationof acidcannotsafelybe judgedbythe rate

of approachfromeitherside;but refinedtemperaturecontrolbasindeed

provedunnecessary(43,21).

OUTLINE OP METHOD HERE APOPTED

Theprincipleofourmethodisthésameasof themethodlastmentioned,

namelyequilibrationthroughthe vaporphasewithaqueoussulfuricacid.

Weallowtheacid,however,automaticauyto alterits own concentration

untilitsaqueouspressurematchesthatofthematena,!underinvestigation,

which,in the presentwork,is eithera salt hydrate pair or a saturated

solution. Thé acid,containedin an elongatedweighingtube,whichcan

beBtopperedbythedcviceofRichards(30),is stirredby mechanicalrock-

ing throughabout20"ofarc. In orderto iessenthe weightofwater to

be transferredin the processof equilibration,weuse only about0.2 g.

ofacidof knownconcentration,accuratelyweighedout. Wefurnishan

abundantsupplyof thématerialthat must governthe finalpressureby

usingquantitiesof 10to 20g. Weacceleratethe transfer of water by

removalofothergases. Thisissimplyachievedby precooling,exhausting

and sealingoffan ordinary2x 15cm.test tubewhichcontainsboth the

materialand the acidweighingtube. Sinceourapparatus is seaied,we

are no longerlimitedto pressuresbelowone atmosphere. Becausethe
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essentKttportionof the apparatuste thus containedwithina relatively
smalltube,weareableto runfourdeterminationssimuttaneoustyin eight
tubesplacedin onecradle,eachsubstanceutHizingtwotest tubes,one
withacidmore,theotherwith acidtessconcentratedthan the expected
equilibriumconcentration.Uniformityof temperaturethroughouteach
tubeis ensured,especiallyabove50"C.,by inclosingeachm a shortlength
of iron or copperpipewith cappedends. The desiredtemperatureis
maintainedwith sufficientBtcadinessin an ordinaryFreas constant-
temperatureovenofonecubicfootcapacity,the air ofwhichisstirredby
a fandrivonbythesamemotorthat rocksthe cradle. In thé normalcase,
werun the experimentsovernightforconvenience,andnormallyfindin
the morningthat equilibriumbas beenreachedfromboth sides. The
minimumtimenecessaryvarieswithcircumstancesfroma coupleof hours
or tessin simplecasesto manydaysin difficultcases.

JSXPEBïMBNTAI, MTAIM

Figure1showstheacid-containingweighingtube ABCconfinedwithin
the samosealedtesttubeas thesubstanceD. TubeABCmaybe keptin
positionby means,forexample,ofa tuft ofsteelwoolwedgedbetweenit
and the test tube. The acid itselfis presentonly in portionA whichis
separatedfromthemouthof the tubeby the barrierB,fonnedby indent-
ingthe Pyrexglasswhiteheatedat thispoint. The groundglassstopper
E is shownreadyin positionto be droppedhomeonerectingthe tube.
Thisprocessofstopperingis carriedout at the temperatureof the oven.
Afterstopperingthe acid tube, air is immediatelyadmittedby breaking
thesealedtip of thécontainingtesttube,the apparatusis allowedto cool
andfinallyeutopento releasetheacidtubeforweigbing. Thefinalcon-
centrationof the aoidis foundby comparisonof ita finalweightwithits
originalweightandknownconcentration.A smallcorrectiondue to the
weightof the watervaporstopperedwithinthe weighingtubeis applied
whennecessaryat highertempératures.The dimensionsof theapparatus
are madeobviousby the scateof centimeterson the diagram. Priorto
évacuation,the test tubewith its contentsis cooledina freezingmixture
to minimizetossofwaterduringévacuation,whichmaybe carriedby a
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Hyvacpumpbelow0.2mm.ofmercuryasmeasuredbya simpleMacLeod

gauge.
WhenthesubstanceDwasa pairofsatthydrates,precautionwastaken

to eniorescothe higherhydrateabouthatfwaytowardsthe composition
of the lowerhydratesoas to secureas largea numberof activegrowth

spotsas possiMe.Thisprecautionis wellworthwhile,sinceCarpentor
and Jette (6),whoonly"stighttyeffloresced"their higherhydrates,re-

quiredmuchlongerto reachequilibriumvaluesthan did Menzies(22)
undersimilarconditions.Thé grainsizeof the hydratesusedwasnot

uniformbut approximated15mesh.
Wheuthevaporpressureofsaturatedsolutionswasdesired,theportion

D coutainedinitiallythe highesthydratemoistenedwith its Baturated

solution. Theattainmentof identicatfinalacid concentrationsstarting
fromstrongerand weakeracid solutionsrespectivelyin a pairof tubes

containingthesamesubstancewas in itselfsufficientevidencethat equi-
libriumbetweensolid,solution,and vaporhad been established.

Experimentshowedthat thé rate ofkss or gainof waterfromor by a

saithydratepairwasalways,underourconditions,a slowerprocessover-

aUthan thé rateof transferof waterto or fromthe stirredacid. Thoac-

tivesurfaceof saltsused,therefore,governedthé speedof the processof

equilibration.Adéquatestirringof théacidwassecuredbymechanicaUy

rockingthé tubesaboutSfteentimesperminuteby meansofaneccentric

déviéeupona reducinggear.

CONTROL OF TEMPERATURE

Inrespectto thésmatinessofanglewithwhichthe temperature-pressure
ourvesofotherwatervapor-yieldingsystemseut the curveofanaqueous
suthiricaeidsolutionthereare, naturally,differencesaccordingto the

natureof thèsesystems. But the angleis uniformiya smallangle,and

thuschangeof temperatureinfluencestherelativehumidityof thé twoin

a muchsmallerdegreethan it does their absoluteaqueouspressurea.

Illustratingthis in thé caseof dissoeiatingcupricsulfate pentahydrate,
thetemperatureerror,at 25"and 50"C.,sufficientto producean errorin

the dissociationproMuremeasurementof 1 per cent is 0.2°and0.2"C.,

respectively,foranyabsolutemeasurementand2"and l'C., respectively,
for the presentmethod. In general,for the systemsstudiedby us at

50"C.,theaveragetemperaturedivergenceto producean errorinpressure
not greaterthan1 percentis 1"to 2"C.

Byusinga simplemechanicaldcviceto opcnmomentaritythe heating-
currentcontactpointsof theautomatictemperaturercgutatorofouroven

everyhait-minute,thus minimizingovershootingof températurecaused

by adheringof thesepoints,wewereableto secureconstancyof tempéra-
tureat all tempemturcsusedto within0.5°C. Theabsolutemeasurement
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oftemperatureto 0.1"C.wasmadepossiblebycomparisonsfromtimeto
time with certiScatedstandard thermometersafter redoterminationof
theirzeropoints. It willbeunderstoodthat temperatureprecisionishere
ofmuchlessmomentthan it wasin establishingthe waterpressuresover
aqueoussulfuricacid (8).

CHOICE OF SULFURIC ANC A9 COMPARMON MQUtD

Wecontemplatedandrejeotedtheuseofothersubstances. Welearned
(41)that sulfuricacidsolutionsnotover80percent loseby vaporization
nosulfurbelow220"C.,whHe89percentacidbasapartialpressureascribed
to H,80<of only0.5 mm.at MO'C.(40). We provedby gravimétrie
andvolumetriemethodsthat no measurabteamountof either sulfateor
acid hydrogenwas lost fromour weighingtubes at our highestexperi-
mentaltempératures,eitherby evaporationor by actionon the Pyrex
glass. Furthermore,the Pyrexweighingtubesusedfortheaeid remained
constantin weightthroughout.

Becamewefoundthat thevaluesin theliteratureforthevaporpressures
of aqueoussulfuricacidsolutionsat varioustemperatureswerenot con-
cordant,thesevalueswereredeterminedandhavebeenreportedeisewhore,
asbasalsothepréparationofthesulfuricacidsolutionsusedin the present
work(8).

PUMTY Of 8ALT8 UBED

Thesesaltswerepreparedbyrecrystallizationof reagentsof the highest
purity (26). Nonecontainedmorethan 0.002per centof heavy metals
as impurities. The possiblylargeinfluenceof impuritiesupon the disso-
ciationpressuresof salt hydrateshas seldombeenrecognized,and it is
oftenforgotten;forexample,1percentofmanganesesulfatein themixed
crystaltowersthe dissociationpressureofcupricsulfatepentahydrateby
8.6percent at 20~C.(14). Ourcupricsulfatewasfoundto containnot
morethan0.001percentofnitrates,chlorides,alkalis,or alkalineearths.
The bariumchlorideand bariumbromidecontainednot more than 0.02
percentofstrontiumandcalcium,and!essthan 0.1percentof the alkalis.
The bromidecontainedlessthan 0.002per centof chloride. The stron-
tiumchlorideand bromidewerefreefrombariumandcalciumto théex-
tent of0.01percent,and fromthé alkalisto the extentof 0.06percent.
The bromidecontainedlessthan 0.002per cent chloride. The barium
and strontiumbromideswereentirelyfrec frombromate. Thé calcium
chloridecontainednot over 0.002per cent of bariumand strontium,
and lessthan 0.05per cent of the alkalis.

ANO~tALOUS BE8UM8 AND THEIR INTERPRETATION

In studiesof the dissociationpressuresof saithydrates,it bas beentoo
oftentacitlyassumedthat wearedealingfromthé start with nothingbut
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two crystaUinephasesand one vapor phase. That this assumptionis

apparentlyallowablein certaincaseswas shown,for example,by BoIte

(4),and in thesecasesheobtainedin a reasonabletime at constanttem-

peraturea pressurethat was constantfor ait compositionsof material
intermediatein watercontentbetweenthoseofthe nearesttwostoichio-

metricalhydrates. Thetwo crystallinephasesare presumablyactivein
theircontrolof aqueouspressureonlyat thosepoints ona surfacewhcre

they are in contact (18,9),-the active spots. If merelyvapor were

presentabovesuchspots,ailmightbewellfromthe phaserulestandpoint,
andearlymeasurementsyieldthesamepressurevaluesaslaterones. But
if the surfaceis maskedby a layerofnon-vaporouswater,the crystalline
pictureis blurred,and the simplephaserulepredictionmay be tempo-
rariiyor morepennanenttyunreatizedaccordingto thepersistenceof thé

layer. This layerbasinfluenceonlyat theactivespots, but the mobility
of its membersmaybe muchtessthan that ofa two-dimensionatgas,if

onemay use this methodof expressingthe energyof its binding. For
this reasonits influenceuponthe apparentdissocintMnpressuretnay be

long-enduring.Whetherits modeofattachmentis physioalor chemical
isa pureiyacademicquestion,as is thenatureofattachmentofa common
ion fromsolutionadsorbedpreferentiallyupona crystaUineprecipitate.
Onemayrecallinthisconnectionthe curiousfactestablishedby Menzies

andPotter (24)in 1912that dehydrationof a hydratemaybe morerapid
and morethoroughin thepresenceof increasedpressuresof watervapor.
This has been confimedrecently in anotherinstanceby Topleyand
Smith(42).

Suchconsiderationssuggestanexplanationof the difficultiesandanom-

alousresultsencounteredin the measurementsof dissociationpressures,

by Botte(4,5) forcarnalliteand for kainite;by Schumb(35),byBaxter
and Cooper(1), and by Partington(28)for barium chloridedihydrate;

by CarpenterandJette (17)for nickelsulfatehexahydrate;and in many
eartiercases. Theymayexplainthehighresultsofthe lastnamedworkers

forcupricsulfatetrihydrateat 25"and35"C.,andlikewisemanyotherhigh
resuttsin the lowerrangesof temperatureto be found in the literature,
as wellas unnumbereddisappointingresults which, as suggestedby

Hackspilland Kieffer(13),haveneverbeenpublishedbecauseequivocal
and discouragingto thosewhofoundthem.

The questionbas alreadybeen discussedelsewhereby Menziesand

Hitchcock(23),andweshat!herebrieSysetdownsomeofourconclusions

substantiatedby the presentwork. We find: (1) that the dimcultybe-

comeslessapparentthe higherthe temperature,asmight beexpected;(2)
that materialwhichbas,forpurposesof measurement,previouslybeenin

contactwitha higherpressureof watervaporat a highertemperatureis

pronetoyieldtoohighpressurevaluesfor lowertemperaturemeasurements



MBAaB!tntaA~EOUSVAfO!tANDDt680CÏA'Mt!PBE88BBEB386

whichimmediatelyaueceedthem;(3) that, in certdn cases, a genuine
equilibriumpressureappearsto presentitseifinexperimenteofcustomary
duration,whiohf&Hsinvalueonlystow!ywithtime. Forexample,aamptes
of oupriosulfatetrihydratewith the monohydrate,previouslyusedat
tOO°C.,reaohed"MMfMd"presaurevaluesonlyafter ave daysm a sub-
sequentexperimentat 80'C., fauingprogressivetyin pressureat SO~C.
fromover 40 to 30.6mm.; (4) that, with differenthydrate paira,the
abnomtaMtyis thegreaterthé lowerthedissociationpressurefor the same
temperature;(6)that, if the materialfor investigationmust be prepared
by emorescence,the anomalyis bestavoidedby preventingundueaccess
ofwatervaporto thématerialpriorto measurements.

TABLE1
D<MeM'a«<Mtpre~m-Mfor tha~«eM8rCt<-2H,0t=tSrC!H<0+ H~)

'––––––––––.––––––-––– ––––––––––––––––––––~–––
tMTtU.AKfnHAt.Cgtt. MMTtVBYAKm “1
CBMtttttOttotHtBO. Mtmexa p

'C. t~ernt mm.

? 80-*66.8 9.02 2.14
M-~ 66.3 8.46 2.01

? M-~M.O 13.2 12.2
M-*64.0 t3.2 12.2

M 63-~60.6 20.7 69.7
6S-*60.7 20.6 69.3

M 69-*68.4 28.9 136.1
42-'M.l 26.6 t39.e

100 66-*e6.3 81.1 286.0
46-'66.2 31.3 297.7

110 61-'64.4 36.1 888.2
62-'64.2 M.6 893.6

126 62-<60.3 46.0 803.6
43-*60.6 46.6 794.3

130 60-*49.4 48.2 976.0
46-*48.8 49.2 997.7

Hydrateswhioh(in the présenceof thé next lowerhydrate) have,if
improperlytreated,shownthisanomalyin the presentwork are thé M-
lowingoupricsulfatetrihydrateand the dihydratesof barium ohloride,
bariumbromide,andetrontiumchloride.

It ishopedtocorrelatetheseexperimentalËndingsin the lightofbetter
knowledgeofcrystalstructure.

DETAILS OF ONE SEMBS OF MEA8UREMBNT8

In table 1 wegivedétailsof our measurementsupona singlesystem,
nametySrC!2H,0<piSrCl,.HtO+ H:,0. In the second columnare
statedthe initialandfinalconcentrationsofsulfuricacidin the twoexperi-
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TABLE&t
A~tteMMwt~ and <KMoetaMwpMMtow cwp~c e<«/o<e~dMte t~tema

"O. dA~h tf~NWMt~t J'
P.

J"
1

~(mottcttc*M«. MM.) cramt) "r j c~Mo. OBao. [ OTn~M)

_Cu80<,saturated eotutton_

So!i<JphMe:CttSO<BH,0

M 28.1 23.0 28.t6(38) ? 650., &50.8

2S1 M2.t

30 30.9 80.93(38) M.M M8., (traMitioa tempera-
Sb 40.7 l turr<t)35 40.?

ture)_
40 53.3 63.39(38) SoUd phase: CuBO<.3H,0
45 ~? 100 056.1 OM.t 669.7(38)
60 ?1

~g
M 111.. 111.4 778.o

60 140.2

ttt.4

140.9 (88) 110 Dit.e
fonao

M 140

111.4

t40.9(i!8) 9H..
~j~

9

?. S:

~.6 (38)
i~

70 216., 215.6 (38) 1067.
S S:

(38)
(transition tempera-

80 323.. 320.6 (88) ture)
X!

S.Hd phase: CuSO<.H,0591.7
128 12S=.90 406., 466.6 464.9 (38)

1435.

t2S 143.. 1436.

_1439.
_C)iS04.6H,0 Cu80,.3H,0 + ZH~)_

? 7.8-t* 7.82 7.6(44) M 60.1.
7.82 7.77(22) 60 81.6. 83.4(6)

7.78(36) 80.8±t.6(Z3)
7.8 (6) 65 109.<
7.92(29) M t46..

30 11.3. 11.30 76 192.,
11.30 80 262.,

M M.l, t6.3(20) 85 328.t
40 22.7, 90 424. 424.6 432.7(6)
45 31.8. 424.6
M 43.9, 44.2 44.9(6) M 544..

44.0 96.88 668.y (transition tempera-

_ture)_

_Cu80<.3H,0 CuSO<-H,0 + 3H,0_

M 6.1.* 6.09 6.6(6) M 104..`
6.20 4.7 (H) T6 138.<

4.6 (44) 80 182..b 182.(6)
30 7.5. 7.60 86 238.T

7.60 90 310.t
36 !0.8f 10.9 11.7(6) 96 400.t1

10.7 10.73(20) 100 S!3., 511.4
40 16.6. 618.8
46 2t.8, 22.0(6) 106 654.o
60 30.40 30.3 30.3 (6) HO 827.< 837.65

30.8 831.8
66 41.9, U6 104, 1023.

160 67.2, ~38.
65 77.6, 77.1 (6) H6.6 lit,, (transition tempeM-

il turc)
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TABMSSb

~MMM vaporand <<MMet<<tt'MpreMMTMof bariumchloride&ydfa<e~<t<eM<
f(MfKC))Tf (_ f

P P(VOCNB«T
W*C. ) MMtt. <tBttt. etM~t tX'C. MtCt. f" OMtt '[ OMBM~

_BaC!<,saturated sotution_

6ot!d phase: BaCtt-2H)0 100 639.T 689.71

I
–––––––––––––––––––

63)).7)
21.4 21.4 (39) toi.B 684., (tMMition tempeM.

? 28.6 M.6(90) ture)
M 37.7 37.7 (89) ––––––––––––-–––––––

40 49.3 49.3 (39) 8otMphas6:BaC),.N,0
46 63.8 63.8(39)

––––––––––––––––––––

M 81.9 81.7 (89)
~OS 761.,

M M3.e 110 COLt 90L6
M 131., 90t.6
M 163. tt6 t06<.
70 202., 120 t29t.
76 249., 249.6 ~B !46.. MM.

248.99 t469.
80 304. 130 169.. 1687.
85 369.r 1694.
90 446.
96 636. 636.8

636.8

_BaCt, 2HtO t=t BaCt,.H<0+ H~

26 4.9, 4.70 6.73(1) 60 31.9< 81.8

9.44 4.8(11) 31.8
6.6 (36) 6S 44.7,
6.26(28) 60 62.0,
6.2 (12) 60.1 67.6±1.(23)
6.8 (44) 66 86.2,

30 7.4, 70 116.~
33.8 9.9, 10.0 (16) 76 166. 166.7
85 10.8.* 10.P 166.7

11.8 M 209.,
40 16.7< 16.78(1) 86 277.t
46 22.6< 90 366.t

96 478.<
100 621., 620.9

629.9

1019 684.) (transition tempera-

ture)

BaO,-EM)~BaCt,+HO

60 1.3. 90 30.6,
66 2.0, 96 43.1,
M 3.0, 100 60.3,* 60.4
61.6 3.6, 3.1 (16) 68.6
65 4.6, 105 83.7,
66.6 6.2, 5.4 (15) 110 116., 116.3
70 6.9, 116.4
74.6 9.8, 10. (16) 116 167..
75 10.2. 120 212.,
80 14.8, 126 286. 280.6
86 21.3, 286.8

130 380.,
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TABtEZo

~9MWMvaporOtt(<<<MMCt'0<tMttM'MeMfM~toftMW 6)'em~ ~<ff<t~ t~MM

f

1

f f(MN<BB)t
Il <"jP~

f<)roaKBM
tH'C. fAtce. «BM. etaxM) )!<*C.j cMex. 1 orne. Maern)

BttBr,, saturated solution

~Udp~:B~H,0dolià pûsee: BaBr'·2H,0
86 29i., 299.9

26 1T.8 IT.8
288.2

M ?8., S!
17.9

31189asRO
30 23.6 23.7

23 6
100 "0 807.0

M Ml
~-°

35 31.1 80.8

0
g~g

40 40.5

31.0
tOS 606.. 005.3

w W.o
105 006..

fMM~
4s s2.o s2.1

~v
°

~}
107.9 604., (transition tempera-

ture)

66.8 SoMdphase: BaBr,.H,0
M 84.2 ––––––––––––––––––––

M tOS., HO 722., 722.8
65 132.t 131.5 727.8

132.4 lt8 856.1
70 163.t 120 979.t
76 ZOl.t 126 116). 1148.

1161.

B&Br<2H,0 BaBr, H,0 + H,0

26 3.7, 2.71 70 86.9,
4.68 75 n6., 116.9

80 S.6, 117.8
36 8.1. 7.82 80 164.,

9.02 M 206.. 206.1
40 11.7. 206.1
43.3 14.6 10.0(16) 90 270..
46 16.7, 96 352.t
50 23.7<*23.4 100 467.. 460.3

23.& 466.6
M 33.2, t06 688. 680.8
M 46.0, 682.1
66 63.S, 63.2 107.9 664., (transition tempora-

63.8 ture

B~Bn-HtO BttBrt + H,0

50 0.7t 95 10.,
55 1.0. 100 13.,
M 1.4, 105 17.,
65 1.9, 110 22. 22.5

70 2.6, 112.8 26., 10.0(16)
75 3.6, 116 28.,
80 4.7, 120 ?..
M 6.30 126 44. 44.7

90 8.2, 130 M.,
1
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TABLE 2d

~«<MMvaporand <<<Moet'a<<eapreMHfMo/ strontium eMe)~<~hydrate <~<tm<

[-P~ p f(M)C)titat fi f ( T*j C()~t)Kt!'eT
st~'O. oa,ea. 1 oero.. orasaa) 1 1 .o~on, oseu. 1 P(FOUMI>8'IM'0. [ «Mec. MM. emexe) )j <)~'Q. } cMco. 01~. ) oemae)

_8rC)<,saturated Mtution

8otidphaBe:8)-Ct,.6H.O 70 127.a
––––––––––––––––––– ?6 t87.t !67.8
M H.O t68.t
30 22.0 32.0 80 193.,

22.0 M 23S.,
M ?.4 28.4 90 28S.<

28.4 95 344.,
40 36.1 100 414.0 414.0
4)! 46.3 413.0
60 66.2 66.2 105 494.s

66.4 110 6M., 683.4
66 69.3 683.4

80 84.5
~84.5

115 887.v
688.760 84.6

{~
116

(~

61 34 88 d {transition temp. 120 79?.<

,detd. by Meharde 126 622.. M8.a

a) « M ?
tMM. tomp.fromin- 922.6

tersootion of curves !30 104,. 1047.
–––––––––––––––––––_ ~7.

Solid phase: SrCi,.2H,0

6: 103.0 103.0

1
103.0

I

8)-C),.OH,0!=tSfC),.2H~O+4H.O

26 8.3t* 8.32 8.37 (2) 45 32.7.
8.37 7.6 (12) 50 44.8j 44.2

'8.4 (6) 46.0
8.62 (36) 66 60.7,

6.36(16) 60 81.7~ 82.0
30 11.9, 81.5
M 16.8, 16.8 61.34 88.3, Richardstraos.temp.

!7.1 ftfMM.temp.frMnin-
40 23.6i_ °'"<

terseotion of ourves

8rC),.2H,O~SrC),.H,0+H~)

26 1.90 2.M 85 t06.,
2.01 90 139., 136.1

30 2.8, 139.6
36 4.1, 2.09 (15) 96 182.,
40 6.9, 100 239. 236.0
46 8.6, 237.7
60 12.2.* 12.2 105 306.,

12.2 110 390.,f 388.2
66 J7.0< 393.6
60 23.6, 116 496.,
66 32.4, 120 628..
70 44.2. 125 790..1 803.5
75 69.7, 69.7 794.3

69.3 130 987., 975.0
997.7
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mentswtuchweremadeat eachtemper&ture.Oneof thèseinitialconcen-
trations (tabulatedabove)washigher,the other (tabulatedbelow)lower
than the finalconcentration.In the third columnare stated the relative
aqueouspressuresof acidsof thesefinalconcentrationa,takenfromthe

TABLER
~Mtowt Mpor and t~MttocK~tOttpreMto-M«/<t<r<M«<mtbromide<t~)-o<eo~<MM

ftMomer < jp f tf(M<nmBYIN
P P P (vouxoar

Il

1
I P P I P (rovxDax

.M'O..MCC. MW. MMM) tt.'C. j MM.. MM. ) ~SS"

_8tBn,saturated solution

8otidphaM:SrBf,-6HtO 84.6 tM., 126.9

26 M.O 14.0M K)S.,

30 17.9

14.0 86.5 123,8 128.0
? 17.9

?.0 118., (transition tempes

40 28.8 23.1

48 35.9 SoMdphase: 8rBr,.H,0

50 .MR
446 ––––––––––––––––––––––––

44.4 90 128., t28.6

130.S
M S4.6 95 !M., 169.6
80 M.8 166.~
M mn MO ~4

80.0
0 100 187.,

189.?
105 224.,

M 94.7 110 268.. 266.1
M 111., 110.7 263.0

111.4 115 319..
80 127.. 127.9 120 378.,

127.4 126 447.T 453.9
460.8

_8rB)-6HtO!=t 8rBrt-H~)+ 6H,0

M 2.1t* 2.14 70 437t
2.17

30 3.1. 76 68.2, 66.6

68.8
M 4.6< 4.62 80 76.8<

6.00
40 6.4t M 100.,
45 9.1, 86.6 103.t* 103.8

103.8
50 12.7, 12.6 12.0(16) ?.6 109.1 108.9

12.8 HM.9
? 17.6, 88.0 118., (transition tempera-
60 M.O, ture)
M 32.5.
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workalreadypubliehcd(8). In thefourth columnunderP is stated the

aotualaqucouspressurein tmUimctemof meromyat 0"C.and standard

gravity.

INTERPOLATION, 8MOOTBINQ, AND TABULATION 0F RB8TJLT8

In order to obtainvaluesfor temperaturesotherthan those observed

and to smooththé observedvahtesweused twomethods(A and B).
MethodA. FordiBsociationpressuresof the sait hydrate systemsan

equationof thé fonn

log,.P==A-B/T (N)

TABLE 2t

~tMMM vaporotxt dt'MccmMMtprMOffM<~calciumcA<e~dehydrate <~<MM

tjP P P(FtHH<D))T!! < P J* )f(moMBBYa P P
I P (i001iDaT Il

t j P P
1

P (aooxosx

t)t*C. j <!AMf. Ofe)'. cTMm) t"*0. j MMe. omc. j otBem)

CaCt), Mtumted solution

Bolid phase: CaCt,.6H<0 8otMphase: C&C!<-2H~O

"266.7, 6.78 6.7 (33) 60 t6.4 16.4 t6.6(M)

6.92 0.97(16) 15.4 t6.6(tC)

? V.tt 7.24 6.9(33) M 19.8

7.02 7.33(16) M 26.3
90 7.0, 7.24 0.7(33) M ?.1

7.03 6.88(t6) 70 40.2
30 (tmneitMntempeMtore)76 6t.3 49.4 64.0(33)

––––––––––––––––––– 49.4 61.S(16)
Solid phase: CaC)t.4«H,0 80 62.0

–––––––––––––––––––~0
M 8.6, 8.66 8.6(33) ~g

9.02 8.63(16) M 112~
40 10.6 10.6 10.4 (33) 100 ~.2 146. (33)

10.4 10.63(16) H6.2 188. (16)
? 11.7 11.7 11.7(33) 106 161.,

11.7 11.9(16) 110 tM., 192.8
46.4 11.6$ (transition tempera- 192.8

ture) ne 226..
120 266.,
126 309., 309.7 308. (16)

309.7

CtOt, 4«H,0 CtCi,-2H,0 + 2H,0

? 3.6.* 2.68 3.4(33) 40 7.9, 7.98 8.6(33)
2.66 8.19

M 3.7, 3.06 4.6(33) 46 11.3.* 11.3 11.0(33)
3.61 11.S

36 6.6, 6.47 6.3 (33) 46.4 11.6, (transitiontempera-
6.66 ture)
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Sts the observationssufBeient!ywelloverour temperaturerangea. In
se!eetingconstantsforsuehequations,scaaUerweightwasgivento lower
températureobservationswhichwerelessreliablefor thereasonsadvaneed
above. Thépressurevaluesyietdedfor6"C.intervaisbytheequationsare
shownunder"P caied."in thesecondc~umnsof tables2ato2f,whorethe
twostarredpressuresare thoseusedmde&ningthé straight line;theseare
Mlowedmthethirdcolumnsbyourobservedvalues,twoforeachtempéra-
turestudied,inthéorderstatedabove;and inthefourthcotumnsbyvalues
observedbyothorinvestigators.In table 3 are shownthé valuesof the
constantsAandBoftheaboveequationforthéhydratesstudied,andalso
thelatentheatofvaporization,L, permoleofwaterasderivedfromthese
equationswiththécustomarysimplifyingassumptions.

MethodB. For saturatedsalt solutionsit is not usuaUypossibtato
representthetactsbyanequationof the typeN. This isat onceapparent

TABLE3
CoMtaKfaforthetypeNe~wtMMxandthelatentheeh<)/Mp&n'MttMtpermcteo/Mtef

MMttt n f,A g
OAMUMTtm

CuSO<-6-8H~) M.6M4 ZSSS.CS l~z,
Cu80<-3-m,0 M.M46 2960.t6 t3 6t
Baa,.2-lH~) 11.1212 310!r.24 14.2,
BaCt,.l-OH,0 12.6305 40t0.?0 18.4s
BaBr,.2-lH,0 10.9623 3097'.61 14 l,
B&Bt,.l-OH,0 9.2COO 3029.47 13 9,
8rC),-6-2H,0 10.3B26 28U.36 12 9,
8rCi,-2–IH,0 10.7M6 310S.73 14 3.
SrBr,.C-lH,0 10.3020 29?1.73 13 67
CaC),.4<t-2H,0 10.69M 3065.43 14 l,

whenone teamsthat the curvesrepresentingthe experimentalresults
plottedwith logP as ordinateand l/T as absciss&sometimesexhibita
maximum.Thisbasbeenobservedbythreeearlierworkers(39,10,33)and
wasfoundbyusin twocases,thoseof saturatedsolutionsofCaC!t-6H;0
andof8rBf) 6H<0.Whennomaximumappears,the curvatureneverthe*
lessoftenchangesmorerapidlyas a transitiontemperatureisapproached.
Thereasonforthismaybeappreciatedonrecallingthat theslopeofsueha
curveis proportionalto the workof removingliquid waterfromthe solu-
tionandconvertingit to vapor. In the caseof a saturated 6a!tsolution,
removalofwaternecessitatesconcomitantdépositionofso!idsatt,a process
inwhichenergymayenterthe system,so that the workforvaporization,
consideredasa whole,maytegitimatetybecomezeroor changeeign.

For this reasonwe wereobligedto use graphical interpolationand
smoothing.Insteadof interpolatingdirectlyfrom the smoothedcurves
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oflogP versus1/f amoresensitivemethodwasused. In thismethodthe

pressuresat the observedtempératuresare calculatedon the temporary

assumptionthat logP isa Unearfunetionof 1/r. This aasuntpttonnot

beingtrue,therewasadifferencebetweenthe!og8oftheobservedpressures

and thosesocalculated.Thesedifferenceswereplottedas a functionof

TABLB44

~M<<<~wpen'ta~'Mtper gram<~<M<<!f/roMthe ao<a!'o«dMtxMoM_

Ott'O. H~ CttBOttH~ BeChm<0 BtBnïHO BtCt.<H.O SrBneHtO CtCtt<K<0

M ?3 667 683 652 62t 480 249

28.6 681 0

30 680 -M

CttCtr<<tH)0

36 677 40
46 672 249

ChCh!H.O

M 669 663 661 6M 489 467 675
60 664 476

8t0.!a<0

65 ?1 646
M 6M 640 640 6M 646 379 C7t
82.3 660 0
87 648 -261

StBMHtO

90 646 6M

M M3 488

Cu80t<a,o

100 640 607 640 621 640 648 6M

BaO.H~)

t06 637 643 606

B<BnH.O

110 633 6M

U6 630 602

CoBO.H~)

t20 628 617

125 623 616 6M N6 463 614 616
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the temperature,andby the aidof thé smoothcurveconnectingthemthé
pressureswerecalculatedforintervalaof5°C.

To obtainforthesaturatedsolutionsapproximatevaluesforQ,theheat
of vaporizationper gramof water,we madeuseof the relationalready
diseu8sedin thé caseof sulfuricacid (8). The values of Q at various

Fio. 2.Aqueousvaporanddissociationpressureain the Systemsstrontium
bromide-waterandstrontiumchloride-water.(Forthestrontiumbromide-water
systemsubtraet1.0fromthelogPscate.)

temperaturesasarrivedat in thiswayaresetdownin table4,whichshows
the changeswhichtakeplacein Qin thé vicinityofa transitionpoint. Q
for water<sgivenforcomparison.

Becauseof thé interestof theirdissimUadty,graphewith logP as (trdi-
nates and 1/T as abscissasare exhibitedin figure2 for both aqueous
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pressuresofsaturatedsolutionsandfordissociationpressuresof thesolid

hydrates in the two systemsstrontiumohtorideand strontium bromide
with water.

DISCUBMON Of EBBOR

Sufficientdatahavebeenpresentedhèreandelsewhere(8)to enableone
to makestepwisean estimateofa minimumprobableerror for an indi-
vidualreportedvalueofpressure,but it ismorepracticalto comparethe
actual resultsofa numberofduplicateexporiments.Whenthis is done,
and the improvementdueto smoothingtakeninto account,it is seenthat
errorsin thé tabulatedsmoothedvaluesofpressuresshould,unlessat low

pressures,sotdomexceedby 1 per centthe percentageerrors of thé pub-
lished(16)vaporpressuresof waterwhiehweretakenas standard. We
are encouragedto believethat serioussystematicerrorisabsentbecauseof
our essentialagreementwiththe best resultsof a fewothers whohave
useddînèrentmcthodswithdueprecaution.

BEMARK6 ON THE INDIVIDUATI SYSTEMS AND THEÏN TBA.NBrnON

TEMPERATURES

CupricsM~a~. Ourobservationsarenotsuflicientlynumerousto indi-
cate a transitionin the pentahydrateat 66*C.,as reportedby Cohen(7).
The valuesquotedin table2a forWiison'sobservationsare the valuesof

aqueouspressurecorrespondingto hisstatedequilibriumconcentrationof
suifuricacidas convertedbythe tablepublishedby Collins(8), andnot
fromWibon'ssimilartable(45). Wedeterminedthe transition tempera-
ture ofpentahydratetotrihydratebytheheateffect,usinga methodsimilar
to that of Richardsand Yngve(31),and measuringtemperatureby a

platinumresistancethermometer. Sharparrests wereobtainedbothon

heatingandoncoolingat 95.88d: 0.02°C. This is inagreementwiththe

point of intersectionat 95.9=t=0.1"C.of the dissociationpressurecurve
of the pentahydratewiththevaporpressurecurveof the saturatedsolu-
tion. InternationalCriticalTablesgive95.7 0.2"C. The transition

temperaturebetweentri- andmonohydrateis definedas 116.6=t: 0.2°C.

by thepointof intersectionofourcurveforthédissociationpressureofthe

trihydratewiththevaporpressurecurveofthesaturatedsolution.
BariumcM<M~.The transitiontemperaturebetweenthe di- andthe

monohydratewas directlydeterminedfrom tbe heat effect as above

described,and foundto be at 101.94db0.05"C.,in agreementwiththe
intersectionof the appropriateaqueousvaporcurvesat 101.9 ± 0.1"C.
For the dissociationpressureof the monohydratevaluesof 2.5 (11),2.4

(25), 2.9 (28),and 1.1mm. (34) havebeenreportedfor 25"C. These
valuesare presumablyail high,for the reasonsoutlinedabove. Extra-

polationofourrectilinearrelationyieldsonly0.12mm.
Bariumbromide. Directdeterminationby the heatenectof the transi-
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tiontemperaturebetweendi-and monohydrateyietdcd107.91±O.Oo"C.,
whitethe appropriateaqueouspressurecurvescut at 108.0d=0.1"C.
The valuesgivenfor thodissociationpressuresof thé monohydrateare

tentative,Bineeequilibriumwasattainedfromontyone direction.
<S<)'<Mt<tMmchloride.Thetransitiontemperaturesat 61.6"C.and132.5"C.

found,the latterbyextrapolation,fromthé intersectionof the appropriais
aqueouspressurecurvesare in only fair agreementwith thé valuesof
RichardsandYngve(31)at61.34"C.andofMenzies(unpublishedworkon

solubility)at 136.6"C.,respectively.
Strontiumbromide.Therebasbeenuncertaintyin the literatureas to

theexistenceofadihydrate. RichardsandYngvebelievedthat thetransi-
tionwhich,asa preliminaryresult,they set at 88.62°C.wasfromhexa.

hydrateto, possibly,dihydrate. In dehydrationexperimentswe found
no evidencefor a dihydrate. Repeatingtheir determinationof the
transitionpoint,weobtained88.0d=0.1''C.,andfoundbyanalysisthat thé

produetof the transitionwasthe monohydrate.Of a seriesofsamples
whiehwedehydratedsoastoobtainproductsofgrossanatysiacorrespond-
ingto 4.5,3.5,2.5,1.8,1.3and0.6H,0 withSrBr!,aHgaveidenticaldisso-
ciationpressuresexceptthe last, whosepressurewas lower. Sinceour
workwascompleted,thesameconclusionas to the absenceof a dihydrate
basbeenreachedby others(16).

Calciumchloride.Thétransitiontempératuresas tabulatedwerearrived
at fromcurveintersections,and are in goodagreementwith the values

giveninInternationalCriticalTables.

6CMMARY

Anisopiesticmethodhasbeendescribedformeasuringaqueousvapor
and dissociationpressuresby équilibrationwith aqueoussulfuricacid
solutions.

Becausethe aqueouspressuresof the refereneesolutionvary with

temperaturein a mannervery similarto that of the substanceunder

investigation,thenecdforcloseeonstancyoflong-continuedtemperature
controlis muchrelaxedin stringency,and this makes for experimental
simplicityespeciallyat temperaturesabove100''C.

Expérimentaareconductedincommontest tubeswhichare sealed,thus

oneringno greaterdifficultyfor pressuresaboveone atmospheretban
below.

ToiUustratethe unusualbreadthof rangein temperatureand pressure
thusmadeeasiiyaccessible,sixsalt hydratesystemswereexaminedand

reporteduponfortempératuresup to 130°C. Theseinclude,in anhydrous
and varioushydratedforma,thé chloridesof barium, strontium,and

calcium,thé bromidesofbariumandstrontium,and cupricsulfate. For
eachsaitpressureequilibriumvalueshavebeentabulated for thevarious
univariantandmanyof theinvariantsystemsformedwithwater.
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Heate of vaporisation of water from thé severat hydrates and from their

saturated solutions hâve been evaluated.

Causes for difficulty of attaining true equilibrium values in auch measure-

ments have been discussed.
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A NEW ELECTROPHORESI8CELLFOR MICROSCOPIC
OBSERVATIONS'~$

MARGARETE. SMITHANDMARTINW.Î.Ï88E

D<p<t~MM(<)-<c)t!<tt)'<~andBMop<co<C~eM«<f!f,ThePMMtfhxt~oStateCoK~e,
fS<<!<eCoMepe,PewMytwMwe

N<ee(w<<~«CM<M,MM

PART I. DBSCMMtON, THEORY, AND TaBOBNTMAt, ApVAMTAGES 0F THE

NEW CBM<

RecentelectrophoreticstudieshaveinvolvedtheuseofelosedtypeceUs,
ofeitherrectangularorcircutarcrosssection. The theoryand useofsuch
eeUBhaverecentlybeenreviewedby AbïMnson(1). In both of these
typestheliquidreturnsalongtheaxiaofthece!Is,thevelocityofthe liquid
beinga paraboliefunctionof the depth. The actual electrophoretic
velocitycanbe obtainedfromobservationsat certaindepths. However,
at thesedepthsthevelocitygradientis large;the observedvelocitychanges
rapidlywithdepth,andinaccuracyresutts.

The newceUdescribedin this paperconsistaof twotubes in parallel
betweenthe electrodes,thedimensionsofthe tubeshavinga relationsuch
that returnflowtakesplaceonlythroughthe tubeof largerradius;thereis
no movementof the liquidalongthe axisof the tube ofsmaller radius,
hencethé velocitiesobservedat thé one-halfdepth in this tube are the
actualelectrophoreticvelocities. At this depth the velocitygradientis
zero,so that a slightinaccuracyin determiningthe depthof observation
producesno appreciablechangein the observedvelocityof the particles.

DESCRIPTIONOFAPPARATUS

Diagramsoftheapparatusareshowninfigure1. Theessentialpartsof
theapparatusaretwofusedquartztubes,Ti andT:, usedin parallel,two
endtubeshavingstopcocksforfillingtheapparatus,andelectrodes.

Thedimensionsofthesetwoquartz tubesshouldhavethe relation

Z~t = A~' 2)

1Thedatainthiapaperaretakenfroma thesiaaubmittedbyMargaretE. Smith
tothéFacttttyofthePennsylvanieStateCollegeinpartialfnt6t)mentofthérequire-
menteforthedegfeeofDoetorofPhilosophy,June,M35.

AuthorisedonJuly27,1936forpuMicationasPaperNo.698intheJournalSériée
ofthePennBytvaniaAgriculturalExperimentStation.
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where =j~ and L., and arethe tengthsandradiioftubes
T. andTi,respectively.Thedevelopmentofthis equationis givenin the
sectionconcernedwiththetheoryofthece!L'8

Theprocedurefollowedto obtaintubesof the correctdimensionswas
as follows:Tube1wasorderedaccordingto certainapeci6catiott8/viz.,a
capillarytubeofgoodopticalqualityfusedquartz,outerdiameterapproxi-
matety3[N!n.,boreO.S-0.7mm.,threesidesofthetubetobeground off
givingtwoparallelplanesandoneat rightanglesto these,thusallowingfor
observation,andforittuminationeitherfromthe sideor fromunderneath
as desired. Adiagramof thé crosssectionof the tube is also shownin

Ro.t. Diagramsofthenewdouble-tubecellfordeterminat:onof
etectrophoreticmobilities

figure1. Thedimensionspermissibleforthecrosssectionof thistubeare
limitedbytheworkingdistanceoftheopticalequipmentto beused.

The boreof tube 1 wascarefullydeterminedby calculationfromthe
lengthand weightof a columnof mercuryplacedin the tube. Thena
lengthoftubingwasorderedfromthestocksupplyoffusedquartztubing,
withthespecificationthat itsboreshouldbeuniform,andwithintherange
of 1.5to 1.6tunesthat oftube 1. Théboreof this tubewasdetermined
in thesamemannerasdescribedfortube1,andthe desiredlengtheutoff
for tube2.

aTheauthoreareindebtedtoDr.TumerL.Smithof theCarnegieInstituteof
Technotogy,Pitteburgh,PenMytvania,for the suggestionof the newcelland
developmentofthetheoryconcerningit.

ThequartztubeswereobtainedfromtheThermatSymdteate,Ltd.,Brooklyn,
NewYork.
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.IIT1L.1~LL_8"A
Thus, if T, basa lengthof 10cm.,a radiusof 0.3mm., and Tshas a

radiusof0.48mm.,the lengthofTt isgivenby

Lj,=!10X 1.6~(1.6' 2) L
s

crLt=t4.34cm.
It is essentiatthat tubes1and2 be ofthe samematerial,sincedevelop-

ment of the theoryof the cellassumestikesurfaceconditionsin the two
tubes. Quartzwasselectedfor these tubes, since(a) an opticallygood
planesurfacecanbeobtainedthroughgrindingandpolishingofthequartz,
and (b) the indicesof refractionof quartzand waterare morealikethan
those of glass and water,hencethere shouldbe less distortionof the
images.

Thequartz tubes were then insertedittto two.ho!erubber stoppers,
makingsure that the twotubeswerefar enoughapart so that thé larger
tube wouldnot interferewith the useof the objectiveand condenseron
the microscope,andsealedintothestopperswithdeKhotinskycernent.

Thé end tubeswereofPyrexgtasstubing, withPyrex glassstopcocks
added for filling. The exactdimensionsusedare not important;in this
casethe lengthwasapproximately12cm.and the bore1.8cm.

Thé electrodesusedwerecireularplatinumdisks,with wiresattached
leadingthroughthe rubberstoppersforconnectingto the sourceofpoten-
tial. In casesolutionsareusedinwhichpotarizationoccursreadUy,non-
polarizableelectrodesshouldbeused.

OPERATION OF CEHt

Operationof the ceUinvotvesthe sametechnicas in the operationof
otherceUsformicroscopieobservationofelectrophoreticmovement,except
that themicroscopeisfocusedonthe one-halfdepthin the tubeofsmaUer
radius. Hencethe procedureisdiscussedhereonlyin brief.

An apparatusrestingonthreelevelingscrewswasbuilt forholdingthe
ceU;this gavea simplemeansofadjustmentforgetting the planeof the
ceUparaUelto the surfaceof thecondenser. Afterthe ceUis nUedwith
suspensionand placedin positionthé electrodesare connectedto the
sourceof potential. A double-throwswitchallowsfor fréquentreversât
of the current, thus preventingpotarization. A milliammetermay be
connectedin serieswiththeceUif desired.

The mobilityof the particles(velocityper unit potentialgradient)can
be determinedif thepotentialgradientisknown. Sincethe radiiof tubes
Tt and T<aremuchlessthan theradiiofthe endtubes,for mostworkthe
fallofpotentialthroughtheendtubescanbeneglected. Thenthepoten-
tial gradient throughthé tubé whereobservationis made is givenby
B/Lt, where.Bis thetotalfallinpotentialbetweentheelectrodes,measured
witha voltmeterinparallelwiththecell,andLi isthe lengthofTi.
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If agreaterdegreeofaccuracyiawarranted,thé potentialgradientcanbe
calculatedmoreexactlyfromthe dimensionsof the apparatus. Thouse
of thismethodinreferenceto electrophoreticcet!sis disoussedby North-
rop (3). Measurementof thecurrentallowsfor anothermethodofcaleu-
latingthe potentialgradient;thismethodis disoussedby Abramson(1).

For cleaningtheapparatus,the rubberstoppersare removedfromthe
endtubes. Thetwoquartztubesare teftsealedin the two-hotestoppers.
ThèsetubescanbeSitedwithwater,atcohot,ether, or cleaningsolutionas
desiredwiththe aidofa hypodermicsyt!nge;also,if deaired,a smatiwire
(insulated,thuspreventingsoratohingofthesurface)canbepassedthrough
the tubes. Theendtubes andthéélectrodesare alsocleaned. Thorough
rinsingof the apparatusis very important,sincesmaUtracesof electro-
lytesmarkedlyaffectelectrophoreticpotentiale.

THEORY Of THE cm.L

General~o)~ ~c<rosNM<tc/&Win <M&M

ThetheoryofelectrophoresisceUsassumesthat the liquidis electrically
neutralexceptfora chargedlayerlyingverycloseto the wallof the cell.
The etectricfieldwhichis appliedcausesmotion in this layer; this is
definedaselectrosmosis.Owingto the viscosityofthe fluid,the motionof
this layerinducesa motionof the entirenuid in the cell. Thismotionia
assumedtobebothateadyandnonturbulent.

Thétheoryoftubularelectrophoresiseeltsmay be derivedin the fotlow-
ingmanner. Considerthe portionof the liquid insidea cylindercoaxial
mth the tube but of smallerradius. Electrosmoticmovementof the
liquidresultsin a differencein pressureat the ends of the tubés; the ré-
sultant forceactingon the endsof the cylindricalportionof the fluidis
just balancedbythe shearingstresson the cylindricalsurface,causedby
the viscosityandthusproportionalto therate of changeofvelocitywith
theradius. Thisbalanceisexpressedbytheequation

2~~
= M-'P

dr
''rrpP

whichgiveson integration

<+C
(l)

in whieh<~denotesthe velocityof the liquid,P the différencein hydro-
staticpressureat théendsof the tubeoflengthL, thé coefficientofvis-
cosityof theliquid,andr the radiusof the tube of flowbeingconsidered.
Thisequationis thefundamentalequationfor flowof liquidsin tubes;its
developmentis foundin treatisesconcernedwithhydrodynamicsof liquide
(seeLamb(2)).
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In thecasebeingconsidered,theconstantCcanbe evaluatedfromthé
conditionthat the veloeityof the liquidat the waUof the tube is the
etectrosmotiovetocity;that is,whenr R,Ctr V,E/L, whereR denotes
the radiusof thé tube, V. théelectrosmoticmobilityof the liquid,E the
appliedetectromottveforce,and L, as abovo,is thé tengthof the tube.
Heneeequation1 becomes

~=~+~
(2)

The total volume,W, of liquidtransportedper unit time acrossany
Bectionisgivenby

<
f

~.2<rfdfW
J0

v".2rrrdr

Substitut:nginthisthe valueoft~a'giveninequation2, and integrating,
weobtain

~~(~) (3)w Liq-L
Equations2 and3 are the generalequationsfor thé velocityof elec-

trosmoticfiowof liquidsand the volumeof liquidtransported by elec-
trosmosisin cylindricaltubes.

TheoryofelectrophoresisMta singlec~aecftube

Theobservedvelocity,V.b,d.,ofa particleat anydepth in thé tubewill
be thé sumof théactualelectrophoreticvelocity,U, and the velocityof
thé liquid,i.e.,

V~. = U + (4)

In a singleelosedtube, the total volumeof liquid transportedin one
directionis zero. WhenW = 0, froméquations2 and 3 weobtain thé
équationfor thevelocityofthe liquidin a closedtube

-(')

Thedepthsat whichthereis nomovementof tho liquidare foundby
settingt~))-= 0inequation5;this gives

.=~~

Focusingat thèsedepttu,theobservedvelocityisthéactual electrophoretic
velocityofthepartictes.
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Aetuatetectïophofeticvelocitiescanalsoboobtainedinanothermanncr,
thus,

f y'! ~b..t.-2nrdf~
t y" (/.2Tr!'d!'+ fa ~.2w)'dy

d-r (C)
ye ~o

In a ctosedtubethe totalvolumeof liquidtransported,representedby
th<'tast termin thepr&eedingéquation,iszéro;henceequation6becomes

t/rdr
(7)

Therefore,by takingreadingsat variousdopthsin the ceU,an approxi-
ntationof théaetualetectrophoretievelocitycanboobtained.

Bysubstitutingr = 0 and = JSin turn in equation5, it appearsthat
thevelocityof thé liquidat théaxisof the tube isequal in magnitudebut
oppositein directionto thé velocityof thé liquidat the wallof the tube,
i.e.,to théeiectrosmoticvelocity,VtE/L. Henceby useofequation4 we
obtain

7,Ë/L = !7 7'.b.j. (8)

wheret~M. is the obaervedparticlevelocityin the singletube cell at
depthr = 0. Thus the eiectrosmoticvetocitycan be calculatedif the
observedparticlevelocityat the one-halfdepthand the electrophoretic
velocityareknown.

?. Theory<~ceUconsistingof<wotubesin parallel

Considertwotubesofdifferentradiiin parallelbetweentwoclectrodes.
LetTi denotethétubeofsmallerradius,andTtthat of largerradius. Thé
generalequations2and3forthevelocityandvolumeof liquidtransportcd
apply;subscriptswillbeusedto referto thedimensionsof thesetwotubes,
as Lt for thé lengthof T., Ri its radius,etc. The actual etectrosmotic
mobility,F,,willbethesameinboth tubes,sincethe tubesarcofthesame
material;also,theappliedE.M.F,and thedifferencein pressure,dcnotedby
EandP, rcspeetively,willbethésarneinbothtubes.

Thé totalvolumeof liquidtransportedinonedirectionin thc twotubes
iszero;heneefromequation3 weobtain

~(~)~(~)-'Li ( 8~ 14 8il

Wewishto determineconditionssuchthat therewillbe nomovementof
liquidalongtheaxisof the smallertube. Thevelocityat thisdepthcan
beobtainedbysettingr ==0inequation2. Thisgives



EÏ<ECTBOPKO!tE8ï8CB!it.FORMrCBOSCOPtCOB8EBVX'nONS48S

f~atongaxisof Ï', + (10)

Whenthisvetoeity&0,

V,E
M*

(11)V.B
=

S

(11)

Thisvaluesubstitutedinéquation9 giveson simptincation

R;~ + 2B~ÏLt R~t = 0

Solvingthis forLa,

~~2~) ~t

Let the ratioof theradu, Rt/Rt,bc denotedby A. Then equation12
canbewrittenin théform,

L~ =, A'(~ 2) (13)

If tubesareusedwhosodimensionssatisfytherelationsgiveninequation
13,therewillbeno movomentof liquidalongtheaxisof the smaUertube;
vclocitiesobservedat thisdepthwillbetheactualelectrophoreticvelocities
ofthepartides.

THEORETtCAL ADVANTAGES OF THE NEW CELL

Accordingto the developmentof the theoryasgiven,velocityof liquid
in tubesdue to electrosmosisisa parabolicfunctionof the depth; this is
évidentfromthegeneralequation2, which!8ofthe type t~ == ~1~+ B,
theconstantsAand Bbeingdépendentonconditionsin the tubesused.

Equation6 givesthe equationfor velocityof liquidin a singleclosed
tube. This is a parabola,with the velocityat the maximumequal in
magnitudebut oppositein directionto the electrosmoticvelocityof thc
liquid. Curvesfor cylindricaltube typecettsaregivenby Abramson(1).
Atdepthsgivenby

r=~V2

at whichactualelectrophoreticvelocitiesareobtained,the velocitygradient
(changein velocitywith depth) is large;henceinaccurate results are
obtainedif a stighterrorinfocusingismade.

Thé same conditionis presentat the levelsusedfor observationin a
singlecellofrectangutarcrosssection;insucha cellvelocitiesare obtained
at approximatelythe onc-fifthand four-fifthsdepths,at whieh depths
velocitychangesrapidlywithdepth.



4M MABO*ttt5TË.8MtTHAN&MA!tT!NW.H88B

For the newcell the conditionwasstiputatedthat there shouldbe no
movementof the liquidat thé axis of tho tubeofsmaller radius. The
vetocityof theliquidin thistubeexpressedasa functionof thoradiusoan
beobtaincdfromequations2and 11;thisis

vw= Pn"/4<tL,
I

Titmporrespondato a parabolawiththé maximumat the pointswhere
)-= 0, and vw= 0. It isévidentthat the velocitygradient, dfx'/dn, is
atsozeroat thispoint.

Théobservedvelocityof theparticlesMtheaigebraicnmnof titoctec-
trophorcticvclocityand the velocityof thé liquid. Assumingthat tho
ciectrophorctiovelocityia constant,it is évidentthat thé ~ob,<f.-dopth
curveisa parabolaof thesamegeneralformas the t'n–depthcurve;thé
co&rdinatesof the maximumfor this ourvein the new cell are r = 0
androh.<).=U,andthevelocitygradientat thispointis zéro.

Theorctieatadvantagesof thenewcellin comparisonwitha singletube
cellarcdependentonthefactthat etectrophoreticvelocitiesaredetermined
at thémaximumofthevelocityobserved-depthcurve. TheymnybeHstcd
as fotiowR:(a) Thé propcrdepth forobservationis readily found;sincc
observationsaremadeat thedepth wherethepartictovelocityis greatest,
a fewreadingsaboveandbelowthisdepthaidincheckingthecorrectlevel.
(b) A slight error in focusingdoes not result in appreciableerrorsin
velocities,sincechangeinvelocitywithdepthissmallat pointsnearthe
correctlevel. (c) Depthof fieldof viewis notas importanta factoras
in thecaseofa singleclosedtube,in whichparticlesat a slightlydifferent
levelhavenoticeablydifferentvelocities. (d) Rotationaleffectsonparti-
clesareat a minimum,sincethevelocitygradientnearthe levelofobserva-
tionissmall. Thisparticularadvantagesuggeststheuse ofa cellofthis
typeforstudieson largerparticleswherethe effectofchangein vclocity
withdepthisa factorwhichmustbeconsidered.

8UMMARÏ

1. A newelectrophoresiscellformicroscopicaiobservationsofparticle
vetociticsis described;thisconsistaof twotubesin parallelbetweenthe
etectrodes. By extensionof the generaltheoryof eiectrosmottcflowof
liquidin tubes,it is shownthat the flowof liquidat the one-halfdepthin
the tubeof smaUerradiuscanbe eliminatedif thedimensionsofthe two
tubeshavea definiterelationto eachother. Hence,the observedparticle
vetocitiesat thisdeptharethéactuatelectrophoreticvelocities,fromwhich
themobilitiescanbe calculated.

2. In this newceUeiectrophoreticvelocitiesaregivenat the maximum
ofthéparaboliccurveexpressingvelocityas afunetionof depth. Advan-
tagesresultingtherebyare: (a) Difficultyin focusingis alleviated,since
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theobservedvelocityisa maximumat thecorrectlevel. (b) Siighterrors
infocusing,orerrorsdueto depthoffieldofviewofthemicroscope,are!ess

importantthan in a singletube cell,sincethe velocitygradient is smatt
near the correcttevctofobservation. (c) RotationaleBectsof the liquid
arelessin thecaseofthénewcell,sincechangeofvelocitywithdopthisat a
minimumat thedepthofobservation.

PART II. EXPERIMENTAL COMPAmaON OF THE NEW CELL ANt) A CYLIN-

NBÏCAÏ<TUBE CELL

Asa meansof confirmingthe theoryand constructionof the newceti,
the electrophoreticmobilityof quartz partiales in dlstilledwater was
determinedby threeditferentmethods,as foUows:(a) In thé newceU,
actualelectrophoreticmobilitiesbeingdeterminedfromobservationsat the
one-halfdepthin the tubeof émanerradius, (b) In a single-tubecell,
actuatmobilitiesbeingobtainedfromobservationsat depths wheretheo-

retically there shouldbcno movementof tho Hquid. (c) In a single-
tube ceU,observingat variousdepths,and obtainingan approxiniate
valuefor thoelcctrophoreticmobility.

EXPERIMENTAL PROCEDUREAND RESM/TS

Generaltechnic

Piècesofquartztubing(thesamematerialas usedin thé quartz tubes
of the new electrophoresiscell) were cleanedwith.cieaning solution,
thoroughlyrinsedwithdistilledwater,then with triplydiatitledwater,
dried,and groundinanagatemortar. A suspensionof this powderwas

made in triplydistilledwater; this wasallowedto settlefor about four

hours,after whichtheupperportionwassiphonedoffand usedfor the

experiments.The quartzparticlesin thisportionof thesuspensionwere
thereforesmallenoughtostay suspendedforsometime.

Observationwasmadein Ti (secdescriptionof the new cellgivenin
Part I), usedeitherasa single-tubeceUor in paraUe!with Ti. Thecell
wascarefullycleanedbeforeusing,and thoroughlyrinsed,includingtwo

rinsingswithtriplydistitledwaterprcviousto fillingwiththe suspension.
The opticalcombinationconsistedof a lOxocular,a 21x (8 mm. 0.50)

objective,anda cardioidcondensergivingdark-fieldillumination. Obser-
vationsof thevelocitiesweremadeandmobilitiescalculated,thepotential
gradient beinggivenwithsunicientaccuracyby E/ where E is the

appliedE.M.?.andZ<tisthélengthofTi. Experimentswerecarriedoutat
roomtemperatureandcorrectedto a temperatureof25"C.on the assump-
tion that electrophoreticvelocityvariesinverselyM thoviscosityof the

médium,i.e.,U~= constant. Thiswouldappearprobablefor suspensions
of quartzparticies,at leastfor thesmallrangeof temperature(2&-29"C.)
concernedin thé experiments.
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fSefMaZ

Sixexpérimentawerccarriedout usingthe newcet!. Each experiment
consistedof one hundredobservationson a suspensionof quartzparti.
clespreparedaspreviouslydescribod;the currentwas reversedinorder to
preventpolarisationafter eachset of Evereadings,tho microscopefe-
focusedafter twentyreadings,and the cellrefilledwithfreshsuspension
after sixtyrcadings. Themobilitieswerocalculated,and the arithmetie
mean(A.M.)andstandarddéviation(S.D.)ofthevaluesdetermined;these
valueswerethencorrectedfora temperatureof 25"C.

TABLE1

JS'<e<;<rt)ptoreiMMoMt<<M<~quarlzparliclea<tttKaMMwater<!<~'C. <M~e<erMW<<o<
deptAtwhere<A«'ew<M<toMe<~met!<(~theliquidt'M<Aenewc<«,

and<tta <tt'tt~<e.<«&ceeH

A.M. arithmetiemcan.
t S.D.'=' standarddeviation.

<SefM<7jf

Thissériesconsistedofsixexperiments,usingTl as a singte-tubecell.
The technicfollowedwasthésameas in seriesI, velocitiesbeingobserved
at thedepthwheretherewasnomovementof the liquid,i.e.,whcre

~~V2

In the firsttwoexperimentsof thé series,half of the observationswere
madeat theupperlevel,andhalfat the lower. In expérimenta3,4,6, and
6,valueswereobtainedat theupperlevelonly.

Expérimenta)resultsofseries1andII aregivenin table 1.

A.M ANDS.D.t of MomurtEt IN ft/om./yot.T/ctt.

_B- !-Ne* cdt Sefia)H-S(t.)t)t.tub.MU

_AM B.D. A.M. B.D.

1 3.56 O.M 2.84 0.80
2 2.93 0.31 2.76 0.03
3 307 0.21 3.S6 0.42
4 3M O.M 3.00 0.42
5 2.68 0.24 2.83 0.26
6 3.39 0.22 2.73 0.22

Sum. t8.76 17.72

A.M. 3.13 2.96
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~Tt'Mf/f

Each of the threeexperimentsin this seriesconsistedof observations
takenat ieveisdifferingby60~throughoutthédepthofthe cell,fromten
to forty observationsbeingtakenat cachlevel. Fromtheseobservations
the arithmetiemeanof mobilitiesfor caoh level was calculated. The
mobilitiesst diSerentlevelsplottedagainstdepth resuitedin cun'eaof
parabolic form; the mean mobititiesof thé maximaof thèse curvps,
obtainedwhorer = 0, were6.63,6.24,and 5.61per secondper voltper
centimeter,respectively,givinga meanmobilityfor thé three experiments
ofapproximately6.1jMpersecondper volt percentimeter. At thé walls
ofthe tubestheparticlesmovedintheoppositedirection,the meanmobili-
ties for the threeexperimentsgivingvaluesof –2.66 and -3.10 per
secondpervoltpercentimeterat depthsof+R and -Krespectively.

TABLE2

B'<<w<<'opA<f<'M<!moulitisa<~quartep<n-h<-te<tn <<M<<«ed«'<t<o<?"(! aadetermined
in a <<t)~(e.<«tecellfrome~ww<<M<obtainedott~n-foM<ecehw thecell

E~n. it0. MONUTT tt) ft/tM'VOhT/Ctt.

1 8.37

2 Z.tC

8 2.13

Sum. 6.66

A.M. 2.22

Electrophoreticvelocityis givenby equation7. A rough approxima-
tionof thisvelocityisgivenby

u

r-a

~=~S~<r**0o

Thisapproximationiereadilyseento be inaccurateuniessobservations
are takenat a largenumberofievds,sinceit givesno weightto the value
of the v elocityat the axisofthe tube,wherer = 0, and givesundueem-
phasisto thevalueat thewallofthetube,whercr = R. Abettermethod
of approximationconsistain the use of the averageof the mobilities
observedat depthsdifferingby dr. Valuesof mobilitiesso calculated
forthe threeexperimentsin thisseriesaregivenin table2.

MSCUSStOtfOFNESCLTS

Examinationof the data in table1 indicatesthat practicaUythe samo
valuesofmobilitiesaregiveninthetwocetta. Thevalueof the arithmetic
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a,nar, r,i fkn mnnn mnhiiifico Pnn f~n oiv naaSaa nf -t t'Ion't1mcanof themeanmobilitiesfor the sixseriesofexperimentsofseries1 is
3.13per secondper voltper centimetorwith a standarddeviationof
± 0.31jf persecondpervoltpercentimeter,andfor thesixexperimentsof
series11,2.95d: 0.31per secondpervoltpercentimeter;hencethereis
nosignificantdifférencein themobilities,as foundinthe twocetb,greater
than that whichmightbe expectedfromtheamount of variationin thé

experimentscomprisingaseries. Themobilityof quartzpartictesintriply
distilledwaterat 25"C.as obtainedby thesetwo methodsia therefore

approximately3.0 persecondpervoltpercentimeter.
The etectrosmoticvelocityof the liquidisequal to the différencebe-

tween the electrophoreticvelocityof the particlesand the maximum
observcdvelocityof theparticlesin thésingletube (seeequation8); there-
foretheetcctrosmoticvelocityofthe liquidin thé presentcaseis3.0 6.1
or –3.1 per secondpervoltpercentimeter. With considerationof thé

relativelyhighexperinientalerrorinherentinexperimentsofthe typecon-

cerned,theseresultsseemto substantiatethe theory that the electra-

phoreticmobilityof thé particlesis equalin magnitude to the electro-

phoreticmobilityof the liquid.
Comparisonofmobilitiesgivenin table2 with thosegivenin table 1

showsthatmobititiesasobtainedin thésingte-tubecellby meansofobser-
vationstakenat vanouslevelsin thé cellarenot equal,withintheexperi-
mentalerror,to thoseobtainedin thé newcellor in the single-tubecoti
at depthsofdb~2.

A plausibleexplanationof thé differentresultsobtainedwiththe third
methodwouldseemto be that valuesnot conformingto the theoretical
valuesareobtainednearthewallsofthe tube. Evidenceindirectsupport
of thisisdisetosedby examinationof thedataobtainedin the threeseries
ofexperiments.Sincetheetectrosmoticmobitityandthe etectrophorotie
mobilityappearto be equalin magnitudebut oppositein direction,we
shouldexpcctthat thorewouldbenomovementof theparticlesat thewall

of the tube. Experimentally,however,the particlesat the wallswere
observedtomovein the oppositedirectionfromthoseat theaxisof the
tube. Onthe basisthat the velocitiesshouldhave beenzeroat thewalls
ofthe tube,theexperimentalvaluestheredeterminedwereneglected,and
thecurvesdrawnto meetthéaxis,givingV«b<d.= 0at distancesr = +R
and R,respectively.Byinterpolationofthevaluesobtainedat distances
of60 fromthé watts,and useof the valuesas obtainedexperimentally
at theotherdepths,approximationofmobilitiesby themethodpreviously
employedgavevaluesof2.87,2.93,and3.03 persecondpervoltpercenti-

meter,respectively,for the threeexperiments. Thesevaluesare in the

rangeof mobilitiesas obtainedby the othertwo methods. Thismethod
of calculationof mobilitiesis not to be recommeadedfor generaluse,

however;it dependsonthe assumptionthat the electrophoreticmobility
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ofthepartiolesisequalto theetectrosmoticmobilityof the liquid,a condi-
tionwhiehwouldbeexpectedto occuronlyin caseswherethe wattof thé
tubeandtheparticlesareof thesamematerial,andbas not beenfoundto
occurinauofthesecases. Moreover,thémethodof interpolationdoesnot
giveaccurateresults,sinceit isnotknownhowfartheinfluenceofthe wall
extends. Anotherobjectionta the methodliesin the largenumberof
observationswhichmustbemadetoobtainan approximationofthedesired
accuracy.

Theadvantagesof the newcellin comparisonwiththe singte-tubeceti,
in bothcasesobservationsbeingmadeat the depthswhere theoreticaMy
thereis nomovementof the liquid,are apparentfroma considerationof
thé valuesof standarddeviationsobtainedin the expérimenteofseries1
and II; thesearegivenincolumns3 and boftable1. Standarddeviation
isan indexofvariance,i.e.,it indicateshowcloselythevaluesobtainedare
groupedaboutthe arithmetiomean. Thestandarddeviationsfoundfor
thefirsttwoexpérimentainseriesII, inwhichvalueswereobservedat both
the upperandlowerlevelsin the single-tubecell,are much greaterthan
the valuesofstandarddeviationsobtainedwiththenewceU. Thesehigh
valuesprobablycamefromfailureto focusonthécorrectlevels;it isdiffi-
cutt to findthe correctlevelssuchthat readingsat the upperandlower
depthsagrée. It is also difficultto obtainreadingsat the lowerlevel,
thereforereadingsin the otherfourexperimentsof the seriesweretaken
at thé upperlevelonly. In ail casesthe microscopewas refocusedafter
eachsetoftwentyreadings. Thevaluesofstandarddeviationsinexperi-
ments3 and 4 ofseriesII are also higherthan those for the newcell,
probablyowingto the readingshavingbeenobtainedat slightlydifferent
levels. In the lasttwoexperimentsof thisseriesstandard deviationsare
not greaterthanwiththenewcell,indicatingthat observationsweremade
at approximatelythe same level throughoutthe experiment;however,
sincetheseobservationsweremadeonlyat the upperlevel, it isdifficultto
besurethat the correctlevelwasused. Theuniformityof the valuesof
standarddeviationsobtainedin theexperimentswiththé newcell(sériesI)
make its advantagesapparent. The correct level for observationis
obtainedreadily;moreover,smaUdifférencesin levelsof observationdo
not introducelargeerrorsin théobservedvalues. For resultsofa certain
degreeofaccuracya smatternumberofobservationsis justifiablewith the
newcellthanwitha singletubecell.

CONCLUSIONS

1. Valuesofelectrophoreticmobilitiesof finelygroundquartzparticles
in triplydistiUedwaterobtainedmthenewdouble-tubeceUagreedwithin
the experimentalerror withvaluesas determinedin a singlecylindrical
tube,in bothcasesobservationsbeingmadeat depthswheretheoretically
thereshouldbenomovementofthe liquid.
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2. Valuesof etectrosmoticmobilitiesobtainedwitha singlecylindrieal
tubefromobservationsmadeat variouslevelsin thocelldid notagreewith
valuesas obtainedby the other twomethods. Experimentalevidence
suggeststhaterroneousvaluesareobtainedinthewattsofthe tube.

3. The approximateetectrophoreticmobility of quartz particlesin
triplydistilledwateras obtainedbythe twomethodawhichagreedwithin
experimentalerrorwas3.0 persecondpervoltpercentimeter.

4. The valueof electrosmoticmobilityof water in quartz tubes as
obtainedfromtheseexperimentswasapproximatety-3.1 per second
pervolt percentimeter.

5. Consistencyof experimentalresultswith the newdouble-tubeceU
indicatestheadvantagesofthe newceU.
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A fonn of hydratt-dsitica isobtaincd by dt-yingat a towtftnpo-aturc thc
siiific acid rcsuiting from thc action of siticon tctraHuondc upon water.
This prottuct posscs.st.sunusnat p)-o)x'rtit's,and has bccn caitt-d si):f-afluff
to t(Mtit)gt)i.-<))it t't-omati othct-fonns of sith-a. Thcréaction is formu)atcd
a.sMtows:

38il-\ + 4H<()= 2H,8it- + H<SiO<

When Ki)i<-i<-iK-idprccipitateMfrotn wat<-rMohttionit :<a tranxpaMnt gc),
p-owing Kt'att'M'Hytrnn.stm't'ntund opaque ~hcn fittfrcd and dncd. If
tt-ft fur sotnp wccksdtying in thc o)x'nttir it.a~umc.sthc abovc-nx'ntioncd
white fhtHychMt-actcr.No apparent chaxRctaitfs ptacc in ttx' fnatct-iat
after tnonth's dt-ying,and it nmintains its f-ompositio))o\'<')'a pcriod of
ycars as dcnuitctyas dofsquartz itsctf.

This light, ftufTy,whitc po\dcr iscomposcdof aggrc~tcs of tiny nakcs
of irrcgntar outtinc, cuntaininKi'n'tn.sxm.sof air ))())))<tcsof nnifonn size
titat Kivccobr phcnon](-nawith po)a!-ixc(tlight, as if the substance worc
compost of donbtyn-fracting~tobntarcrystats. Thcsc tiny air incfnsions
cannot bt' o)Mcr\-cdcxccpt with a 600 diamctcr magnifu-ation, or iargcr.

The spccifk-gravity of ttu-matcriat is 1.0t8, as dctcrtnint'd by obtaming
thé volutneof kérosènedisp)a<-cdby a K'~n wcightof si)ica Hnfï,using an
oit pump to remove tho air from the porcs of thé matcria). T))p spFciSc
gravity of orttmsincicacid is 1.57, and for thc meta acicl 2.2, wbite tho
specifiegravity of anhydrous siiicon dioxidc variesfrom 2.3 to 2.6. It is
apparent, thcrt-fort',thnt thc low .spécifiegmvity of silica Huif, a lower
hydratt'tt formof silica than tm'tasiticic acid, is duc to thc air incitions
in thc fiakcs whichcannot bc (}i.<)of'atcdhy a vacunmpu)np.

Wcighcd in air, nndpras ncarty thc samc dfgrcpof packing as possibtc,
the appaK'nt spccincp-a\-iti<sof a numbfrof lighttnatpriais in comparison
with sitica nuffarc givcn in tab)c 1. It is sccnthat (-(-n groundcork and
air-Ooatf'dcarbon b)ackarc more than twit'c as hea\'y as sint'a nuif. Nu-
nwrous attempts ))a\c bppn madc to duphcatc this matcriat, but nu other
pro<tuctbas bccnquitc so )ig))tor withaHhigf)air ad.sorption as thc matc-



-H4 c,A.~co<MO'<

nat which thc author mndc Ht th<'Johns Hopkins L'nivt't'sity in t9M)-20.
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TABLE 2

~no<~« c/ <tKco ~t<F

RIDAvaRJ08't
tor H~ATtM'C. catMiTMoaMT TOT*t.HtO BiOtBtHtF.

(MO–Mt~C.)

t<r<!m< t«ft<m( pe-«ot ptretnt t

1 0.48 6.60 7.08 ?.?
2 0.43 6.76 7.19 92.80

Avérer. 0.4M 6.68 7.186 92.866

hydrogen,andoxygen,but thelast twoarenot in the ratio to formwater.
Its compositionis givenin table2. Fromthé percentagecomposition
obtainedby experimentitsempiricalformu!&Mcalculatedto beH~MOt!
or (SiO,)M.3HtO.A surveyof the literature bringsout the fact that
VictorLenher(6)reportedsUicicaciddesiccatedovcrconcentratedsuifuric

acidfortwomonthswitha watercontentof6.76percent. G.Tschennak

(8)obtaineda simtlarproduct,alsodesiccatedoversulfuricacid,witha
watercontentof 6.7per cent. BernhardNeumann(7) investigatedthe

dehydrationofsilicicacid from200°to 1000"C.,startingwith a product
havinga watercontentof6.6percent.
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The above-mentionedanalyses,together with those obtainedin this

laboratory,furnishedthe basisfor the followingspeculationregardingthé

structureofthemoleculeof thisverystableand remarkableformof silica

or silicicacid.

Apparentlytherearethreemoleculesofwaterinthecompound. Onthe

basisthat dihydratedsilicondioxideis orthogilieieacid,inwhiehthe water

is incorporatedin fourhydroxylgroupaas seenin thé graphieformula

H(X ~OH

H(X~OH

thé authorwasled to placetwelvesuchmoleculesin juxtapositionand to

eliminatetwenty-onemoleculesof water wherethé hydroxylgroupsare

in proximityto eachother(seefigure2), yieldingmotecute whichexactly
fits the analysis,and is representedby thé followinggraphieformulafor

silicafluff.

OH OH

0==8i-0-Si–0–Si-0–Si=0

0 A A
1 1 1 1

HO-Si-0-Si–O–Si-O–Si-OH

0 0 0
0==Si-0–Si–0–Si-0–Si==0

OH OH

A compoundwith this formulacatts for a molecularweightof 774.77,of

which6.98percentiswater,whereasthe averagewatercontentobtained

experimentallyis 7.13percent.
If weconsiderthat someof the waterobtainedat 120"C.existedfree,

the hydroxylgroupsin the formulaexactlyrepresentthc waterobtained

whenthe materialwasignited.

Assumingthatdehydratedsilicicacidspossessstructuresofthistypeit is

easy to understandhowvariousdegreesof hydrationcan be had, and

consequentlyhowdehydrationmaytakeplacesograduallythat nonotice-

ablebreakin the curveappears. If weassume,forexample,that the four

cornersiticonatomsin the graphieformulaho!deight hydroxylgroupa
insteadof fouroxygenatoms,the watercontentwillamount to 14.89per
cent.

Manyworkersin thisfield,forexample,0. Mugge(6), H. Chatelier(3),
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JLBruckmoser(1), G.Tschermak(9),H. Ka&tsky(4), and others,have
expressedvariedopinionsabout the compositionof silicicacidsand the
natureof théwaterwhichtheycontain.

It isa well-knownfact that diatomite,moreoftencalleddiatomaceous
earth or kieselguhr,isalmostwhoUyaiUceoua(85to 92 per centMlica).
Thismaterialhasresultedfromthe accumulationofthéromainsof unicel-
lular organiomscatteddiatoms,whoselivingstructure must have con-
tainedsilicainsomesolubleform.

Nowuponthe decompositionand dehydrationof this sUiceousmaterial
it mightbeexpeetedthat a produetwoutdresult,similarin propertiesto
sUicaNuff,especiallyinits relationto combinedwater.

To test this theory,thewatercontentsofvariousdiatomaceousearths
are givenin table3. AUbutoneof thèsevaluesaretaken fromanalyses
reportedbyCalvert(2). Thepercentagesin thé tableare baseduponthe
total weightof thé diatomaceousearthsamplesand not uponthé silica

presentin them. Whenthesepercentagesare recalculatedon the silica
contentalone,excludingthesamptefromHerkimer,N. Y. (whichobviously
containsadsorbedwater),the averageper cent of water in the siuca.of
twelvedifferentsamplesof diatomaceousearth becomes7.15,whichis
almost identicalwith thé water normallypresent in silica.fluff,whose
molecularstructureispostulatedin thegraphieformulashown.

This factwouldseemto be morethan an accident&lcoincidence.The
combinedwaterin diatomaceousearthcannotbe present in the formof
definitehydrates,forno eharpbreakin the dehydrationcurvebasever
beenreported. It wouldnot be surprising,however,if the silicaand
combinedwater in diatomaceousearth exist in some such wayas that
postulatedforsilicafluff.

TABLE 3

WalercoM<M<of dt'a<<wta<:fOMea~

90VRCR ~ATBR
~V~B WAT®R

_< c?~

'w"" percent

Berkimer,N. Y 12.t2 Monterey.CaUf. 4.89
R:ehmond, Va. 8.37 Toome,Ireland. ??
Wilinont Wharf, Va. 3.40 Atgters. 9.14
Pope'BCreek.Md. 3.47 Aigters. 350
EUeMburg,WMh. {,.98 Algiers. 7.40
FoMUHiH.Nev. 6.99 StoreyCounty.Nev. 6.07
Lotnpoc.CaUf. 5.00

Averageof all vetuea. 6.36
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ABSORPTION0F RADONBY GLASS

8.C.LINDANDROBERTMVING8TON

.Setoo<c/ Chomiatry,)yw'M)'~<to/~)<tft«o<<t,~HeopoHt,Minnesota

Recrived~<<MterM,MM

Duringthe courseof certainradiochemicalexperimentsit wasnoticed

that radonwMchwaskept forseveraldayain Pyrexbulbs wasin part

atronglyadsorbedonthé g!as8(1). Thebulbswerethin walled,and~ad
volumesof approximately0.1ce. The pressureof the impuritieswhich

accompaniedtheradonwasnevergreaterthana fewmillimeters,andwas

probablyinmostcasestessthan1miUimeter.Thebulbewereblownfrom

c!eantubing,butwerenot subjectedto anychcmicalcleaningafterbeing
made. The sea!edbulbscontainingthe radonwere introducedinto a

horizontaltubewhichwasattachedby 20cm.of 2*mm.capillarytubing

TABLEt

BotdetMe/<M'the8lowt'!TeM;rM&!<adsorptiono/ra<<Mton~<<Ma

ttnTtJU.*tMnMW<tA6<M)t)t TtXBet))UtMW«tCatMttAtKMt
"?J"?'°~X'°?

mLUCCMM WAt MtALM <)tTBt BUM BOiAtOM~~ ~WAtt<
0~

TBE BU4D

mo. ttNft p<r<t')(

166.6 17.6 <t1

188.6 37 11

119.7 49 19

102.6 M 16

to a 100-cc.vessel. Afterthe systemhadbeenevacuated(to a pressure
of lessthan10"*mm.),it wascutofffromthevacuumline,andthe100-ce.

vessetwasimmersedin liquidair. Thefragitebulb containingthe radon

was then shatteredby a magnetically-operated,gtass-enctosedplunger.
The distributionof the nuorescentglowindicatedthat the greaterpart
of the radon distilledover almost instantanoously.After fifteenor

twentyminutesthe side tube was sealedoff from the 100-cc.vesse!,
whiehwasstitt immersedin liquidair. Sixor eighthours laterthe side

tube wasexaminedin the dark. If the gtassshowedany fluorescence,
the amountofradonwasdetermined(usuaUytwentyor thirty hoursafter

breakingthe bulb)witha 'y-tayetectroscope.It is noteworthythat in

everycasewhereradonremainedin the tube, thé fluorescentglowwas

visibleonlyon the fragmentsof the bulb. Evenafter forty hoursthere
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wasnovisibleevidencethat any of tha radonhad diffusedinto thé con-

tainingtube. Table 1 summarizesthe availablequantitativeevidence.
Althoughit is not precludedthat thoobserveddifférencesin the per.

centageadsorptionmaybedueto possibledi~eroncesin thesurfaceof thc
bulbsor in the impuritiesof the radon,thesedata suggestthat the per-
centageadsorptiondependsuponthe timeof contact. It ispossiblethat j
thé adsorptionmaybe the resultof "pitting"of the glassby a-particle
bombardment.In tbis casethe adsorptionwouldbe proportionalto the
intensityof thea-particlebombardmentonthe glass. Theseresultsmake
it obviousthat certainprecautionsmustbe takenin the transferor meas-
urementof radonused in radiochemicalexperiments;particularlyis it
undesirableto leaveradonin a smaittube longerthan necessaryfor the
gamma-raymeasurementbeforetransferringit.

REFERE~fCE

(1)LtYMOSTOttANDRBYBBSOtf:J. Phys.Chem.37,534(1933).
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NEW BOOKS

Oft'tt)'Mand Defei'opme~o/ ~ppKedCAe~t'~fy. By J. R. PAtmtMffM. ? x tOem.
xii + ?7 pp. London Lottgmans,Green and Co., !??. Priée: 456.net.
Dr. Partington's book arrived as the reviewer was teaving for the United Statea,

and thé "Origins" became bis constant companiox m Ameriea. Thé reviewer had
full opportunity for reading thé work most thoroughly. Dr. Partington's book,
by its enoyolopaedioknowledge,seemeat Brstperhaps a tittte frightening, but as the
study of the book proeeeds m one's admiration for it grows. This M not just a
référencebook. ït ia muehmorethan that, and a carefut reading through thé whole
workaB!t etandewouldfutty repay thé time and enorgy devoted to it.

No singlereviewer can reaHydo juaUceto thé "Origine," in view of Ite tremendous
Mope and the comprehensive nature of its information. The writer haa therefore

judged the book solely from its plant chemieal content, with which he te famillar.
Studente of the history of plant ohemistry willfind a great deatof information on thé
plant matedate of Egypt, Babylonia and Assyria, Crete, Troy and Cyprus, Asia
Minor, Persia, Phoenieia, and Palestine. The information contained on these lines
haa taught thé reviewer to appreciate not only the extent but also the soundnesBof
Dr. Part:ngton'e knowledge. Asurvey ofthe plant materiab contained in this book
revealed nothing that iBnot mentioned in it, and some of the most dinicutt points
on the history of plant chemiotryhave been dealt with in a manner that commande
only admiration. To take one example (p. t69), the case of kyphi, thé incense of
thé Egyptians: this is a most difnoult toplo, and ProteMor Partington haa threaded
tbrough it with care and remarkable lucidity. Kyphi bas been thé object of many
lengthy discussions, and Dr. Partington bas managed to convey all that Mknown
about it without leaving that peculiar feelingof uncertainty one bas after the study
of this subject in other Works. Thoae whoknow the dMicutties must appreciate Dt.
Partington's attitude, and those whoare bles8edly ignorant of them do not realiae
through what a maze they have been ao successfuHyconveyed,-a most remarkable
aehievement. Attention muet aho be drawn to the heipM indexes, espeoiattythe
subject index, whichoontainsmany reforencesto ptanta and plant matoriala.

Viewedfrom any aepect, tbere is no doubt that Dr. Partington'B "Origine" will
becomeone of the etaMioson thé history of chemistry.

M. NtBBNfMteM.

F<ec<fMtJTMtMfottand A<horpKo<tP~Mmefta. By J. H. D)6BoEB. Thé Cambridge
series of phyaicat chemistry. Tranalated from thé manuscript by Mm. H. E.

Teves-Aoly. 398 pp.; t60 Bgs. Thé Macmillan Co., Thé University Press at

Cambridge, England, 1935.
Thé author deals with the nature of surface forées as revealed by the atudy of

elcctron emission from meta)Band dieloctrioeand by the knowledge of adsorption of
substances on suoh surfaces. He hopes to obtain information on the subject of
adsorption on surfaces by studyingtheireteetroo émission,and, vice versa,ho cxpeots
to learn oonoeming thé nature of eleotron emissionby a study of adsorption phenom-
enaon surfaces. From the nature of these topics it is at onceseen that thé book iaof
interest to individuals who are concerned with thé nature of catalysis. Since this
latter phenomenonis of the grcatest importance to chemists, the book shouldappoat
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f. 1.lwnl.1 '1'L- "ht~&' -_¿.a. ¿L- aa..t.to a targocirele of readers. Tho subject-matter of the volume doesnot inotude thé

phenomenaof catalysis however. Indeed the word "catatysia" la not found in the
index) It temerely thé revtewer'sopinionthatthe studios portrayed here should be
of interest to physical ehemiste who wiah to elucidate thé problème of catatysis.
The methods of reMarch employedand diseuMedby the author may well find ex-
tended application and lead to a richerand moreprêche knowledge of surface ohem-

istry. The content ofthia interesting book i<dtvided into fifteen ohapters and oan
be discussed in thé briefest manner by mentioning the various topiM: eleotron
emMMonfrom metals; the nature of adsorption foreea;thé adsorption of cesium on

tungeten surfacee and other eleotropoaitivometah on metal aurfaece;photoelectria
emiMtonafter adsorption of electropooltivemstals on metal surfaces; double layers
formed by thé adsorption ofgaMa;the adsorptionof light by matter in thé gMeous
and in the adsorbed Btate; the selective photoelectrlc effect; alkali-metal atoms
adaorbedwithin the lattice of tha alkali halidesand their photoetectrie properties;
eteotronie conduction in the lattioes of thé atkaUhalidee and other lattices; photo-
eleotriocathodes with thiek intermediate layeraof a dietectric and metal particles;
thermionic emissionof cathodes with a d!e)eotne;oxide-eovered cathodes; emtMion
of eleotrona into intermediate tayere of dietectriesand into blocking layera. The
author makea abundant ueeof energy diagram in bia discussion. To the chemiet
with moderntraining this methodof treatment shouldbe very aatlsfactory.

GEO.GMCKMB.

The ~rMc<ar<o/ Cr~ab. Supptoment for t9!0-M to the second edition. By
RALPHW. G. WMKOM. Ameriean Chemical Society Monograph No. 19A.
240pp.; 75fige. NewYork: ReinholdPubliehingCorporation, 1986.
Thé present volume supplémentsthé secondédition of the author's well-known

treatise and covers thé work for thé taat four years on structure détermination of

crystals by x-ray methods. The eteven chapters are numbered to correspond to

thoee in thé second édition, and an appendixgives the complète literaturo of the

subjeet. The Mme chronotogicatarrangement is maintained as is found in the
second edition. This bibliographycovers sixty-onepages, It Mévident that the

book is indispensable to the worker in thé fieldof crystal structure détermination,
but any one interested in thegeneral fieldof atomieand molecular structure and the
solid state will by neeeasityhave to refer to this treatiee-supptement. The figures
shownare exeeHentin executionand an invahiaMchelp in understanding thé intri-

cate patterns of thé more complexcrystals. The book représenta an enormous

amount of the most painstaking effort, and the author is to be congratulated on thé

result ofhie iabors.

GEO.GMCKMB.

BodyH~o(<t~-?'A<BMA<t~<<)/Fluid3t'n Man. ByJomf P. PBTEB8. t4.6 x 28 cm.;
6 Bgs.; viii + 406 pp. Springnetd, HHnoM,and Baltimore, Maryland: Chartes
C. Thomas. Priee: $4.00.

There haa beengreat needfor such a comprehensivediscussion ofthe rôle of water
in the vital prooessesof the human organism. ProfeesorPoters is excollentlyquati-
ned to bring together thé manypapers whichhavebeenpublished inthis field and to

dMcussthem critically, inasmuchas ho has hitMetfactively worked in this field for

many years.
This volume contains much more than ita title would indicate. In addition to

conaiderinKthe compositionof the varioua bodyfluide,it Is a rather completeaurvey
of the physiology of the absorption, sécrétion, and excrotion of many substances

such as carbohydrates, nitrogen-eontainingcompounds,fats, salts, etc., within thé
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body,ftHeohsitteredin the light of thé directionof waternow whiehtakesplace
~itherthroughinterstitiaiapaoesoracrossmembranes.

Themaintenanceofequiiibriabetweenvariousfluideandtiseuesbymeansof thé
Gibbt-Donnanphenomena,osmottepressure,"colloidosmoticpressure,"tissuo
tension,etc., are adequatolydiscussedfromthe standpointof both theory and
application,andthe effectof theseforcesin eausingBuidNow,uitraSitration,and
absorptionMemphasized.Bothnormalandpathoiogicatphysiotogyareoonaidered.

Everychaptercontainsapplicationsofphyaicochembatprincipleatophysiotogh-et
proemMt),Mthat the bookwouldserveadmirablyas referenceand sourcematerial
for coursesin physiealehemistrydesignedto emphMMephyMotogteatandmédiat
aspects.

Thé reviewerwaa partieutartydestrousof eeeUtghowthe questionof "bound
water"wouldbetreated. Tohissurpriseitwasrathersummaritydismissedwithout
anypartioutardiscuasioa,theauthorbelievingthat boundwater doesnotexistas
meaeurableentity. Similarlythé imbibitionptes<ureof colloidsis spokenof (p.
68)asif it wereofnopartioularsignMeanoe.

Ina discussionofthéexchangeoffluidebetweenbloedceHsand serurntheautbor
considere(pp. t20-3)that the "potassiumeattsofhemoglobin"are largely"undis-
aoohted." Thisviewis decMediyat variancewiththoseofcertain physicalohem-
istawhohaveassumedastoichiometrlcalcompoundformationbetweenproteinsand
Midsandbases,witha subséquenteompieteionisationofthe 'aatt." It MdiScutt
forthe reviewerto seehowapotassium-preteio"sait" canbeeomptetetyor nearly
comptetetyunionized,whereaaadsorptionofpotassiumonthe proteinmicelleswould
accountfor suehbehavior.

ThechapterheadingsareasfoUows:(t) Chemicalforceswhichcontrolexchanges
of fluidandsolutes;(2)Thénatureandmovementeof interstitiat fluidandtymph:
(8) Exchangeabetweenbloodand interatitia)Suida; (4) Serous nu:dsand tran-
sudates;(5) ExehangesbetWMnbloodcelleandsérum;(6) Excbangesbetweentissue
celleand interetitialnuids; (7) Waterof oxidationand the tosses of waterand
solutesthroughakinand respiratorypassages;(8) Alimentaryexchanges;(9)The
generalnatureof renalactivity; (M)Renalexcretionof BK.raMeorganiesolutes;
(11)Renal exoretionof water and inorgamesatts; (12)Nervousand hormonal
controtof urineexcretion.

The author liste eomptetetittes and journalcitations to 876 refereneeain the
authorindexandalsoindioatesthespeoincpagesin the text wherothe referenoeia
considered.A short but adequatesubject indexetoseathe volume. Thevolume
shouldbecarefullyreadbyaMstudentsofphysiologie~processea.

R088AtMNQORTNBB.

MonofMpMM«MO<~MGe«tm<ceMe<<der Wt&rocj~M~.PwcMteMut~tt,TAeore~M~
G)-)Mt<M<teMtMt<!Att<e<t<~M{t«t.ByE.HAMHEKandMAxHAMMOM.86pp.;
6Sgs.:14tables. WienandLeipHg:EmUHaimandCompany,1936.
Althoughthesensationofcolorisentirelysubjeotive,it is possibleto mesaurethe

qualitiesresponsibleforthesensationin amoreor tossexactway. In doingsothe
descriptionof colorbecomesindependentof subjectiveimpressionsand external
eondMonB.The quantitativemeasurementof color bas been oodifiedby inter-
nationalagreementsomeyearsago. Basedonthecolortheoryof Young-Helmholtz,
whichdietinguishesbetweenhue,saturation,andbrightnessas the eharacteristica
of color,the authorsderivethe quantitativeexpressionof thesemagnitudes. The
monographisofinterestnotoulytochemistsandphystcistebut to anyoneinterested
in the quantitativedescriptionofcolor. Contraryto thé authors, thé revieweria
of thé opinionthat in thé characterizationof a certain object the quantitative
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description of color isof secondary BtgniBcatteeonly, since thedeMHpttonof color i<of oeeondarya!gn!6caneeonly, aihce the color ts a funeticn of
thé state ofaubdivMon ofthé objeet. It aeema, therefore, an exagération to atate
(p. 67): "Der Farbpunkt epioit eine ahntiche Rolte wie der Sehmetzpunkt oder
Biedepunkt."

t. M. KOMHOPF.

~w-<!<re<mdPt-op<!t-h'Mo/JM<)~)..ByHERMAsT.BMBcoB. 430 pp. NewYork:
McGraw.HiUBookCompany,t935.
The author atateo that hia objeet Mto present to students of chemistry a readily

understnndable aecountofthe newerdiscoverieein thé phyaicat acienceawhiohbave
brought about the gréât advancessince 1900in our knowledgeof the nature of matter.
The book la addressed not to epeoiatietebut to thote having suffieient ttammg,–
presumablythis mightmeanSenior orpoMiMyJunior Chetnista, or graduate etudenta
in chemistry not majoringin physicalehemtatry.

The reviewer Mquite in sympathy with thé deBirabittty of auch a course, and
beHevesthat thé author haafurnished a very acceptable text for the purpoMin mind.
AmonKother BubjectBho treats the eleotron, thé proton, the nucleus, radioactivity,
oryata) structure, radiation as introductory to Bohr theory, valence, and quantum
mechanics.

Some of the minor defecte can easily be remedied in a future edition, such as
révision of the HatofMotopeaon page 116,the oubtttitution of the modernvalues of
atonMeweights in the actinium series (page 67), and the use of the oldoraseumption
that there are free eteetronBin the nuoleus. Probably geophyeiciata and cosmio
phyaicists would not agrée that any exteneive formation of new nuotei has oceurred
on our planet, though this lean interesting fieldfor apeculation.

While someof the material presented may be tnchtded in other courMain general
and physical chemistry, the present bookmeets a reat need for the advanced under.
graduate in chemietry whodoes not intend to spéciale in some phase of atomMiica.

S. C. LtND.

Die Bierhefeoh Heil.,MAr., und ft«<enM«<!<.By Jcuua ScaûMtM. (Teohnlsche
Fortsehrittaberichte. Fortachritte der chem. Technologie in EioMMaratet.
lungen. Herauegegebeavon Prof. Dr. B.RatBow,Leipzig.) 22xt6cm.;viand
t94 pp. Dresden und Mpzif;: Theodor SteinkopB, i9M. Price: geheftet, 9RM;
gebunden, IORM.
This book deaia with brewer'e yeast aa an aid to nutrition and pharmacotogy.

The therapeutio valueof yeast ia taken to depend largely on its vitamin content, and
much of the book Mdevoted to an acoount of the vitamine so far aa they oocur in
yeast or can be invokedtherein by irradiation. Thé author inctudeamaeh of the
moat recent work, but ahowaa lamentablo lack of firat-hand acquaintance with the
Engtioh literature onthe subjeot. No referoocoappears to be made to the important
work of the International Committee on Vitamin Standards. A detailed account,
eupported by références to the medical literature, ia given of thé application ot
yeaet and yeast preparationsto the cureof a large number of diseases.

Thé value of yeast as a nutrient also depends in a large rneasure on its vitamin
content, but in addition the protein, salt8, and other eonatituenta are in themeetvee
of great nutritive value. Med yeaat is advocated as aa addition to the normal diet
of hurnan beingaon thé ground, no doubt vatid in many districta, that at thé present
time the ordinary diet of large numboraof people does not contain sunicient of the
varioua vitamins to enaurecompleteheatth and résistance to dieease.

In thé fieldof animal nutrition yeast may alsoplay an important part, and atriking
resuits are quoted with respect to the increased mil production of cowBfed on a diet
containing irradiated yeeat.
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Théauthorbasbroughttogetherinthisworkan imposingmaesof materialahow-
inglnhowmanywaysyeastcanbeusefuttyemployeddietctioaiiy,and althoughit la
obviouethatheleputtingforwardthe bestpossiblecasefor theuse of yeast,there
eeemsto benodoubtthat there laa largenutritionalfieldin whiohyeastmaybe
usefut)yentp!oyed.

A. HABBBtt.

TheB<rwe<M)-e<~Meto~h'cCooMt)~.A GeneralDiscussionheldby thé Faraday
Sooiety. 25x Mcm.;247pp.; 77plates. London:Gurneyand Jackson,t9M.
Price:21/-net.
ThisvotumehaabeenreprintedfromthéTmMactioosoftheFaradayMety and

is divMedintothe twomainBeetioM"EtectronDiffractionMéthode"and "Thé
Structureof MetaUicCoatings,"eaohfollowedby discussionon the individual
papera. ProfeMorDesohcontributesan introductorypaper,andvariouaaspectsof
the electrondiffractionmethodof examiningsurfacestructureare diaotMedby
G. P. Thomsoa,G.I. Finch,W.E. Laftchkarew,H. G. HopktM,and others. The
mostinterestingpaperinpart ï is certaintythat ofFinchandeoilaborators;inthia
the problemeofeteotrondiffractionandsurfacestructureare deaitwith verythor.
oughly. Avery interMtme;point coocerMthé appearanceof "extra" ringanot
normallysesociatedwiththe particularao)id. Finohhaashownthat theyare due
tothe entryofgaaintotheorystallattice. Théhopeofmany,that etectrondiNrac.
tionwouldplayan importantpart in thesolutionof probtemBofgas absorptionin
metals,appearslikelytobefuinitedinthenearfuture.

Thésecondpartofthédiscussionisperhapsnotquitesowellarrangedas it might
be: the papersdeatingwithx-rayworkwouldhave Sttedbetterinto the physlcal
schemeofpart I. Thépaperein this sectionare too numerousto reoeivedetailed
individualattention. Aconsidérablesectiondealswiththe propertiesandstructure
of eleotrodepositedlayers. Andradedealswiththe erystattMationof thin metat
Bhns,Ornsteinwithopticalresearchonevaporatedmetattayers. Both theauthors
representedinthisvolumeand their publiehoreareto beoongratulatedon the par-
tioularlyfinesetofplatescoiiectedhere.

J. T. RANDAM..

TheBruption<~Mi. Pelee,MM-M. ByFRANKA. PBMŒT.PuMioationNo.468
of the CarnegieInstitutionof Washington,tM6. 9 x tl.6 in.; 126pp.;7t fige.,
3diagratManda chartofftt~t<!f<~t«activity;2appendices.
Theinvestigationherereportedwas!tM!<<onthe mountainit6e)f,day andnight.

Excursion,observation,photography,andintermittentaleopwerethe author'slot.
Thé reportopenswitha briefdiscussionof terminology,anda history of Mt.

Petee,whichbaseruptedbefore. Themainpart ofthe book.isintwo parts,–nrst a
narrativeoftheeruptionof1929to 1932,andthenan analytioalstudyof thevolcanio
activity. Chemicalstudiesino!udeonlyan analysisof waterinthe Brstappendm,
butthe lackisnotsoserlousbecausethetavasareaurprisinglysimilarto thoseofthe
1902eruption,wellstudiedbyLacroix. Theemphasishèreiaonthephysloalaspects.

VolcanicCowsdifferin their physicalcondition:nrst, the MaunaLoatype of
swifttymoving,luminous,coherentliquid;second,thé Etna type, moreviscous,
eonsotidatingatthe surfaceintodiscrèteMocks;and third, thePeieantypewithita
autoexplosiveliquid,setf-expeMedin the formof a oomp)ete)ysubdividedmassof
still activeparticlesisolatedfrom oneanotherby vapor n)ms–the wholemasa
Cowingdownanystopewithineredibtespeedbecauseit isfrictiontesa. ThepartMea
of liquidlavaeontainvaporsinsolutionandgivethomoffsorapidly that theyare
cushionedfromeachother,andthe gréâtavalanchesrushdownthemountainslopes
in utter silencel Thèseare the nuéesordett~Mnamedin referenceto the ctouds
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whiehme, but tbe namedoesnot adequatoly expMMthé gréât souroeofenergy in the
avalancheat thébase of thé oloud.

Thé data aremicrophonie, seismotogic,and astronomie, in addition to thé narra-
tive of major éventeand a fewnotes on the temperaturea. The obaerved speeds of
Bowof the tt<<<Mardentéesrangedfrom 10to 33meters per second. There are some
electrical charges from thé etouds, and "nashing aros" are desoribed as possibly
light reBeotedfroma soundwave-front.

One physicoobemicalhypothesis is presented by tbe author with the frank remark
that it may be "outrageous,"–name!y, that at depths some igneous magmamay be
in a vapor phasebeoause of excessheat. Thé latest etatement of expert opinion on
this Is by Fenner (in Econmie Ceo~, volume30, pp. 92&-980,1936)and h unfavor-
able to thé idea,ehowlngalso that high pressureamay develop from dhaoived gfMee
without having the magma itsett become (jMeous.

Thé generalreader willBndinterest in the section (pp. 8 to 12)on the diagnosisand
prediotionof volcaniceruption, and in the manyexcellent photographs.

FRANKF. GBOrT.

D<MKW«oKMt'cAfMtto)~ <xtMSo?et~r t<e!'M6f<!pAt'MAenPro~MoM. By H. TmtTacH.
23 x 1: cm.; ivand 88 pp.; 34 Sge. Wien: JuMueBpringer, 1936. PriM: 3.60 RM,
The orthodoxmethods of drawing crystals from a stereographio projection are

described with epeoiatemphasis on their application to the study of habit. Sue.
oessivesectionsdeai with the drawing of a planon the plane of projection and with
représentation in parallel perspective on an arbitrary plane, the true habit being
obtained by the use of measured central distances. A further section desoribes
the drawingof twin crystals. The writing is ctear and concise, but a fewof the more
oomplicatedBgureBmight have been reproduced with advantage on a larger scale.

F. C. PfHLUM.

)~<M<~<<MM))~M).MM<mMMt(pa). By H. JonomtBBM,with an introduction by
S.P.L.Soreaften. 1ô x 22 om.; 284 pp. DreedemTheodorStetnkopff. Priée

paper, 16RM;bound, 16RM.

In recent years there have appeared both in the English and in the German ian-
guages, anumberof excellentbocksdeating with the determination and applications
of hydrogen-ionconcentrations; the author of thé book under review bas ncverthe-
tesawritten another, apparently at the request of the publishers to flll agap in their
series of Mionti&imonographs. Neariy half of the book, 114eut of Z16pages of
text, is dovoted to a consideration of the fundamental principles involved in thé
determination of pH, and the theoretieai aspects of électrode potentials, buffer

solutions, and electrolytie equilibriaare disoussed in a concise but adequate manner.
The treatment ofacids~nd basesis particularly interesting, since the author adopta
throughout the modern viewpoint which regards aoide as yielding and bases as
accepting protoM, respectively.

The next section ofthé book, ?pages in length, consista of a review of the meth-
ods of measuringpH; thé author does not intend this to be complete, for the reader
is referred to other treatises for further practical details. Nevertheiess thé methods
of uaingthe hydrogenand quinhydrone etectrodes are described in suffioientdetail,
but the account of the glass electrode is iittie more than an indication of how it
can be used. Cctorimetric methods for determining pH, whieh either do or do not
involve the use ofbuffer solutions, are deacribed,aithough the simple "drop-ratio"
method of Gillespieis not mentioned.

The last portion of thé text, entitied "Teohniseher Teil," oeenpies someseventy
pages, and in it aredescribedsixty-two examplesof thé importance of measurements
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ofhydrogen-ionconcentrationsinindustry:amongBtthesearerefereneeatofermen-
tation, baking,augar,paper,leather,organotherapy,agriculture,milk,confection-
ery, textDex,anddyeing. Aton-pageappendixonthesubjectofpH inacid-alkali
titrationethen follows,and tt ta herethat thénewerconceptof acideand baeeBta
particularlyusefut. ThebookIscompletedbya<fetofovertwohundredandfortyY
références,arrangedin aiphabetieatorderaeeordingto thé nameeof thé authors;
and theretaalsoa goodsubjeotindex. It jsnotsurpriNins;to finda relativolylarge
numberof roierencesto Daniehand Scandinavianliterature,eiMe the author ta
workingtnCopenhagen,butEngtieh,American,andGermanjournaisarewellrepre-
Bentedin thetbt. Thébookeanbafeeonunendedas g!vmganeMeHentsurveyof
the subjectof hydrogen-ioneoneentMtfoM;lta viewpointIs up to date aad it h
writtenln a etearand simplestyle.

B. GLABSTONB.

JournalofMe~tMM<«fee/ATe<<)~.VolumeLVI(PMceedinge),No.1, t9M. 306pp.!
31 plates. Cloth. Edited by G. ShawScott,M.Sc.,F.C.1.8. London:The
InstituteofMetah,36VictoriaStreet,Westmineter,8.W.L Pnoe: J6t.tta. 6d.
Thelatest volumeofthé Journal(~the/wK<~ c/ Metoh,VolumeLVï,No.1,

t936,conetituteaa compteterecordof thétwomostrecentmeetingeofthéMientMe
Me!etythat is KaponaiMeforthe publicationof thisuaefutbook. Theteepeotive
gatheringewerethé SpringMeetingand the MayMeeting,both held in London.
Atthé latter PtofessorW.L. Bfagg,P.B.8.,deMvetedthe twenty-atthannuatMay
Lecture,hie aubjeetbeing"AtomtcArrangementin Metatoand Alloys." Thie
diMouTM–inwhiohanaecountofthétheoryofatomicarrangementintheeryBtaUine
structureofanalloyiBgiven-is reproducedin full, andoonetituteaa valuablead-
ditionto ecientiSoknowledge.It bringsup-tthdatethe workthat hasbeendone
onthis subjectsinceProfeasorBragg'afather,SirWilliamBragg,F.R.8.,detiveted
a previoueMay Lecture-in tM6–on "X.Mysand CrystallineStructure, with
SpecialReferenceto CertainMetals."

A dozenpapersdealingwithmanyaspectsofmetat!urgicatworkmakeup the
bulkof thépresentvolume,theoepaperehavingbeenpreeentedat the MarchMeet-
ingof the tnatituteofMetate. Twospeotattyinterestinggroupaare thosedealing
withfatiguein metalsdueeitherto atmospherioactionor to corrosion. Another
groupie devotedto the constitutionor propertiesof tin aitoys. "UnBOundneMin
AluminiumSand Castings" and "The MeohaniealPropertiesof SomeWrû~ht
MagnésiumAUoya"are the titles of twoother papersof considerableinduatrial
importance. Aittheseandotherpapera,whichare veryfullyiituBtrated–forthe
moatpart by photomierographe–arereproduoedin e<<eMo,togetherwitha record
of the diacuMionswhiohtookplacewhentheywerepreeentedand writtencom-
municationeuponthemthathavebeenoubeequenttymade.

As the MarehMeetingwasatao the AnnualGeneralMeetingit ia appropriate
that in the présentvolumethereshouldappearthé ReportofCounoilon the work
of thé Institutefor theput year,thé reportshowingthat the workof theInstitute
haabeenfut)ymaintained.

M«eMM)-~M!A6a<roe«(Oettero!andWon-~n-OM).Volume1 (NewSériée)1934.
780 pp. Cloth. Edited by G. ShawScott., M.Sc.,F.C.Ï.S. London:Thé
InstituteofMetale,36VictoriaStreet,Westminster,8.W.1. Subseriptionprice:
.M,inclusiveof two"Proeeedinga"volumes.
Afe<oKxfctcat~&<<)-a<'<<,publishedunderthiatitle sincoJanuary1M1andMsued

as a supplementta The~ot)<A~Journal<)/<Ae/M<t<t<<e<~~<o&, haaappeared
bithertoas part of theJournalseries. ThépresentissueofMe<aHwp<ca<~&<(ret<<
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is the Ctat volumeof anewMries;it appears in a distinctive Mndin~andia complete
with its own indexcontaining many thouaanda of entrtee.

Thé extent of the publication can be gauged from thé fact that the abatraota
are gieaned from over one thousand of thé worM'eMientiSe end teohnioat publica-
tions by a ataff of lifty-eight abstraetoM and roviewerBwhose nameeform an im-
preMive Hst on the openingpage of the new volume.

The subjects deait with are grouped under twenty-four main headingeand range
from "PtopertieB of Metata" to "InduetrM Useaand Applications." It is diNcu!t
to overrate the value of theso abstraots to the busy man who deeires to keep in
close and regular toueh with important toohnical devolopmonta in various parta of
the world.

GM<KtM~ottdt't<cAder atMf~MM'MteMCAMtt'e. 8 Auflage. Herauegegeben von der
DeutaehonChemisohenGese!)Bchaft. SystemNummer 4: SticktttoN.Lieferung2.
26 x 18 cm.; pp. x + 283-606. Bertin: Vertag Chemie, MM. Price: (abroad)
20.2Smarks.

Thé secondissueof thevolumeon nitrogen deals entirely with its compoundawith
hydrogen and thé greater part is devoted to ammonia, including its manufacture.
Thé discussion of synthetio ammonia inctudes the Haber, Claude, Caeale, Fauser,
and other processes. The text bas been submitted in some eaMs to the teobnioal
tntereBts, who are not likely to have disolosed much of value. The physioal and
ehemMatptopettieB of ammonia are very fully deatt with and there are numerous
tables anddiagrams in the text. The literature referencoBare brought to May,1936,
and in the section deating with the manufacture of anunonia are !eMsatiefactory
than usual, reforence to Engliah publications being surprieingly ineomptete.

J. R. PABTtNGTON.

BtMK-und N<<!M~'e)-)toeen.Pa<et)<o<Mttm~<m(f.Bt-e~MM~/ï. ByA. GBOMMR.
ZugleichAnhang zurMetatturgie des EiMM in Gme!inBHandbuohder anorgani-
sohen Chemie. 8 Auflage.Hera<Mgexebenvon der DeutMhen ChemischenGesell-
echaft. 26 x 18 cm.; 426 pp. Bertim: Verlag Chomie, 1935. Moe: unbound,
44 mar)cN;bound,48 marks.
This volumei8a Buppiementto that published by thé eame author and in thé same

series in 1932,and forme an independent supplement to GmeHn'tt~ofMf&McA.It
ineludes patenta in Austria, England, France, Qermany, Switzedandandthe United
States of America for the period from March 1932to the end of 1934. It gives in
three columnathé composition,the properties and applications, and the patent refer-
ences. The alloys are classified according to composition. Although thé first
part inoluded patenta from 1880to 1M2, it was a hundred pages smatter than this
supplement, so that some idea may be gained of progresa in recent years in this
field of metaUurgy. The work ia likely to prove very usefu) in technioa) Hbraries.

J. R. PARTtNO'rON.
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THE HEAT CAPACITYOF SATURATEDSODIUM
SULFATESOLUTION

KENNETHA.KOBEAttcCLABENCEH. ANDEN80N
Dop<M-(MMH<p/CAeM<M<E~'M~rtM~,Universityof~<MA<'<tt<w,Seattle,H'<MA)'t~<<w

K<M!'Mt!October17,~M

The heatcapacityofsaturatedsodiumsulfatesolutionisof importance
in the problemofrecoveryoftheanhydroussaitfromits aqueoussolution.
No data are reported in the literature for the saturated solution. In
fact, data for heat capacitiesof practicatiyatt saturated sotutions~in
contactwiththesalt arenot in théutorature.

APPARATP8

Heatingelement. Apièceof Pyrextubing, insidediameter3 mm., is
drawnout to givea thin-waHedcentersection1 meterlongand 1mm.in
diamoter. A 20-gaugecopperwireis Botderedto oneend ofa pieceof28-
gauge constantanwire 1 meterlong. The constantanwire is threaded
throughthe tubingandthe endsolderedto another20-gaugecopperlead
wire. Thefineglasstubingis woundintoa spiralapproximately35mm.
m diameterandwith3 mm.betweenthe turns. The ends of thé heavy
tubing containingthe copperteadsare broughtup at right anglesto the
planeof the spiral. Thecopperleadaare connectedto the lowerendsof
bindingpostsina suitablecorkstopper.

Calorimeterarrangement.A 200-cc.wide-mouthDewarSask is used.
In the corkcontainingthe heatingelementarea 100°C.calibratedther-
mometergraduatedin tenthsanda glassdrill stirringrod drivenby a
motor stirrer. The heatingelementis phced in a circuitwith suitable
variableresistances,calibratedammeter,andvoitmeteracrossthe heating
elementtocheckconstantlytherésistanceof theheatingelement.

Waterequivalent.A constantcurrent of 1 ampereis passedthrough
the heatingelementimmersedin100g. ofwaterin thecalorimeter. The
range of temperatureis 25"to 95"C. At each10"C.interval thé current
is shut offandthe rate ofcoolingdetermined. Theroomtemperatureis
maintainedconstant.

HEATCAPACITY,32.4"C.To 102.8"C.

Above the transition temperatureof sodium sulfate decahydrate
(32.4'*C.)the solubilitycurve is inverted. A saturated solutionof the
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saltispreparedat 34.6"C.andÎOOm!,ofit ispipettedinto thécalorimeter.
Onegramofexeessanhydroussait is addedto insureeryBtaUhmtionofsait
fromthesolutionas the temperaturerises. Data aretakenovertherange
35"to9S"C-,withcoolingcurvesat 10*C.b!terva!a,asin thedetermination
ofthe wateréquivalent. Oneadditionalcorrectionmust bemadein the

calculationsto account for the heat contentof the anhydroussodium

sulfateprecipitatedfromthesolutionasthetemperaturerises. Théaver-

ageamountof thissalt (+ g.) is determinedby a graphicalintégration
of the solubilitycurve. The heat contentia then calculatedfor each

temperatureinterval,Usingthe heat capacity from the International

CrittcatTables(6).

v. ..wv. ,.y.w.,»w. .ava.a .va..a.aw.,v ..aw..v ..a v.

TABLE 1

Neo<capacity of e~HMM sodium<u</<t<ete<«Mott

BOtt f*MM.At)Ht
t)a<tf6<

AVmAnB
'OATM VAt-MB.C.

mtB
–––––––––––––––––––––––– *Vm*OB

Y~t.oa.C BY
c. MMtt

M M M MO*n<M)t I

'C. tWMttt
32.6 07946 07M9 +O.M
36-45 0.793 O.M3 O.MS O.M4 0.yC3<t0.7983 -0.01
46-S6 0789 0.790 0.790 0.790 0.7902 0.7893 -O.H
M-M 0.786 0.787 0786 0.789 0.7864 0.7846 -0.10
(?-76 0.779 0.780 0.778 0.779 0.7799 0.7798 -0.08
76-86 0.775 0.776 0.774 0.776 0.774Z 0.7734 -O.M
86-96 0.763 0.768 0.767 0.79760.7672 0.7668 -0.06
100 0.7663 0.7696 +0.44
t02.8 0.76Z8 6.7676 +0.63
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Thédataare tabulatedin table1. Fromthéaverageof valuesforthe
beat capacitya graduatedvalueis determinedby the methodofEggers
(8). Thismothodabc givesa meansof extrapolationwhichis used to
givethe heat capacitycurveover the ranges32.4"to 40"C.and M" to
t02.8"C. The graduatedourvefor heat capacityis shownln figure1.
Thiscurvemaybeexpressedbyequation1,wheret "C.

C = 0.803 1.14X 10-<< 3.2X 10-~ (1)
Theagreementbetweenthe valuescalculatedby equation1 and the

graduatedvaluesisshownin table1.
Themeanheatcapacityovertherange33.4"to 102.8"C.determinedby

graphicalintégrationis0.7796cal.pergram. Thisvalueis verycloseto
the 0.781cal.pergramreportedby Pagliani(8),whodetermittedthe heat
capacityof1 moleofsodiumsulfatein 18molesofwaterovertherange
24"to 100"C. Thissystembasan excessof thedecahydrateupto 31"C.,
is unsaturatedbetween31"and?4"C.,andbasanexcessof theanhydrous
eatt above74"C.

MEAM HNAT CAPACITY, 20"C. TO 32.4°C.

Below32.4"C.thesaturatedsolutionis in equilibriumwith thedecahy-
drate, forwhichthesolubilitycurverisessteeply. Fifty millilitersof a
solutionsaturatedat 20"C.arepipettedintothecalorimeter. Calculation
shows91.5g. ofsodiumsulfatedecahydratewilldissolvein thisto givea
solutionsaturatedat 32.4"C. The decahydrateis added to the solution
in fourportionsoverequalpartsof the temperaturerange. Roomtem-
peratureis raisedat the samerate as the températureof the calorimeter
to eliminateradiationandémergentstemcorrection. Correctionsmustbe
madefor the excessdecahydratecrystatspresentin the solution. Data
are not availablefor thé heat capacityof sodiumsulfatedecahydrate;
Kopp'tjrule (4) maybe usedoverthis smallrangewithoutgreaterror.

Thémeanheatcapacitymaybe calculatedpergram of initialsolution
or pergramof averagesolution. Theaverageweightofsolutionis found
by graphicalintégrationof the solubilitycurveover the range20" to
32.4"C. Theaverageweightmustbe correctedfor the amountofunhy-
dratedsodiumsulfateinthedecahydrate,as théhydratereadilyenioresces.

Fromthe data the meanheat capacitiescalculatedare: 5.51calories
per gramof solution(average)and 7.92 caloriesper gram of solution
(initial).

HEAT OF TRANMTtON

Twovaluesfortheheatoftransitionarefoundin the literature. Cohen
(2) found16,509cal. per gram-mole,and Leenhardtand Boutaric(7)
found18,400cal. per gram.mole. Th<%methodused by both workers
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startedwith thesait in solutionandmeasuredthe heat ofcrystatHzation~
whichmay be lowerthan the heat of transitionas att of thé heatof the

crystalmaynotbegivenup immediateiy.Themethodusedinthiswork
wasto measuredirectlythe heatof transition.

Sodiumsulfatedecahydratecrystalsare introduoedinto eithernitro-
benzeneor tolueneas the heat transferliquid. The liquidis heatedto

33.4"C.tthe decahydratecrystalsadded,and heat appued. Asheat is

applied,the temperaturerisesslowlyuntUthe transitioniscomplete,then
risesrapidly. By plotting temperatureagainst time the intersectionof
the twolinesgivesthe end of thé transition. Correctionismadeforthe
heatMeessaryto bringthe crystalsfromroomtemperatureto the transi-
tion temperature. The heat capacitydata for nitrobenzeneas givenin

InternationalCriticalTuMea(6) do not agreewith thoseof Parkaand
Todd(9),whosedataare used. Theresultsaregivenin table2.

Theheat of transitionmayalso becalculatedfrom the vaporpressure
data forthe decahydratecrystalsand thesaturatedsolutionby usingthe

Clausius-Clapeyronequation. The value found by this catcul&Monis

19,000cal. pergram-mole.
Data, calculations,and correctionsappliedare too detailedto be given

here,but maybefoundin theoriginalreportof théwork(1).

BUMMAKY

1. The heat capacityof saturatedsodiumsulfatesolutionfrom32.4"
to 102.8"C.mayberepresentedby theequation

C = 0.803 1.14X 10-~ 3.2 X 10-~

Themeanheatcapacityoverthisrangeis0.780cal.pergram.
2. The meanheat capacityof saturatedsodiumsulfatesolutionfrom

20"to32.4"C.is:5.51cal.pergramofsolution(average)and7.92cal.per
gramofsotution(initial).
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3. The heat of transition of sodium sulfate decahydrate is 18,700 cal.

per gram-mole.
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THE THERMALDISSOCIATION0F CALCIUMCARBONATE

J. C.SOUTIIARDANCP.H. ROYSTER

Bureau<!fChemialryand~M~,U.S.PeparfMMtK<~~~««Mfe, ~<MAtH~«tt,D.C.

~<-<!t'f<~DecemberM,J~

The thermaldissociationof calciumcarbonateis a chemicalreaction
ofconsiderabletechnicalimportance,notonlyintbc caseofthecalcination
ofagricutturatlimcstoneas such,but m a numberof fertilizer-production
projects,suchas thefixationofnitrogenascalciumcyanamide,andin thé
severalproposedpotash-volatilizationprocesses. The experimentsre-

portedhere wereundertakenat this laboratoryin connectionwith thé

devolopmentofa blastfurnacemethodofproducingpotashfromsilicate
rocks.

Severatinvestigators(7, 10,12)haveshownthat calciumcarbonatedis-
sociatesinto calciumoxideand carbondioxidewithout the formation
ofan intermediatebasicoxideand withoutsolidsolutionof the resultant
calciumoxidein the undissociatedcalciumcarbonate. Theatmospheric
dissociationtemperaturehasnothithertobeendetermined,however,with
muchaceuracy. Amongthé morecarefuland récentmeasurementsthis

temperatureisgivenby Johnston(6)as 898*C.,by Smythand Adams(9)
as 897"C.,by Andrusmw(1) as 882°C.,and by Tamaru, Siomi,and
Adati(10)as 882"C. Whiietheseobserveradifferby as muchas 16"C.
intheirdeterminationofthedissociationtemperature,theheatofreaction
atatmosphericpressure,ascalculatedfromthepressure-temperatureequa-
tionof thèseseveralinvestigators,variesabout1 per cent froma mean.
The respectivevariationsin temperatureand slope of the logp curve

suggestthat the diserepanciesweredue largelyto errorsin temperature
measurement.

InAndrussow'sapparatus,the thermocouplewasenclosedinthereaction
chamberinaneffortto measuretheactualtempératureofthedissociating
carbonate. Andrussow,however,doesnot referto the calibrationof his

coupleor of hismitUvo)tmeter.Tamaru,Siomi,and Adatiuseda cali-
bratedthermocouple.Sincethey employedthe Nernst quartz*8berbal-
ancemethod,however,they wereunableto place the coupleinsidethe
reactionchamber. It seemsprobablethat thisexternalcouplewasnotat
the temperatureof the reactingcarbonate,since the vessetand couple
wereinsertedintothe furnaeeto a depthofonlythree andone-hatftimes
the diameterof the enclosingquartz tube, andsince neitherbaftlesnor
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otherthermalprotectingdeviceswereusedto minimizethe thermaldis-
turbancedueio the circulationofroomtemperatureair throughtheheated

partsof the appar~HM.JohtMtondiscoveredthat htBcouplegaveerro-
neoustempératuresand attempted to correct for it.

DEBCRIPTION OF APPARATU8

In theapparatususedin thepresentinvestigation,an improvedtypeof
reactionchamber,thermalenvironment,and temperaturecontrolwaa

developed.Figure1showsa sectionofthe centralportionof thefurnace.
Thisfumacewas10in.in outsidediameterand 22in. long,andwas!ined

Fto. 1.Thereactiontube

with4~in. ofinsulating6re brick. Acentral alundumtube (A),outside
diameter4 cm.,waswoundwith a nichromeheatingcoilwhichservedaa
the mainheatingrésistance. A hollownichromeblock(B), 2.5 cm. in
outsidediameterand12cm.long,cappedwith a coverplate (D)carried
a nichromewireauxiliaryheatingresistance(4). A basemetal thermo-

couple(3)wasimbeddedin a hôtein blockB and wasinmetalliccontact
with it. The E.M.F,in this couplewasopposedby a constantexternat
s.M.?.a LeedsandNorthruphighsensitivitygalvanometerwasusedasa
nullinstrument;lightreflectedfromthe galvanometermirroractuateda

photocellwhichcontrolled,by a relay,the current throughthé auxiliary
heater(11). Thiadevicebeld the blockat 900*'C.for morethan thirty
hourswith a maximumvariationof 0.04°C.from its meantemperature.
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Itwasfonndn<'<'<warytopro\id<'a<hirdh('atit)Kf'o)),th~.stt'mhf'att'r
)a!x'Hcd5 in n);"rc ), it)or<h'rtu prcv<'ntu co)()spot ap))('a)'H)Kat btock D
due to ttpward radiation. A thin-wattf'dptftthmn)n'tu'tiot) chambt't' (C),
50 mm. )o))Kaxd S.))mm. ilsMttsidfdmmctor,w!~io(-at<'() within btofk !)
nnd wits<'otnt('ct<'dwiththc <'xt<'nta)prcssurc-mt'itsurht~systou hy tt t.mtn.

))ur<'))tMti)m[utu))cH.Aftt'onnM'ttonsmthispat'toPttu'itpptu'atHKWcr''
K")d-so)d)'r<'d.

Thepnndpa)thtTnMC(Mph'(p)tttinumtOp(-)'(-<'nt)'hH<ti'))np)i)tinunt)
wnsn")d-<")d('rcdto thc rciK'tiun('han));<'t'at!t )o\<')'poittt (in([i(-at('dby t)K'
ntnno-at t in fiKH)'<')). Tttis ('unp)t' hadbcf'ncatit't'atcd at thc Bm-t'auof

Standards. Unth('ha.M()r<hi.s('a)i!)ratiu))t)K'nM'hin~pui))t<)t't{u)dwas
found ht nm-apj'aMtus prier to thc instujtationuf th<-rcaf'tion tube to hc

I062.9"C'. (lOKrc.tncttinKpoint ofKo)d, t927 tnt('rnatiu)ta)Tt-n)))<.raturc
S('a)t'). A .second)0 p<'rc~nt rhodium piatinnm wire was Kotd-sotdcn'd

top)atmum<'hHmt)('r('atanupp<'r))oint(point2),a))din<'MtnM-tn)nwith
t)n' rhodium ptatinmn win-ut point 1 sprvcdas a difÎM'cncccouptc. Hand

)'<'K't)ationof thc currcnt i)t tix' ston hcatcr 5 pn'vt'))tcd n tt'mpcraturc

TA)!)-:)i
/~Mf«'t'nftMt ~t-f~Mff of <-tt<rtMM<<f<)«<t<ff<

Tmt'tK.tTmftf'f' ''KKMrjtm'trMm- fKtWXH)S(MOt U)HEMt:X''t:OH~KV<:hn.
UK)trrKt(OnM:tt~:D) m:«Hm!jjcn.ATK[)) M!!ftt'AMH.tTKU

!3 M(it) M(M -()(?.
S77.KR ;)i)87 .HKS +t).()4
~4f! -)223 -12.23 O(X)

77-tSR )<)')3 ))2) -02S

différencebctwponpoints t and 2 of more than 0.05°(. Pressure within
chambcrC \vasrpad on a mcrcury manomctrr ha vint; an interna) diamctcr
oftOmm. Thisnta))<))npt['rtub('wa.smount('(ti~frontofamin'')rfdjj:ta.ss
scak' whk'h had bcon eatibratc<)at thc Bureau of Standards. Prmsurc

reaftingswcrc rpduccd to 0°C., antt a Rravity correction ofO.44 mm. ))t'r
atmosphère apptipd. Thèse rcadingswt'rpprobabty accuratc tu O.t mm.
of mprcury. Boforc admittinK mcn'ury to thc manomctcr, thc rcaftion
chambcr contanunRthe carbottate samp)p \vashcatcd to 300°C., pumppd
down ))ya mercurydinusion pump, and ontf;assfdovcrniRht at a pressure
of 10" mm. of mcrcury as rcad on a MpLpodK~W.

HKSL'I.TS

Thf carbonate samptcwas takcn from anopticaHy c!c'arcrysta) of catcitf
from Mitmcsota. Anatysis showp(tthe crystal to contain O.Ott pcr (-t'nt
of maK"csiun) oxidc. A samptc wc~hin~ 0.773 K.) orushod to about
100mesh, wasptacpdin cham))crC, n))inf;it approximatcty half futt. Thc

sampte was Mtbjcctcdto thermal dissociation,thc carbon dioxidcevotvcd
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W!<'n<'aK))r<'di))!tbt))'('t,f)))dth('('ompf)sitionot'th('s())i()pht)s('UMMtin

th<nu'nsnr<'m('nt.<\vasfMnanub('Mp))ruxi)nMt{')ySOp(')'(-<'))t(-Mh.'it))n

oxidt'and20pn-ct-nt('Mt(-han('!tr))())t!tt<a.spa)<-u)!tt<'t)ft't))))<h''t))<'a.su)'f'd
<n-)'ottdit)xidt-n'mo\'('(). Inthcf'ast'ofMtchwjuiitbrimnprt'Ksm'cshown
i"'h('tHt)tc,th('tnu))('rHh)r('M'!t.)n:tit)ttun<'() constant ft'omoM-tu two
<)ay~. !n<U'h<'asc<'qni)ibHmnwttsat)j)n)ft''h''dfr())n))')th.id<'s.

TtH'pr('ssnn-tMu)~)-i)ntt-(')-('i!)ti()ntwurd('di))tMht('I)t)Hy))f'rPpt'('-
''t')tt<'()hyth('<'()U!tttoh

'"K~ = + 0.2 )oK'J' 0.)iU8X t0~7' + 9.3!7t1 (1)

'h(')hx'iu't')!tt)')n

~=0.76-0.00(;)7' (2)

~sMssu)uf-dtun'pn-M-nt~C,,fM-t)K'dissM(-itttiunrMU-ti()))(2,3,4,6,8)
inthc t(')))))(')'ntu)-t')-an)!(900-)200°K). Thccw-mt'it'ntsofthcthird

!U)dtuurth<n-msim'qn)ttiuttl\('n'tak('nfrMncqutttK)n2. ThcsM'ond

~~H~h~h~M~mtw~v~b~Mho~w~v~hd~
s(TYttt)u))t!asi)tdt(-Mtcdintht'ta)))e.

Cn!cnh)tp()frmn cquation 1, thc Mtnwsjttx'rk-ttissot-iationtctnjx'raturc
i-.894.4°C',;UKtshoutd bc currect to bcttt'r than 0.3"('. This tt'ntjx'raturc
is t2°C'. hi~x't- than thf 882°C'. obtaincd indcpcndcntty by AtKtrussow
!U)t)hy Tamaru, Siomi, at~t A()ati. It is 2.6"C\ lower thim thc 897°C.
(~))tai)t<'tiIlySmyth nn<)Adams, wi)ichomybt' within thch-jtrobabtcprror.

Ft'MucftUittiont1

-u. = 38,550 ça).

SL'MMAKY

1. A funM)<'('was(-unstrut't('d('ontai))h);{!t''('action('ha tnbt't-which~-as
!nmnt!un('<ti.<oth<'t'n)idwithin 0.04° nt 900''C. for mort-than thirty hours.

2. Th<' tt'tnpt'mtun' at which thf (tti-i'ot'~tMnpressure of catctum car-

))<))mt<'('()U!ds<)n('atni<).f))h<'r('W!tsf<)u))()tc))('894.4''(.

Mb:f'j.;KJ-(-)-:S

()) AxMMLssow:Z. physih.Chcm.116,8t ()92.'i).
(2) U;(<-xsTt<"M:.). Afn.Ch<-m.Sf~.47,2432()92~).
(3) t':sst:)t.AvKtU)tK(i),AXt)GxAss:Arch.KiM-ttttitttcow.6, 2!!9(1933).
(4)Gn«!«mAxnStnwtKTE:Z. fmofjt('ht'm.216.188(t933).
(.t) JonxsTox;J. Am.Chon.Sof. M,038(1910).
(ti)KAssEt.:J. Am.Chon.Soc.M, )S3S()<?)).
(7) R)E.sR\'Ft:).M:J. chim.phys.7, ;'?) (1909).
(8) Ho'mA~H«R)tT)t.\M:Z. Kh'ktrocht'xt.36,297(?2~).
(9)SMY-tMAxoAuAMs:J. Am.Chcn).Soc.46,)t(;7(t9Z3).

(10)TAM.otr,StOM),.~u A)).\r<:K.physik.Ch<-tn.167,447()93t).
(11)ZABEt.AxnHAXtux:H<'v.S<-i.h)strum<'nto6,28 ()934).
(t2) ZAVtOEV:Compt.rf-nd.146,428(1907).
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THE CREEPING 0F SATL'HATHU SALT SOLUTIONS

T. Il. HAZ)J-:HL'MST,JM..H. C. MAHTI\, A«~L. MU-;W)':R

/~f/)ft)'<tMfKfU/t'/itt))<i!f)'j/.JLt'A'jt/i</M<t'<'<'«<)/,B(<A/<7«M),~<tjtMi//t'«Mfft

?<'<f'r«/~~<'< ;M,/OM

!'<Tf(Om.'CT!OK

Two studios of cn'cping hâve bK*nrK'ordff). H. R. Was!tburn (4)

tried varions sotutionsamt .sotidsurfaces and notect thc gpncrntnature o)

thp phcnotnfnon. He ot)sft'Mt that cn'eping is foom) not only in aqu''ous
sotutiot)i!of ('tcctrdytM,but atxo in non-aqucotts Montions (e.g, sulfur ix

carbun bisuiSdc),and of'cm'snot onty on gtass, but n!so 00 porct'iain and

mpta)s. J. G. F. Dmcc (1), in coinnion with A\'ashburn, foundquantita-
ti\'c rt'sutts practieallynnpossibtf b~'ausc of the farK'*nutntx'r of vartabk's,

but submittcd a )ist of substances "in dcM'cnding ordt'r of ('rcoping:"
annnuniumch)ori<)c,xim'suifatc, barium t'hioridc,potassium nitrate, man-

ganoussutfatp,s<j()ium('h)ori(t('. Dt'tK'f'docs not (tcscribphiscxpct'impnt.
Washburn sccm.stu hâve workod with sotutions cvufmratiog in di.shcs.

Thc tattcr offcrsas an t'xp)anation of thc phpnomcnon thp formation of

capi))arit'.sby thc dcpositfd crystak, up which tho sututton )nay risf with

thc subscquontdépositionof mort' crystats and thc formation of ncw capit-
taric.s. It i.sdinicutt <opicturc how thf capi))aric.<arc formt'dorigina))y,
for the protru~on of t))c(-rysta)sbcyond thc nmits of thpsoiution sM'n]s

mu<'h)ikt' raising otM'sctfby onc'.s boot.straps. Thc présent authors 6nd

that crccpingdocsnot 4<a<'<by thc formationof capittarics, ahhough tht's"

nndouhtttny cuntributc )ar);c)y tu thc tnaintcnancc of vf'rtK'a)<'rcc])inj;.

Thc prime factor in thc production of crccping is thc abitity of thc .wM

A'<~t<<ftu M'(<p/'f/f<v«/;a~</«'wM s«;/act' ott-rH'/nc/i</tct')'f<'p!MC ~an.

HXPKXtMENT.S

To ohtain a quantitative estimatc of tho hcight to which acrccpingsolu-

tion will c)in)b,f;)assrods, tho'ouKhty washcd and rt-pcatt'dty rinsetiwith

(Hsti)tcdwatcr, wf'rc suspcn(tc<(with thc towcr end of cach rod undcr

thé surfaceof a .saturatcd."otutionofcither annnoniun) chioridt',potassium

chioridc,sodiumchtoride,or potassium iodide. Thc apparatus wasptaccd
))))(tcra bell jar to in.surcas far as possibleuniform con<titionsof cvapora-
tion. Conppntratcdsutfm'icaciftservcd asa drying agent. Tab)e 1show.

the numcricat resu)tsobtaincd.

In agrc<~n)cntwith thc resuttsof Drucc, ammonium chtoridc isthc "best"
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(Tt'cppr. H<)wcvo-,th<'ttm)))M'rs)ist<'dart'n)U(;)'!(\'<'rat; 'i'hn'(')-ods

w''r''susp(iKh-din(w'hs(~utMnandtt)t'a\'f')-a);('ht-ighttt)whi<'ht))t's()h)t<'
cthnhcd \va.srccontMt. In spitc uf <<-t-yoart- tu insm-c ncarfy unit'ortu
conttitions,n-sutts cun)d«ot ht-chcckMt))y.subscqucntcxpcmncttt, t'x'-cpt
in t hc(-ascot t~tassiumchtoridc. tn fact, thc thrcc rmtMsHspcndcdsimut-
tam'uusty in th<-sanx' sohttiu))woutd hc œu-red tu hcight. dtiïo-inKby
it)titt<-h~')nort-.

Tttisshuwsthatitt-'tntt-utuftttf'u.suMtmMCMscojHo
variaht~isi)).<uffi(-i(-nttu.<<'(-u)'<-(-()tt('ordantr<'suits. Dout't)<<su<')t
)n-itt'<it-MHynm-ontt-ttttMbicfi~'tors us tocid~Mf-fotmtitm nud tcmpcmturc
(-u)tditiunsin t)K'hmncdiatc nciKhtMM'hooduf:t dt'pusin'd cry.sttt)havcntt
K'-<'atinftm'nccupon t)K-ratt- and t'imnn'H'rof succocding (~'posits titct-c.

It w~ cvidt-nt that (-[-<-<'))mKwns of twu sot-ts. Atot~ thf rod tts<-tf
tUtdctoscjyadhcrt'nt tu it wasa faycr of vo-y(jnccry.stut.s. Oacco-M'pin~
ftad conuncnt-t'd,thc uppt-t-(~~c of this crystat mass was a<t<h-(t<ofah-jy
n'K"tar!y. Atintct-vais thi.s pt-ot-t-sswashattt-dtctnporat-ijyiutd mort-

*Thi!<s<)tuti()n<'()nt;(in('d)j)o-<'<'t)tK<')"t'

w.

cry.<tH)swon)dgru\\ outsidc thc Hrst taycr. Thc fx-Mtiaycr was rcgutar
an(t cvo); thc secondand sm-f-cf~i))~)ay<-rs{;rc\vin tocatizcd rcgiottsand
tn-('Ku)ar)y. Done-shapcd, py)-atnid:d,or t-antinowo'-tikc growttMap-
))''at-(-d,an(hiotinfr(-()U(-nt)y"tMh-<'rystab"(2,3). Am)not)imn<-h)orid(-
was parti<-ut:u-)yprotiHcin this rpspM-t. Thc distinction bctwccn tt~' two
sort." of o-fcpin~ was cvcn more évident whfn .stn(ti<'<)microst-opicatty.

Vcry frM)m'ntIy([ppo.sitionof o-ystats took piaf'c in tho ))u!kof tht-
M)tution('otttinuous)yfor somo titnc (c.g., pigtttponhours in the fa.sp of
sodium f'hiot-idc)bt'forpfrccping t-omtncncM). I)n-aria!))y, a.s far us thf
rye couM<)<'tf<-t,(-rystat)izationbcgan o!i thc sm-fac'pof thc t-odwct)Mt~c
thf surfaceof thc solutionbcforccrccpingwas isib)c. Accurdiogto Wash-
))ttrn'Kcxptanationof crccping,the ro(),whichwa.sco-tninty c)can andwct
wttb thc sotution, shon)d ha\-c a))owcdcrccping immcdiatcty, and thcrc
shouid )m\'c ))ccnno ncccssity for thc présenceof ('ry.sta)s wct! hcncath
thf su rfaccto initiato thc procc<!s.

TAHt.Ht1
f'n'<;«'Hjy«nj//fMitrfM/<

MtJ(iMT(St\mt:ftAtTKH
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IS Mtmuf OOhoun)

`.

KL.. )H t() \1

~"C! (H)IJ ,)(;

KO). 3))u a,, g~ 11

~< 2. :a 30 3(trl

Xt!.(')' 2" 2. 33
K() Mufi }}.<)fi :;(,(J

s Tlriv xulufirm ,'ullt!iin'~fl 1 m. .rrs .t..v:
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Whfn drop.<ot' thf sotution. w<-n'<apo)-atcd npou gh~s stidcs, thf

dftMsitcd crystnts wcrc found ovcr an art'a far fttt'gcr than that of thc

originaidrop. That they found thph' way out «\'<'rthc stidc by tt mpchu-

ni.<tni()pntif'tdwith that hy whM'hth<'ycrept up rcdsor t h<'sidcHofhpakcr.s

was pvidcnt. This arrangpmcnt nmdo possible microscopic obscn'ation

of thc process using tnagnification up to 500 timrx. tnvariahty creeping

wnsprcrcdt'd by crysta))ti!ationm thc intcrio)', at'<!hcg~n nt thosc points

whcrp the o'ystuLsapproM'hKtand ttn'nst againxt thc pdgpof the drop.
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~ntn!t< f;.n. t.tL.Note m Hgun.2n hwvth<-upppnnost t-ry~ta)ufpotassium phtofidpapppa~to bc pushtng or ~t-ctt'hingthp M!gfof the drop.

)'.< 2. Ph..t<.mi.-r.));ro))h.i.takt. at i.,t<-rv~ uf tt f.-Ms(.<.o..ds,of thé h~mt.incMt.d))r.,Kr<-ssof <<.pi,,K in a dr<.p<.fp..ta~iun.hioride s.-tution. Sa and 2b
Mkt't)tnt))))nKhtf)ctdi;tumination!2<-withtt))t-kB<'tt).

tn many drops, cspf-cittHyof sotutions of tmunomum chbt-Mc and the
a)kah tMJidfs, another curious thing took p)acp. lltc !t(h-a)K-eof crt'cping
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was rcgutar und fah'!y mpid untit .suddcniytht'rc opt'urrcd a "Hoodiog."

Thc att\')un'h)t;matfs'of cryxtafKwa.s\-<rysudd~tty br«k<'nKp and inun-

dat<'d hy tt n'tath'cty turgcquantity of Motntion. ta about hatf the ca~cs

of flooding th<*very outo'most ring ot' mftK'na) is unuiïectcd, remaining

fiXf'din positiondta'ing the whok t)ro<'css untit crfwpingbcginKagain. In

othcr cases thc outcr edgc Mahio iooM'npdand is sM'<'p<Cac~<M<'<t~<Af

<-cH~<-f~</<edrop. After Hoodingoccurs, t't'pppingccasM ont it théioos('t)fd

)na«sbecomescompaptagain through '<ett)ingnnd thé déposition of furthpr

Ï-'K..3. nhMtrati)))!thc tftK't'K"f thc pcriodicOoodinKphpn'tnx-non

t-)-ystaHincmiH('rM).F)(K)dh)gis)nvanahtytof!t)izf-d. Rcgutarcrccptnj!

occurs at othf'r points of thc pf-riphcry('vcn whitc ftootting is prop<'pding

atccrtainpcmt. Thcc-ry.stutmasstooscnfdhynoodingandsubspqucntty

)-c('onso)idat(t!is notifpabty thickcr that thp u))ftoodc()portions. t':ach

suM't'~h-c f)oo(t:ngproduccsMn<'wthk'kt'nmg, and it is possiMf to look

OffMtrscthpfryxtHt)!t))pt))s<')v<'sdonot tn«v whitp(-rpfpinKMKomRon. Th<'

outcrcdgcof thc d<'p«sitt'dUMUfriatattvatu't-sbccuuMnew crystatsgrowheyond

the limitsof thospatrt'ndythcrc.
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at a dried drop am! te!!how nwny noodingswcurrctt during thc erccpinR
(cf. figure3). A sinnhu-appcaranct' wasobservcd in thc matcriat which
had cnmbcd thc gtaxsrods in thc pavions ex~'t-iments.

Xcgatn-cresults wcrc obtaincd whcn a dc6nitc rhythm was suHghtin
thc nooding~. Atthough a certain tcndcncy towards a dcnnitp thuc in-
tcrvat bctwccn f)oo(tit)~ coutd bc trtu'Mt if) Mgh-cn rt-gion of a givHt
drop, thc intcn'ai !)oret)o simptprctatiottto Utosc obson-cdevt'n in othcr
portio)~of thé smncdrup. Sonc drops w~t tu t-omptetf(tryne~ withunt
obs<'r\'abt~'ftoodingut a)).

MHCHAKMM OF CHEHPIKU

Thc hypotht'siswhit-hsccnts to thc authors most h-uitfut in ('xp)aininK
t)K'pht'nompnaconnpetcdwith crpcpinf;isas fo)k)Wi<.Adrop of ~tution,
bM-omingsupcrsaturatMtby t-aporation, wHt ttcpotit crystat-swhcrevt.r
thprc arc nueici. Sincetht'w arc not )K'('p.s.'<arUyat the cdgc of t)K'drop,
<'rysta)softi-nappcar first h) thc interior. No crystaiMwiHform out.si([c
t)t('drop, forttic r('a;<ontttat ~o.sotutionan(tsu nosotutc exists bcyond th<'
drop.~ This appiics with t.t)uat force to thc pcmibitity of crystaXtmtion
t't'yond thc visiMctimits of thc sotution in thc commoo t-aMcoff'rccping
up thc wat) of a dish. Thc notion that crysta)):zat:on can of-cm-thcrc
a))()su fora) capittarics up which the sotuttott may ('tuub appcars hig)))y
unprohahtc.

Thc smid)crystats nr.st formc()in thc intcrior of thc (h-optnay hc and
fréquent)yarc drawn by thc action of surfaceforces to thc three-pha.sc!int-
whcrc solution, gtai<.s,and air mcet. It ofto) ha]~p(.'nsthat cry.statHarc
formcdncar this );nc, bccausc thc ponvcxsurface of thc drop m'arby pro-
motcsc\'aporation and so Jot-aisupcrsttturation, which favors crystaniza-
tion. Thc crystals now ha\-c thc opportunity, if thc intcrfacitd tensions
are of thc propcr magnitude, of wctting the giass prcfcrentiaUy, t.c., of
'-onunginto intimatc or optica)contact with it, no solutionor doivent into--
vcning. Thc sotutiontouches and wcts the gtass att around but not undcr
thc crysta). Thc crystal will grow most rapi(tty in thc tht-cction away
from thé (trop, hecauseerystaHization iKmost rapid in thc thin film of

tt iatrm-that )K)Ut-ou!)butions "\tt.t" )!<MM,but thc ant~ of<-ontnf-tis tttmoet
tx-vcrx<.r<.inpnn-ticc.audis rf.t-titintynot «owhota (tropwiHmfuntait)its shapcanu tn.tHpr..i)dto formtt filmof unifonnthickm-ss.Thé poxsibititvof a mono-
nK))(.(-u)ar)i)n),orcvp))it verythin pf.tytnotccutftr6)m,ovt-)-thésUdfheyondthe
timitsof th(.(troj)is not ..ntirctyprct-)udpd,but the nhn, if it exists, pontainaH
Hhut)yn(-t;)it!ib)pMmountof )!u)utt-for two rpasotiS:(t) in aquMuac)cF(.ro)ytit-
')o)uti')t)sthesotutcis nc{;ativt-iyMttsorbcdto the surface,and the fitmwoutdbc,") tt nMuxM-rof uppttkm)!,ntt Kurfttcc;(2) tiprMdinf:to Huchn thin Mmprohubtyoccur)!by <-vitporationandsubsMjucntrccond'-nstttionat favnrabtfpftmts,a pro-
fMturcMhi<-hMitnpossibt).forthc))(.)ut<-(cf. K.Adan),Th<-Phyttif-sandChcmixtrv"f SurfaccM,Oxfordt'nivt'rtiityPn-t)!),)930).
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sohttion covcringthé outcr cdgeof thé crysfat. Th<' growth of thc eryntat
in thisdirection carrics thc .sohttionatottg with it. Thé crysta! growsout-

wants,covered by a )ayer ofsohttion whit'h cxtcnds beyond t)tc advaneing
cdgcand thcrc act.sas a mothcr tiquor for thé growth of thé cryptât atrfady
formedand for thé formation of ncw oncs if nof'tci appca)'. Thc iaycris

t'oostohUyt'cptf'xisht'dfromthc body ofthcdrop.
Such a gt'owthon a horizontat stide \\h<')'pwhat Mna)!pfïcct gravity

bas wMjd atoo~tthc fp~atfing, might <'un<'cn'n()ty<'f)nt!nm'stcndUyuutH
att thc sotvent )m(tnvaponttt'd, and this dues happpn in thé absenceof

ftoMthtg. Nut infrcqm'otty t)K' arca origina)!yot'cupicd by thc ()wp is
atmost barc of dopositcdf'rystatsat thf end, practicatty thc t'nth'p massof
suhttion havi)){;foitoM'cdtbc o'm'ping('rysta)s.

It )nay hp notcd in thc various ithtstrations that thc crccping mass is

\'t'ry compact and that thprp are ccrtainty no ot~viouscapittaric's. It is

high)yprohahh' that thcrf' arc no('ap)Haryspaccs&('?<'<!?thc outprcryxtats.
~'hcxohttion is advancing MWthcm,not thn~ughor undcr thcm.

If xone fautt in th<*mass pcrtnits thc liquid to p('nctra,t(' it and rcach
tttc .shdc,thus gcttinK MMdfrthé cry~ta).s,thcrc M n snddt'n and vioknt
altération of .surfacecncrgy rchttions. Thf mausix ))rokcn up as far as it
canh<'tooscncdhy thc xhock. Thc advttnccd cdgc of thc sohttiott cxpcri-
ctK'csa force tcuding to tttakcit a.sornc fnorc or Jc.s.sthé po.itt0t) it origi-

nat)y occupicd. Thc tiny individuat t'rystafs hccomc separated and tend
to ))('pu))cdback to thc tnain hudy of thé drop. This tHt'vidt'ncc that if
thc cry.sta).swcrcnot in intimatpcontact with the s)idc, crccping wuutdnot

takc ptace.
Thc fact that noodingit ,'iomctitncsabsent showsthat it is notan cxscntiat

part ofct'cppingbut iscauscdhy fortuitous t'ircmnstanccs, saythc ('xistcnct'
of a crynunutc spcck of impurityon thc s)i()cwhich prcvcnts thc crysta)
ft'otn makingopticat contact.

It often happctts that Jittfeknobsa~ othcr growths appcar in thc crcpt
materia) on thc stidc just as thcy do in matcriat which creeps on rott.s.

Thcy arc cspcciatty fr~uent in thc thickcr régions whcrp nooding bas
occurrcd. Thcy rcprcscnt thc "cfforcscent" crecping, i.c., creopingupon

pt'c\ious)y dcpositcd crystats. Both nointion and .sotutowill bc ai))ctu
wct such a surface rcadity. In spitc of this it is usnatty truc that the

majorportionof thcmatcria) is to be found inthesmooth "mura)" crccpitig
(crecpingdirpctiyabng thc watt),and o)))ya sman part in thc knobs. This
is due in )argc part to thé rotative <tw<w<AHfMof thc surfaces. Frcshty
growncrystal surfaces, bcingncar)yptanc, can fomc into itttimatc contact
with smooth surfaces far more rcadity than with mugh. Thé g)assptatc
or rod Msmooth, whitc thé tnass of smaH crystats, oncntcd more or tess

at random, is rough. In foOowingthc roug)tsurfaces such gro~ths as do

occur may proeecd in any direction, cven vcrticatty. In thc proecssof
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ftoodhtgund subspqucnt rcconxoHdationit is readity concch'ahtc that

sotuc dropict.<of ,-<oh)tiontnay bct'otnc trappcd and hâve nu outk't for

deposittag cry.statscxeept upwartts.

Drops wcrcattowpdto dry simultancousty upon (i) Il potishctts)idc, (ii)
a s)i()c etehctt hy hydronnoric acid, and (iii) a stidc ground upon a (i)x'

stone. tn cvcry case crecpin~ was (tcftnitcty tcss pronounccd ttpon thc

roufththan upon thf stnooth surfm't'. ThiMnia.y sccm surpnsh)K)t'M'ttust'

)i()nid~wi))sprcad ftH'thM'upon mugh thtm upun snMoth.sm'fac'p.'i'tx'csu.sf

of thc capiHaryattractiot) of thf pits and grouvos. Thttt creepingm'curs

tess rcadityupon surfacc.swhit'harc tuorpcasily wct hy (hf solution itscif

i.sgood cvidcnf'cthat it [s thf ahitity of thf wM~.w!«<cto ad\'am'oby wt-

tittRthc surface that ix ttn*pmnat'y factor.' In support of thcw cxpt'ri-
nK'nts it was funnd that thf attdition of wotting agents sut'h as gc)ttti))
amtgardinotcau~cdthp tiquid (trop to ht' ftatto' but had no ('ffectupon th<'

t'xtf'nt or f'rccping,as judg<'dhy the rctation bctwt'cn the arpa of thf drop
and the arca covt'rt'ttby ct'('t'ping/

Thc c'Eft't'tof gravity Manasccrtaincdto bp ncgtigit)k' hy aHowing(h'up!<
to dry upon ftantinf; stidesor e\ enhan~nt! h'otH thé hottoah No signiS-
t'ant cff<'ctwasobscrvcd. Surfacecffct'tstakc prt'ct'dcocpcntircty. Wa.sh-

hurn (4) rcmarks that aftcr crystattization has procccdfd up to the rim

of a dish und ))a.sstartKt clownthc outsidc th<*advanct' i.sap<'<*)cratcd,
bct'imsf thpsotutioa"siphons" out and );ra\'ity in'tpsinstcad of htndcring.
This has not bc''n thc cxpf'ricnccof thc anthors in thc rc)ath'c)y fcw('i~c.

i))whit'h thcy studied prccpingont of bcakcrs. If a gtass rod bc at)oM'<~t

to rc.stagaiost thc si(tcof thc beako', t'rccpingscems to jM'occcdjust ahout

a.s rcadity«p thc rod abovc thc rint a."o\'cr thc rim a)K)f/<w/!thc bcakcr

(cf. ~Kurc1).

Thc foHowingobservation afïords direct évidence that thc sotid sotute

wt'ts thc stidc. If Il drop of sotuttot) is attowcd to dry, und t)tc s)it)ci.s

('xan)inct)i'rorn~'Mfa~/<,it wi!)bc t~tit'cd t)tat thcrc is a distinct difîcrcncc

bctwccn thc outcr cd~c of thc crept cry.stajs and thc rcmaindcr of thc

dcpo.sitcdsointc. Lct thc shdc bc ))ct(tin such a position that it rcncct.s

thc light fron a patch of sky or a fro-itedbu)b. If there arc no crystak
on thc stidc, )ightwillbc rcncftcd unifonnty from ))ot)).surfacesof thc s)idc.

Wu.shhurn(4)tMtcxthittxu!h)rincarhonbisutfidfcrpcpfir<'<t(tityov<'r)n<'tn))if

fopjx'r"in Kpitcuf" th<*faf'tthat « df'poftitofKutfidcof <'o))))t'rinttncdiMtctyfornM.
Thisis tncrt'tyant'xtn'xn'case h)~hic))thf Hotutc"<'ts" the supjjortinf;surface

chcmicnHy.
Quantitativeresultsarc hardt" f'btaia. Hatiossuch ns that mcntioncdwcrc

tnnMuredforfiftydrojMtn'Mriyidcntit'otixnmKnitudcMt)dfotxtitiot)!!of cva)x'ra-
tion. Thcy variedfrom2.78to U.tt), witha nM'anof t!.i2fmda mcandfviati'H)
of ).72. A)tH)n(')Mi)int)srccordcf)in thispapt't*hâvetx'ehdrawnfrox)a )arK<'nun)-
tx'r«f('xp('r)tn<'))tsin ordt'rtoobtainan'!iab)<'avenue. (~u<n)tttativc('ftnt'tusionx
<intwnfroma sinj;tft'xpt'rimt'ntarc t'ntit-t'tyuotrust~'orthy.
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Fin. 4. Showing that thp out<'rrim of rrysttttf!whi<'hhav<'cropt on a stidf is it)

vt'rvit)t.in)Ht<'contactHiththcstidc
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If the air bcyondthe farthcr surfacp is disptaccd by a crystat or any other
médiumof targf K'fractivcindex, thé amount of light rcncctcd is put down

considcraMy. Hcncc those portions of thé farther surface with whk'h

thc f-'t-ystabarc in tt~'ca<coM<t<c<witt appfarr<'tative!y dark. It Matways
thé ~«(«' nMof creptmatcriat whichgivesthis cifct't, as nhownin figure4a.~

t-'igurf4b shows thpsamostide in thc sanK't)ositiut), but afto' thf crystals
had bccn rubbcd off as wcHas possibk' with thc baH of thc thutub. It is

typicai that thc outcr rimof crystats shoutdrcsiKt rcmova)by rubbing, an-

other i)K)it'ationof the t'xtt'ftnfty intinmtp cootact of tht'sc crystats with
thc .<Iidc. They must bc M-ap<'</off with thf fîngpr nai). Thc ('tosc)y
adhèrent crystafs arc cvidcntiy thosc whit'h appcarrd dark in the first

picturc. It is pk'ar that the outer rim of crystats bas a c)osfhold upon
tiK's)i(k'and pui)sthf tiquittwith it as it grows.

FACTORS!NFLUEHC!NUCXEHPtNG

Atnong thc factors gov~rning thé ('xtcnt of cn'cping, crystut habit is
onf of the most important. Antmonimnchloride is typicatfy (h'ndritic
and cn-pp!!rapidty. On thp contrary, pota~ium nitrate forms rod-Hkc

crystats and .sugrowspn'fercntiany in onc direction. Hcncc ammonium
t'htoridc usuatty crcpps to form a roughty circutar mass conforming to

thé shapc of t))t' drop, while potassium nitrate form. a fcw dircctcd
ma~cs." Furthcr, thc formation of a rpfativcty simpte structure of fcw

units simiiartydircetedont'rs tpssopportunity for flawstcadingto nooding.
Ammoniumchtoridcnoodt<habituatiy, potassium nitrate onty t'xccption-

aity. Thcatkati haiidps,whicharc cubic )ikpammonium chloridebut not

usnattyd<'ndritic,do not crccp as rcadiiy as ammonium chtondc.

Thc nature and structure of thc supporting surface is obviousty impor-
tant. Smooth surfacesarc bcttcr for crccping than an' rough. It is atso

c\'id<'nt)ynecessary that thc solution wct thc surface or it wou)d not

ad\'a<t('cin front of thf crystats. It Masfound that ammonium chioride

sotutions ctvpt dccrcasingtyw<?Hon thé following surfaces: gtass, stcaric

acid, vasetinc, parafnn, su)fur. This is about thc orc!er in which thèse

surfacesurc wcttcd by water.

Thit!tth"to)!MphwasohtaincdM fottowi!.Li~ht from n frostcd\[K!!<i<thuth
wusrpHcctpd))\'n~'ansofuninciincd);tui!<ip)<ttcdown uponu slidebpHrin);on its
ut)d''rxurfa' tht' cryxttttsfofmctt(turinf;t)«' f'vnpontt.ionof )t dmpof potitMimn
nitratt*mtiutioo.Thé)i)(ht reOcftcdfrotn thc f))idopuHttcdhackthrou~hthé){iMsnitratr aulution. TheliahtreArrtedfrnmtlu~aliclop:rHaedburkthrouKhtheklase
ptMtpinto thf comentv<'rti('a))yabovpthe stidc. Supcrpowduponthc in)af;<'of
thc bu)bcan bc scenthe dar)[riions wherethpcrystittsMf in opticutcontact.
ThcothcrfrysttttscnnhesccnfMinttyby ficattt'rcdittumimttion.

tt mayhpofintercottonoteth<ttobffcrvationof th<*dcpositcdpotassimnnitrate
bl'twI'l'1I('rossl.dXirolH8hoWIIthut tlll!IIInjlll'portiollnf tllI' II1l1tl!rialill Olll!of thehftwct'M(-rosat'dXicotitsho~xthat t.h<'txajorportion«f th<'tntttcfia)it)ont' of thc
dirertcd masHcshos th'' optifa)axif)nimi))tr)ydir<'<-t<'d,a)thout{hthc thickm'M
varie)!fron)pointto pointandobficrvatiot)mithordinnry)iKhtxhoMt)Mnutnhcrof
tM'pamtt'<-rysta)s.
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Et'cnif thc stfpportixgsurh«'<'t'at) bf wcttt'd byboth~Jutc and sohftioH,

crccping mtty not uccur. If thc ft'cf xttt'f'tt'ccnfrgy of thc crystttt-soiid
mtcrfapptHgrcatorth)tn thc combincdfree sm'fftt-cetK'rgi''sof (hcM~uttot)-

so)td interface ttud thé .sutution-t'rystat into-faK', thf cry.~tMttmcsoh)t<'
f'anttot wct thf'sotit!sttt'facppn'fft'entiaUyand t'n'cping canHotcotnnK'nct'.

Thc tthovettppticMto crct'pittKdifM'tiy atoogttM'wali, "tnut'at"crpcp-

ittg. ït is po.ssibjc,hoM'cvcr,fut' t't'fcping soiutpsto pross a bttn'it')'<tf, say,

:<ntt'm',as follows. By "~fHQrcHcf'nt"crecpint; tkc fiaittic buitdHup a watt

of nuttft'iai at t))f Ktgf of <))('harricr. SuchwattMhave t~'f'n ohsprvt'dto

({t'owto hoight."of ovcr2 nuï). oostidt's. By a continuation of c(Hor<'s<'<'t)t

('r('f'pingparnt)c)to, but nut in actuat contact with, ttn*supporttttjtt-urtttcc,

Ftc.5tt. Knobofnnunonimnchtnridccr)'Bta!i!formedon theend oftt Rtttsscapittar~'
of aboutt mm.outEidrdiamctpr

thc sohttca(tvancpsatmost indcfinitpty. If thc barriot-is mu'rowaod othcr

circumstam'cs arc right, murât cn'cping may twommcnfo on thc othcr

sidc of thc barrier. Narrow barricM actuatiy do not prc~'cnt crccping.
Wh<*t)the Ho)utt'is prtfpinKup\ards a)ong u bcakt'r \nH thc formation

and maintenance of capiXarioMmust bc important. It is probable that

strictty mural crpppingmust hG~uppicmontcdby ftoodings wbich toospn

thf tna-ssa Mttif, pcnnitting tho formation of capiiianM. A sonjc~hat

violent <toodingmightscrioustydamagpthe )aycrof crystals at a particular

point and inducecfHon'sccntcrccping therp. In 6gnt-c 1are two bpakcrs

of ammonium chtoridc sohttion, one just approaching dryness and thc

other dry. Note the tocatizcdgrowths, partipuiarty on thf stirring rod
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)-'«!.oh. PotaMiumnitrate <-r\stM)s~rownon thf fttd of a R'ass('apiHaryuf
nboutt non.')))tsi<icdmmt'tcr. Xotcth<'sh~uthof frystaUox'fnatcriatatonf!thcI\bout1mm.lIutsidl~dinml.tl'r. :otr tlll'Shl'ilthof er)'stnlli.u'mntl'rÎll1alolllCthe
outsidoof thc tubf'andthc nmnf'roui)andfmnpttcatf'dgr'wths of "haif ct-ystats."

in the Crst heakor, an(t thc ('onw)idatpd mn~ of growths in the other.
T)n' c~pii!arip.-ist'nc to kcc)) thc advanr'ittg ('dgp snp)))i('dwith sotution
and they fait to do this if they (x'comt;cither too wid<'or ctogged, as
Washburn bas pointcd oui.



<TtBEPH~<tat'MA'Pt'HA'fMmAM'MObM'tO~ 4&t
"n. "u.

Rt'Ft.OKHKt.'KK't'KTKUCTt.'KHS

Thc t-ryttatimcstr'tcturfs furmcd hy ('(Horem'cntpnf'pi)));arc tnt<'rm<:nj;

amt worthy of study. If il \<'ry f))tf gtftsscnpifhu'y is itHow~tto stand in

Il.satumtt'ttM~lutinnff Mnntonimnchtorid'' or potassium nitrate to sucha

(tt'pt))ttiat the sotuti~nwillfiscto th<-top ')f it, crystats arc dopositcdthfrp.

In some cases knot~sof matcria) arc formcd (6surf 5) and pructx'atty no

o'M'pmg~<t'Kt!te otttside of thé tubf occur' Onpp a spho-icat mM.ssof

potasstum nitrate f'rystnif ovor in diamt'to' was obtaincd. In ottK't'

)-')(:.(}."Haircrystftts"of))otKMimnchtorid<Xnt<-thc r<'s<'mb)anccto tif;t)rc.M.

Thc hairfryffttt)is ho))owand has){mwna knobon top

cnscs <'rf'('pingd<m'nthc tube a)so takps phtt'c, and in both cases hitir

cryiit:dsarc frHtUcntiyformcd (Rgm-cs5 and 6). Thc formatiott of hair

crystats wittMut thf use of cottodionor sitica gft is bcing studicd.

SLMMAKY

Thc pn'vious workof \ushhurn and of Druce t)as bccn cxtcndptt,and

a fpw roughty quantitative r~utt.s ohtainct). Tho hy))othcsis ad\'am-ed

hy thpmas to thc mepitanismof cn'cping has hccn cxtcndMtto ('xp)ainthc

formation of the capitiaricsthcy a~umc. Crrcping is supposod to occur

whpn the w~<<cis capabte of disptacing the solution from, and sprpading

o\cr, thc .supportingsurface. Crccping is ('ommon)y at'f'ompanicd hy

"Hoo()ing,"a proccsswhicittooscns thé compact mass and pennits capi)-

tarics tu forn). Thc solution riscs <A;'OM{f/fthe capinarips and oper thc
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outprmo.stpdgcof dcpositMttnatfi-iat, whh'hbas t~'fn shownto bcittoptK'nt
t'onttK'tWtththcsm-facp.

TtK'c~K-tof the naturt- of th~ .snpjjot'tingsurface, of ttu' ('t'yst)tthabit
of thc .wtutp, and uf thc vurtcus ft'M'.sm-fact'ont't'KH'sinvoh'cd f)as ))~-)t
tUscus~'d.

(.'(.'rtaittcm'iouscrystu! formations ha\'c bt'cn notcd.

Rh:Ft-:m-('Ë8

()) DftL-cK,J. G. F.: PhMt-.n.J. il9, 333(t927).
(2) th.t:u.t)tt)\t:K:J. Ans.ChcM).Soc.65, t4(;t(t933).
(3) T.Bt:!) .~u Kt.EtXKtt:J. Am.f'hct)).Soc.M, 2302(t932).
(4) WAStt))CKK,H.H.: J. Phyii.Chcm.ai, tMC(t927).
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I80ELECTRÏCPOINT OF GLYCtNtN*

B.J. HARTMANANDL. T.CHENG'

Depor<<t)«)<e/ CteM~fy,Mt'etMt)y<M'certt<y,B<<wmttte<M,MtotM

N<eetM<<JVof~~ef ~M<

tNTBOOUCTtON
Thereare two différentpoints of viewwith regard to thc reiation-

shipbetweentheminimumphysicalpropertiesand the isoetectricpointof
a protein. Loeb(4), whostudiedgelatin,concludedthat at the iso-

eteetricpointthe physicalpropertieaof a proteinare all at a minimum.
Michaelis(5)developeda theoryaccordingto whiehthe solubilityof an

amphoteriesubstanceis directlyproportionalto the ionisation,so that
at the Moetectricpointthesolubilitymustbeat a minimum. Anentirely
differentopinionconcerningthé retationshtpbetweenthe isoelectricpoint
and the minimumphysicalpropertiesof getatinis held by JohUn(2).
He reportedthat there is no definiterelationshipbetweenthe minimum

physicalpropertiesandthe isoelectricpointofgelatin,as pointedout by
LoebandMichaelis.Vcryrecently,however,Pedersen(7)foundthat the

pHat theminimumsolubilityofcertainbloodproteins(helix,hemocyanin)
coincideswiththeirisoelectricpoints.

Norecord,hitherto,canbe foundm the Hteratureconcemingthe iso-
etectricpointofglycinin. It is the purposeofthis investigationto deter-
minethéisoelectricpointofglycinin,i.e., thepointat whichthe negative
andpositivechargescarriedby the glycininparticlesare equal;and,fur-

thermore,to study the relationshipthat existabetween the isoetectric

point andthe minimumof certainphysicalpropertiessuchas viscosity,
solubility,and conductivity.

EXPERIMENTAL

Mo<erMts

Theglycininusedin thisstudywaspreparedby the modifiedOsborno
andClappmethod(6). It wastwicepurifiedby dissolvingin 10percent

1ThisMoneo(twopapersconstructedfromadissertationpreeentedbyLibin
TeiChengto theFacultyofthéGraduateSchoolofIndianaUn~erattyinpartial
fulfillmentofthétequicementsforthedegreeofDoctorofPhilogophyinChemistry,
June,t9M.

ChiefReaeMchBMchem!st,DepartmentofFhyBiotogietttChemittry,théScience
SocietyofCltina,Nanking,China.
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sodiumchlorideaolution,SIte~ng,dMyzing,and Snattytreating wlth
methylalcohoiandether.

Me<M< procedure

The isoelectriepointofg!yctninwasfoundby meaneofeleotrophoresis.
The pH valuesat whichthe glycininsolutionshowedminimumphysical
pr&pertieswereatsomeasured.

(a) pH MeaMt~eMM~.The pH valuesreportedin thispaperwereail
measuredbymeansof thehydrogenelectrodeat 25''C.(±0.l"). In some
casesthesevatueswerecheckedwithmeasurementsmadewith the quin-
hydroneelectrodeat the sametemperature.

FM.1. TheuppMattia

(b) Nedrop~oreaM.Theapparatusand methodofSherman,Thomas,
andCaldwell(8),slightlymodifiedby theauthors,wasusedin thisatudy.
Asketchof theapparatusisshownin figure1. Theprocedureemployed
isdescribedasfollows:A0.5-g.sampteofglycininwasdisaotvedin50mt.
of 1 per cent sodiumchloridesolutionin a 125-ml,Erlenmeyerflask.
Themixturewasshakenfor 20minutesand then Sitered. More1 per
centsodiumchloridesohttionwasaddedtobringthevolumeofthefiltrate
to 50 ml. Fifteenmillilitersof the proteinsolutionthus preparedwas
takenforcachdéterminationandwasdrainedinto a largePyrextesttube
to whiehwasadded15ml.of buffermixtureof definitepH. Potassium
phthalate-sodiumhydroxidebuffermixturesof variouspHwcreprepared
accordingto Clark(1). This resultingsolutionwasthoroughlymixed
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anditspHmeasured. Twenty-SvemiUtUtembfthéprôtein-buNermixture
was thenpipettedinto the U-tube(figure1);thisquantity just filledthe
bend,x,andthestopcocka,AandB. Afterallthebubbleswereexcluded,
the stopcocksAandB wereclosed. Thotwoarm above the stopcoeka
werewashedwithdistittedwaterand filledwith buffersolutionof the
samepHaswasusedinpreparingtheprotein-bufférmixture. The level-
mg bridges(J) andthe connectingnasks(G)werethen inserted. BuNer
solutionofthe samepH wasusedto fillthé entirebridge. Thiswasac-
complishodby openingthe stopcock,F, addingthe buSersolutionto one
end,andlettinglt flowthroughthebridgeto theotherend. Theelectrode
vessels(I and ï') and their bridges(K) weroabo 6Uedwith the same
buffersolutionand insertedin the connectingflasks (G). Solidcopper
sulfateanda copperelectrodewereplacedinvesselI, andsoUdpotassium
biphthalateanda platinumelectrodewereplacedin vessetF. Whenthe
wholeapparatuswasasaomMedas shownin figure1, the stopcocksH, H',
and F wereopenedin order to adjust thc levelin the wholesystem. A
110-vottdirectcurrentwas turnedon whilethé stopcocks,H, H', andF
werestillopenand the stopcocksA and B elosed. Tho stopcocksH
and H' werethen ioosetyctosed,so that a filmof the buffersolution
surroundedthem, thus conductingthe current. The stopcockF was
then elosedas tightlyas possible. StopcocksA and B werethenopened
simultaneously.Theetectrophoresiswascontinuedfor twenty-fourhours
in eachdeteminationand at 20"C.(±1*). At the end of twenty-four
hoursthéstopcocksAandB werebothclosedsimultaneously,thecurrent
broken,andtheotherparts disconnected.Thesolutionpresentin each
arm of the U-tubewas then pouredcarefullyinto two largetest tubes.
The armswererinsedthoroughlywithdistiUedwater. Thesolutionin
the bendof the U-tuhewasemptiedthroughstopcockC withstopcocks
AandBopen. ThepHof the latter solutionwasdeterminedagain. Five
millilitemof thesolutionfromeacharmof the U-tubewasusedto deter-
mine thenitrogencontentby the Koch-MeMeekm-KJetdaMmethod(3).

(c) jSMMMH~tKeoMreMen~.In order to determinethe solubilityof
gtycHtin,10m!,ofa 1per centsolutionofglycininpreparedbydissolving
1g. ofglycininin 100ml.of1percentsodiumchloridesolutionwasmixed
with 10ml.ofa buttermixtureof desiredpH. The mixturewasshaken
for fiveminutesand then centrifugedforten minutes. The clearliquid
part wasdecantedintoa dry test tube. FivemiMuitersof thisclearliquid
was taken for total nitrogendeterminationby thé Koch-McMeekin-

Kjeldablmethod(3). A Duboscqcolorimeterwas used in determining
the nitrogencontentofthe solution. Thesolubilityis expressedin terms
of the percentnitrogenin solution(table2).

(d) VMCOM~<~e<ermtKo<Mt!S.Ten millilitersof the 1 percent protein
solutionwasmixedwith 10ml.of buffermixture. After shakingforten
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TABLEt1

_ecfropA<tfM<t <~j~et'm'tt

SM"»?Uoitawe BOLU'I'IOII IIOLC'I'IOII

4.25 tgo 2s
-«3 6~ oo
4.63 6.2 a.8
483 6.7 5.5
4M 3.7 34
6.02' 2.2 23
511 3.6 3.8

6.5 56
~42 5.!} 03
5~ 6.0 06
583 6.4 8.8
605 6.5 9.0

S~2.0 10.5

ÏMetectriepomt=' pH&.02.

TABLE2

_5o<a6tK<y e/ ~M'Mttt

PK P"eO«~<-OU)tt)Mt!Ttt<BSABtt<aM~“, idt.ofUNtmowK* Nn«m.H)ttMtM..

3~ 12.0 j~M
345 13.4 4.48
385 14.4 417
3~ '54 890
4.05 16.4 3.66
4S 17.4 3.45
443 18.4 3.21
4~ 20.5 293
483 M.4 281
5.02 23.1 260
542 ?.4 268

_5.63 150 4.(X)

Théatanderdreadingin eachinstancewas20.

TABLES3

V~eo~t~t~ j~ettn'm

"=
PH"

pH FMCOHDS
lN pli »=Nije

lN

30 85.0 4.6 83o
39 84.5 4.8 MO
40 84.0 5.0 798
42 83.8 5.2 82.1
4.4 81.0 5.4 88.0––n_ oo.u

All determinatione were checked several timea, uein<!two different Oetwald
vieeoBttyptpet~ttt25°C. (±0.1°).
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minutes,the timeofNewofthiasolutionwaadetenninedby me&haof an
Ostwaldviscoaitypipetat 26"C. ThepH wasatao detetmined!n each
caseat the sametemperature.

(e) Con<~Mc<tM<)tM(!<Mfe!)Mtt<s.In makingthé conductivitymeasure-
mentstheremstmceof themixtutesof10mt.of1 per centglycininsolu-
tionand10ml.ofeachbuffermixturewasmeasuredin theusualway. The
resistanceof eachbuffersolutionemployedwasatso determinedin order
toobtainbydifférencetheconductivitydueto protem.
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TABLE4

_C'MMhM-~M'~C/M

pH awM Bomtt- ,j,t t0 /~f\ J"L
_MM<! t.ttmfwM?'-?

~) SpE
e<M etmt e~t

42 MU HM.O 52t.9

4.4 MZ.O Wt.O 606.0
~9 007751 O.M876

40 Sîl.O tOM.O 479.0
30.0 0.03333O.OtCM

31.5 0.031740.0t68748 492.0 93t.5 447.5
30.5 0.08277O.OtOSS5.0 480.3 8U.O 417.0

5.2 425.0 805.& 384.9
32.t 0.03H6 OOtM7

5.4 896.5 754.0 3&7.&
27.4 0.036500.0t825

&.6 871.9 70~.3 835.4
22t 0.045240.02262

M.t O.WMl0.03105
&& 3M.7 676.0 8t9.8

16.1 0.062110.03101i

80 846.2 640.0 30400
M.3 0.065860.03818



tMM~MTRtC~~ft~ÔF~~ÏNM 466
,w. 1. I. 'h,O 1.1.~

BE9CMS

Thedata givenin table1showclearlythat the migrationof the glycinin
particlesis at a minimumneara pH valueof 5.02.

TheminimumsolubilityoccurBneara pH valueof 5.02 (see table2).
Thecurveshowninfigure2 wasobtainedby plottingthe pH Mabsciasa
andthesolubilityoxpressedinmittigramsper50mt.ofsolutionasordinate.

Thédata in regardto the viscosityofgtycinin(table3) showthat the
minimumtimeof flowoccurredat a pHof 5.0. Thécurve obtainedby
plottingthe timeofnowinsecondsagainstpH iashownin figure3. The

pH at whiehthe proteinshowsa minimumtimeofflowis the sameas the

pH at whichthe proteinshowsits minimumviscosity. Thereforethe
minimumviseosityoftheglycininsolutionis neara pHvalueof 6.0.

The resuitsof the conductivitymeasurementsare given in table4.
R représentathé resistanceof the buffersolutionatone, while is the
resistanceof the buffer-proteinmixture. The résistancedue to thepro-
teinit)indicatedbyD. ThétermADis thechangeinrésistancedueto a

changeinpHof0.2;AC,thechangeofconductivity;and ApHthe corre-

spondingchangeof pH. The ratio, AC/ApH,representsthe changein

conductivitywithrespectto an accompanyingchangein pH.
Accordingto thédataintable4 thevalueof the ratio AC/ApHrcaches

a minimumwhenthepHis5.00.

CONCLUSION AND DISCUSSION

It is clearlyshownin the foregoingdata that the isoelectricpointof

glycininisneara pHvalueof 5.02asdeterminedbyelectrophoresis.Ac-

cordingly,the minimumphysicalproperties,i.e.,solubility,viscosity,and
the ratio,AC/ApH,oftheglycininsotutionalloccurat a pH of5.0. The

différenceofpH in the isoetectricpointas determinedby electrophoresis
and thé pH of minimumphysicalpropertiesis only 0.02. Thus,the
data presentedin this paperevidentlyconfirmLoeb's statement (4),
namety,that proteinsolutionsshowminimumphysicalpropertiesat their

isoetectricpoint. The differenceof 0.02in pH is no doubt withinthe
limitsof experimentaletror.
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THE APPARENTVOLUMESAND APPARENTCOMPRE8SI-
BILITIËS0F SOLUTESÏN SOLUTION.III

UN9A'nntATBDAMtBofEHaATCBATKD8<M,UT!ONaO? CAMMMNITRATE

ARTHURF. BCOTTAM)G.L.BRIDGER

Dep<tr<m<tt<of Chmistry,TheB<ee/M<<<x<e,NToM<<M,Tez<M

KM~ed0<:<o6eftCM

Thestudyof theeffectof concentrationonthe apparent propertiesia,
in the caseof mostelectrolytes,limitedto a relativelysmallrangeof
concentration.Sincethereis no reaaon(6,8) to expect the variationof
solutionpropertiesto exhibita discontinuityat the saturated state,one
meansof inereasingthe rangeof concentrationis to considerthesuper-
saturatedstatealongwiththe unsaturatedstate. It waswithtMsob~ect
inviewthat thepresentseriesofmeasurementsofcalciumnitratesolutions
wereundertaken. HigMysupersaturatedsolutionsof this salt, it wMIbe
recaUed,arequitestable.

PURIFICATION OF MATEBIAL9

Waterwasdoublydistilled,oncefromdiluteaïkaline permanganate,
and oncefromdilutesulfuricacid throughblock-tincondensera.

Calciumnitratewasmadeby dissolving1kg.of technicalcalciumcar-
bonateinanexcessofc.p.nitricacid. Afterfiltrationto removeinsoluble
matter,thesolutionwasmadebasicby addingpurecalciumoxideinBtight
excessandagainBtteredtoremovethe insotuMemagnésiumhydroxideand
mostof the slightlysolublestrontiumand bariumhydroxides. Further
purificationofthesaltwasaccomptishedbybringingabout thecryBtatiiza-
tionofthetetrahydratefromaslightlyacidsolution,the crystabofwhich
werecollectedand finallydrained in thé centrifuge. Twocropsof the
crystals,eaehrougMyone-thirdof the material,were collectedand the
residualmotherliquordiscarded. Thenrst cropgave negativetestsfor
strontium,barium,anditon,andwasusedinmakingthe ntst stocksotu-
tion (No.23). Thesecondcropcontainedtracesof strontium,barium,
andiron. Thisportionofthesalt waeultimatelycombinedwithsolutions
preparedfromstocksolutionNo. 23, and thecrystallizationproeesswas

repeated. Thematerialobtainedat thisstagegaveno furtherevidenceof
impurityandwaausedinmakingup stocksolutionsNo. 20,No.22,and
No. 19. The calciumnitrate in the solutionspreparedfromthesestock
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solutionswasagainrecoveredby recrystauizinjgas the tetrahydratoand
usedtoprepatostocksolutionsNos.18and21.

PREPARATION AND ANALY9M OP SOLT'nONS

AUof the solutionswhichwereinvestigatedwerepreparedby dilutingor concentratingstock solutions. The solutionsmore dilute than the
stocksolutionsweremadeby dilutingweighedportionsof thestocksolu.
tionwith water,thé compositionbeingobtained fromthe ratio of the
weightsbeforeand after dilution. The Bupersaturatedsolutionswere
preparedbyevaporatmgweighedamountsof the stocksolutionsinweigh.
tngflasksonthehotplateat about70°C. DuringthisoperationthéHasks
werekept coveredto prevententranceof dust. Whcnthe solutionshad
evaporatedto the desiredcomposition,the flasksworestoppered,cooled,
and weighed. Suitablecounterpoiseswere used in all weighingsand
vacuumcorrectionswereapplied.

Theanalysisoffourof thèsestocksolutionswas carriedoutby théfot~
lowingmethod,whiehis a modificationof that desoribedby Ewing(1).
Enoughsolutionto yieldabout1 g.ofanhydridewasweighedinweighing
bottlesand evaporatedin an electriooven at UO"C.ovemight. The
sampleswerethen seededwith a minutepartioleof the anhydrideand
dehydratedto the anhydrideby graduallyraising the temperatureto
t70"C. Constantweightwasusuanyattainedin twenty-fourhours,the
samplesbeingcooledin a desiccatoroverphosphoruspentoxidebefore
weighing.ïn aUcasestriplicatedeterminationsweremadeandvacuum
correctionsapplied.

That this methodofanalysisis trustworthyand precisewasshownby
twosetsofexperimentswhichwerecarriedout solelyaschecks. In one
case,stock solutionNo. 20 was anaty~d by the conventionaloxalate
methodas wellasby thedehydrationmethoddescribedabove,givingthe
followingvaluesfor thepercentofcalciumnitrate:

In a secondseriesof experiments,a solutionwaspreparedby melting
crystalsof the tetrahydratewhichhadbeendried in a vacuumdesiccator
over60percentsulfuricacid(2). Analysisofthis stocksolution(No.25)
bythedehydrationmethodgave69.47forthe per centofcalciumnitrate,withan averagedeviationof 0.01. Thismean figureis practicallythat
(69.80per cent)calcatatedfromthe formulaof the tetrahydrate.

Towardthe endof thé work,whenthé high concentrationregionhad
beenthoroughlyinvestigated,threeof the stock solutionswereanalyzed
fromdensitymeasurements.In order to hâve a sufficientlysensitive

MaanoJ AoaropeAn~t~M

Oxalate -+ CaO. ?? 0.10
Dehydration. 68.40 0.02
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meansof determhtingthécompositionof thesesolutionsfromtheirdensity
values,thé followingprocedurewasadopted. Using the data obtained
fromthe fourstocksolutionsanalyzedby the dehydrationmethod,a large
Mateplot of the. (apparentmolalvolume)values against thé corre-
spondingdensityvalueswasconstructed. Fromthis plot the. values
ofthe threenewstocksolutionscouldbe readdirectly. Withthé value
known,thé compositionofthesolutionscouldthenbe caleulatedfromthe
equation:

PercentCa(NO,),inthe6ohtton= M0~(~ ".)

M<~

where
Mc. molecularweightofcalciumnitrate,

fw'= specifievolumeofwa.ter= –, and
Ho

f. =especifievolumeofsotut!on=
o<

Thisequationisa directconsequenceofthedefinitionof

&ETB!tMtNATMNOFCENMT!EBANDCOMPBBSStBtMTYCOBFFtCtBNTB

Threedifferentsizesof pyknometerswereemployedfor the determina-
tionof the densitiesof the calciumnitrate solutions. For all of the un-
saturatedsolutionsexceptNos. 1, 2 and 4, the 100-mt.pyknometets
describedby Scott, Obenhaus,and Wilson(9)wereused. In the case
of the threeexceptionsjust noted,the densitieswere determinedwith a
600-mt.pyknometer.Becauseofthe difficultyofhaodnnglargeamounts
of the very viscoussupersaturatedsolutions,a small26-ml.pyknometer
wasemployedin the densitymeasurementsof thesesolutions. Both thé

largeand smallpyknometerswereof thé samedesign as the 100-ml.

pyknometcrs.It maybe remarkedhere that, althoughthe uncertainty
in thedensityvaluesisgreaterthesmallerthevolumeof thepyknometer,
theestimateduncertaintyin thé apparentmolalpropertiesturnsout to
beapproximatelyconstantforailconcentrations.

TheBitingof the pyknometerswithunsaturatedsolutionswascarried
out m the usual way. With supersaturatedsolutions the foUowmg
procedurewasfoundnecessary.Thesolutionwasfirst warmedto about
70°C.in orderto reducethé viscosity,and then drawnby suctioninto a

pipethavinga capillarystem. The solutionin the pipet was thendis-
chargedslowlyinto the pyknometerby applicationof air pressure.

The apparatusand the procedurefor the déterminationof the com-

pressibilitycoefficientsof the solutionshavebeendescribedfullyin pre-
viouspapers(9,10). It isinterestingto observethat the glasspiezometer
basshownpracticallynochangeovera periodofmorethana yearof con-
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stant use. Thus,the valueof the compressionof the piezometerNted
with meroutywasredeterminedandfoundtobe 0.151g.inplaceof0.180g.,theformeragure. Usingthisnewvalue,thé resultsofseveralnewexperi.mentsyieldfor the compressibilitycoeScient of water41.78X 10- a
valuewhiehisessentiallythésameas the eartiepvalue,41.80X 10- In
ail calculatiomof the compressibilitycoe&cienta4.00X 10-' has been
accepted,as before,forthe coeScientformercury. In fillingthé piezom.eter with the supersaturatedsolutions,the method describedabovefor
iMhngthe pyknometerwas used. Sincewith the more concentrated
solutionsa greaterperiodof time wasrequired for thé attainmentof
pressureequilibrium,a gênerapracticewasmade in all measurementeof
takingthepressurereading30minutesafterthe initialapplicationinstead
of after thé customary15 minutes.

EXPERIMENTAL RE8UM8

Theresuttsof theexperimentsaresummarizedin table 1. The originofeachsolutionandthemethodwherebyits compositionwasdetermined
areindicatedbythesymboleinparenthesesfollowingthesohttionnumber.
In thiscode"an"and"dens"signifythat the solutionwasa stocksolution
and that the compositionwasdeterminedby the dehydrationor density
procedure,respectively.Further,if the solution was preparedby con.
centrationor dilutionofa stocksolution,say No. 23,this fact is shownbythesymbols"c23"or "d23." AUdensityvalues recordedin thé tableare
the resultsof a singlemeasurement.A majority of the compressibility
coefficientsare themeanvaluesof duplicatemeasurements,the average
deviationsof whichfromthe meanare given in the last column. The
subscriptdigitsin the last decimalplaceof someof the valuesindicate
that theuncertaintymaybeasmuchas3or4 unitsin that place.

DISCUSSIONOFRESULT8

Fromthe datagivenin table 1, valuesof <~(apparentmolalvolume),
B (apparentmolalcompressibility),and f

r=(~ ~1
have becncal-

[ 8c/~dp p
culatedbymethodsalreadydescribed(10, 11)and are listedin table2.

Therelationshipsbetweenthe twoapparentproperties, and (B+/),of calciumnitrateandthé squarerootof the concentrationof this elec-
trolyteare portrayedin figure1. Thesoliddots in this graphrepresent
the valuesgivenin table2 andthe opencireles represent~-c*valuesat
18"C.,whichwerecalculatedfromdata tabulated in thé International
CriticalTables. It shouldbenotedperhapsthat the quantitiesused in
conetructingthe (B + /)-ct plotare forsolutionsundera.pressureof200
metricatmosphères.The othertwoplotsboth portraysolutiondata at
atmosphericpressure. Attentionisatsocalledto the fact that at the top
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ofthegrapha 8Upp!cmentfnyscabMmarketfwhich,conwspôndingto t~
bottomscale,showsthenumberofmolesof water (~) per moleofsolute
in thomoreconceatnttedsolutions.

Withregardto thogeneralnatureof the ~-c*retationabip,a question
whiehbasbeenthe eubjectofnumerousstudies{&récentyeaM,twodie-
tinotviewsareh<~d&tpresent. Accordingto Masson'sempiricalrde (6)

TABLEt
7!e<M!«<~taeasurements<wcalciumnitrateMJ!««ott*

mt.Ot.OKXO. wmmtTMMtcBNtM)tMTY*tM'C. CXtO'ATM'O. n~X~XSf

0.00 0.994059 41.78 <0.01
1 (d21) 0.6282, 0.9W92,

2(d21) 1.209, 1.00291,
8MM) 4.Ht, 1.0244,
4MM) 4.8W, l.OMM.
C(d23) 7.337 t.0490t
6(d2Z) t8.99t 1.10274 30.40 0.02
7(dt0) t8.07. 1.1876,
8(dt4) 19.90, .1539.
9(d23) 2t. t8..HMt 33.51
t0(dt8) 28.M..t8M.
tt(dt9) ZS.M..MM.
12(dtC) 26.63, .2162.
t3(dt8) 27.45, .2Mt.
t4(d!8) 28.67..236t.
t6(d23) 32.62, .2763! 29.3t 0.04
t6(di8) 39.63, .3SMt
17(d23) 47.0t..4363. 24.20 <0.01
!8(dens) 52.39 .B028,
lC(an) 53.25 1.5t38,
20(Mt) 53.40 t.5t60t
21(deM) 63.44 1.51Mt
22(dens) 53.72 t.5200.
23(an) M.80 1.5339. 21.70 0.01
24(023) 65.t8 1.6772 t8.83 OM
25(an) 69.47 1.7418
26(o20) 72.82 1.7941 16.78
27(e22) 7B.23 1.8351
28(c22) 76.5) 1.8392 16.06

the ~-ct relationshipforstrongelectrolytesis linear,the rateofchangeof
withc~beingmarkedlydiNerentforelectrolytesofthe samevalencetype.

Theoreticallyalso,as RedUchand Rosenfeld(7) have shown,this rela-
tionsbipin extremetydilutesolutionsahoutdbe linear, but the slopein
thiscaseieestabtishedby thevalencetypeof the electrolyte. Withthese
two conclusionsin mindit is interestingto examine the ~-c*plot in

figure1. Sinceit isobviousthat theplottedpointsdonot fallona straight
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Une,it mustbeconcludedthat solutionsofcalciumnitratedonot conform
to Masson'sfuie. A similar,direct test of the theoreticaldeducMonof
RedlichandRosenfddis notpossible,becauseour measufementedonot
extendinto theregionofextremelydilutesolutions. It !aworthnoting,
however,that the actualrateof variationof withe*in dilutesolutionis
veryrnuchamallerthan the theoreticalvalue whiohis indicatedin the
graph. Furthermore,if, as tBquite possible,the actual aiopeshould

TABLE2

ApparentMoMpropertieeofcalciumMt<fa<eto!<t<<otM

'S" <' *M -BXKX /XW

mefM/Mf m~m/h'fer mf. mt.

1 0.032120~ 44.1,
2 0.073M4t 44.6,
3 0.2568, 46.2
4 0.30tM2t 46.3,
6 0.4690. 47.1
6 Q.MO! 0.<M74t 48.82 49.5, 36.8< 1.01
7 t.2&27 49.80
8 1.3995 50.20
9 t5048 t.SM9 50.3. St.O, 33.9,

10 t.7033 5t.
M 1.884, 5t.5.
12 t.973, 51.8,
13 2.0~7. &20.
14 2.150. 52.3,
!5 2537, 2.552, 53.t. 53.7. 20.9, 1.99
t6 3.263. 55.0,
t7 4.U4t 4.t34. 56.9t 57.3< t89, 2.09
19 4.912. 58.6,
20 4.933, 58.6,
23 5.122. 5.146. 59.0. 59.3. 1453 2.09
24 6.661. 6.687. 6t.9, 62.0. 8.68 2.07
25 7.373, 63.07
26 7.961 7.988 63.9, 64.0, 4.66 2.02
27 84t3 64.9,
28 8.463 8.490 64.6, 64.6, 339 1.99

approachthe theoreticalslopeas the concentrationapproacheszero,the
complete<c* relationshipwould necessarilyhave a pointof inftectton
in the regionof dilutesolution,a fact which wouldbe indicativeof a
definitealterationin thestructureof thesolutionstate.

Wehavemadetwoattemptsto nnd a functionwhichwouldrepresent
the experimentaldata. Thenrst possibilityto be investigatedwasthat

is linearlydependenton c*,wherexhassomeothervaluethan one-half,
a relationshipwhichMassonfoundto bovalid for weakelectrolytesand
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non-e!ectt'otytes.The M<Ntsatiftf&otoryfuhcttoadf this kh)(!may be
writtenas foHowa:

44.83+ 4.687e< (1)

Fto.1.Plotsofapparentmotaipropertiesofo~ciumnitrateagainstthesquare
rootoftheooncentraMon.Thetwoupperplotsdepicttheapparentmolalvotume
(teft-handordinate)andthetowerplot,theapparentmolaleompMBStbiUty[S+ Il
(right-handordinate).

LineAin figure1representsthe valuesof calculatedfromthisequa..
tien, plottedagainstc*. Althoughequation1 appearsto be reasonably
satisfactoryfora limitedconcentrationrange,it isby no meansadequate
for theentireconcentrationrangecoveredby theexperiments.

A secondand morepmmMngfunctionis expressedby the following



-J~L ~J~-
SCOTT ANC Q. L. BKMSËtt

equation,theconstantsofwhichweredeterminedby thémethodofleast
squares:

= 43.38+ 4.782e'+ 0.908e (2)

LineB in thefigurerepresentsthe variationof thecalculatedvaluesof
withchangeain c'. It maybenotedthat the averagedeviationbetween
thecalculatedandexperimentalvaluesof is slightty!essthan 0.1ml.,a
quitesatisfactoryfigure. Astiltbetter"fit" couldbeobtainedif thedata
of the mostuncertainsolutions,thosemadefrom the nrst stocksolution
(No.23),wereneglectedin thecatcuiationof thé constantsoftheequation.

Concerningthe (B + /)-c' plotin figure1only a fewcommentacanbe
made. Becauseof therelativelylargeuncertaintyin theplotted(B+ ~)
valuesaswellas thelimitednumberofpointsavailable,nodecisioncanbe
madeas to thenatureof the relationshipbetween(B + f) and concentra-
tion. Onepossibilityis that (B + /) ? linearlydépendenton ci, the
relationshipindicatedby the straight line drawn in the graph. The
theoreticalslopeof thissquare-rootrelationship,asdenvedby Gueker(4)
from considerationssimMarto thoseundertyingthe Rcdlich-Roscnfeld
theory,is indicatedin the graph. A secondpossiMorelationshipMone
analogousto equation2, for if (B + f) values are plottedagainetthe
corresponding~Mvalues,theplottedpoints, with the exceptionof those
forthetwomostdilutesolutions,faitdoseiyon a straightline. Theslope
of thisline bas thé value2.3X 10"4.

0<p<M
In concludingthis discussionof the apparent propertiesof calcium

nitrateinsolution,it willbeof interestto examinethemfurtheralonglines
whichweredevelopedin previousstudiesof thé apparentpropertiesof
alkalihalidesin solution. First, it may be recalledthat the maximum
conceivaMevalueof theapparentmolalvolume isreached,accordingto
définition,when

1000
f/I", "` (3)=. (3)

Onthéassumptionthat equation2isvalidup to this limitof thesolution
state, themaximumvalue basbeencomputedto bo73.5ml. Aswas
foundtobethecasewiththealkalihalides,this figureisa triflelargerthan
themolecularvolumeof theanhydroussait, tneasurementsofwhichrange
from67.5ml.to 73.4ml. Themaximumvalue of (B + ~)corresponding
to assumingthat thesetwoquantitiesare linearlyrelated,turnsoutto
be 18.0X 10~. Thehypotheticalvalueof the compressibilitycoefficient
of thesolutein thisstate is therefore18.0X 10-73.5 = 24.5X 10-
Thisfigure,by analogywith the correspondingquantitiesfoundwiththe
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alkalihalides,mustbemuchgre&terthan théoompressibiittycoefficientof
the solidanhydroussalt, tho valueof whichbas never beendetermined.

Anothoresthnatoof the comptessibuitycoefficient, of thésolidsalt
canbemade,providedthorelationshipbetweon(B + /) and Mlinear.
Usingthe empiricalrule,whichwasfoundto be validfor solutionsofthe
alkalihatidesandwhichisexpressedby equation8ofpaperNo.1(10), is
caleulatedto bc !2.4 X 10-<. This estimatemust be lookeduponas
somewhattoo large. It is, for instance,approximatelyten thnesgreater
than thecompressibHitycoeScientof calciumcarbonate. Thefailureto
geta morereasonaMovalueforP, is duedoubtlessto the inapplicability
of equation8, mentionedabove,rather than to a mistakein assuminga
linearrelationshipbetween(B + /) and~tM.

MnaHy,it maybenotedthat, althoughcalciumnitrate in thesolidstate
Mknown(3) in the formsof the di., tri., and tetra-hydrates,thereis no
dcnniteevidencein theplots in figure1 that thesehydratesexistin the
solutionstate. Thefactthat thé and(~ + /) valuesof themostconcen-
tratedsolutionsarelowcouldbetheconsequenceofa changein thesolution
state at a concentrationcorrespondingto Ca(NO,),.4H~O,thé hydrate
stableat 35"C.,but, becauseof the difficultyof workingwith the very
viscoussolutions,it is equallyprobabletbat the low valuesare due to
crrorsin the measuretnents.

Forthesakeofcomptetcnesswemayrecordthefact that thedensityat
35"C.of the crystallinetetrahydratewasfound to be 1.896,whiehis
essentiallythe sameas thevalues(1.78to 1.90)reportedin theliterature.
Usingthisfigure,thé valueiscalculatedto be52.0mt., whichis 11.1ml.
lowerthan the. valueof the supercooledhydrate (solutionNo.26). An
attempt to detemine the compressibilitycoefficientof the hydratedsait
withourpresentpiezometerwasunsuccessfui.

SUMMABY

Measurementsof thedensitiesand compressibilitycoefficientsof both
unsaturatedand supersaturatedsolutionsof calciumnitrate havebeen
madeat 35"C.

Theeffectofconcentrationontheapparentmolalvolumeandcompress-
ibilityof thé soluteisdiscussed. It is foundthat neither the empirical
relationshipof Massonnor the theoreticalrelationshipof BedJiehand
Rosenfeldis applicableto thesesolutions.
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In a study of the two-componentsystemMde substance-hydrogen
chloride,usingthémethodofBancroftand Barnett (1), Beek(2)reports
that?a compoundisformedin whichthecombiningweightofhideprotein
forhydrogenchlorideis 333. The completephasediagramwasnot ob-

tained,but the compoundwasreportedto havea dissoctattonpressure
equivalentto 30mm.of mercuryat roomtemperature. Usingthe same

method,TaaiandHsiao(3) foundthatat 35*C.,hydrogenchloridecom-
bineswithhideproteinto the extentof26.4mg.of HC!pergramof hide

substance,togivethelatteracombiningweightof1380. Thedissociation

pressureof thiscompoundthey reportedas beingequivalentto 1.41mm.
of mercuryat 35"C. In the presentwork, completephase rule data,
obtainedby thémethodof Bancroftand Bamett,are givenfor the two-

componentSystemshidesubstance-hydrogenchlorideand hidesubstance-
ammonia. tn neithercaseis therefoundto beanyevidenceofcompound
formation.

MATEMALS

ThehidesubstanceusedwasAmericanStandardHide Powder,obtained
fromthe StandardManufacturingCompanyof Ridgway,Pa., and was
usedwithoutfurthertreatmentotherthandrying. The hydrogenchloride
wasgeneratedbytheactionofc.P.suifurioacidon crystallineammonium
chloride. It wasdriedby passingthroughtwo4-m. columnsofsulfurie
acid beforebeingadded to the system. The ammoniagas was taken

directlyfroma cylinderofanhydrousammonia,obtainedfromtheMathe-
sonCompany,NorthBergen,N. J. Thegaswaspassedthrougha 12-in.
columnof sodalimebeforebeingadmittedto the reactionftask. The

mercurywasvacuumdistit!edbeforeusing.

MBTHOB

Aweighedamountofhidepowderwasplacedina calibratednask,which
communicatedwith the gas supplythroughonearm of a mercuryma-
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nometereonnecteddirect!yto the réactionflask. Afterovacuattonof the
system,gaswasadded to the Haska few cubiccentimetersat a time,

TABLEY
.4<<M)-p(«Mo/&tf<~o~6ttcMo)t<tet~hidepCM~era«<KfyreaowM

_dp/df = 0.98

"~X' ««'tueMOttfmmom */mMt<HCtfM'OtmesMwcM oMMwatB&mwom
«. )))m.Cft M. m~
9.6 o.M3 {,(; g~

MC O.M M.C 890
M.8 o.M ao.7
~7 O.t6 76.6 22.8
~S 0.36 ?.1 M.2
~< 0.48 1239 36.9
t65.0 1.20 l69t.7 48.8
203.6 z.ZO 201.2 60.0

TABLE2

~(horpttMto/t~Me~ cMende6~hidepo~or

_dp/df 1.24

"~S~S' «x'.MBM.n~MMomHCttOMmmeitMo.t/mtHm.HaMt
_W BtCNPOWO)i)tOKAM0~atOBMWBM

mm.H< M. m~
t77.: 1.5 176 52
M53 78 KM ?
3t2.7 9.5 305 M
M9.3 11.5 MO MZ
374.6 15.6 362 108
-MO7 19.5 385 115
4M 34.8 431 128
M4 68.2 499 149
709 iso es); t~
819 208 651 1M
942 300 700 209
~302 686 829 247
M71 649 848 2M
~1 725 877 291
~298 665 MO 263
1200 4M 826 M6
M74 343 798 238
?4 ?4 7M 22&
793 122 695 207
693 70 637 mo
573 ? 547 163

0 394 H7

waitinguntilthepressurereacheda constant valuebeforemakingfurther
additions. The freegas remainingin the systemat equilibriumwas
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calculatedfromthéextstingpressureand the prevtouscalibration. Sub-

tfMttottofthb calculatedvaluefromthe totalamountof gasaddedgave
the volumeofgastakenup by the sample. By plotting theequitibrium

pressureagainstthécorrespondingamountsof gaetakenupbythe sample,
the phasediagramfor the systemga~-htdeaubstanccmaybe obtained,

Allpressurereadit~Bweremadeat26''C.
Tabte1contsiMthé data obtainedfor the systemhydrogenchloride-

hidesubotance,at lowpreaeures. Table2 containsthedata for theBame

systemovera greaterrangeofpressure. Table3 summarizesthe datafor

the systemammonia-hidesubstance. The dp/dv valuesgiven in the

TABLE3

~<&ofp<oM<~ammoniaty hidepo«~)'

dp/df 1.82

NthHnBHtMATM'C.,.nm.n,a.<MMM)MNH.*e'CB)M))'BTt.O«.t/mMXO.NH~M
tMt<MXit.H<BQOtU))tMXMM<M)mOFBMBPOWMaOMMOfMDtMWBM

«!. mm.H< <t. m~.

136 M tM 16.9
2M.6 M JM M.9
M 138 !97 Z7.4
:?.& M 2M 86.8
<M M& 272 87.9
469 MB 279 38.8
M8 4M 316 43.8
668 MO MO 48.7
MU 7S2 4M M.4
908 8M 487 60.7
8M 7M 416 &7.6
7M M6 4C1 M.6
688 M7 382 63.2
Mt 3M 344 47.8
4M 266 MO 40.2
266.4 M2.6 1M 27.6
86.7 18.6 76.6 10.6
36.2 66 N.2 4.6

tableswereobtainedfromthe calibrations,and representthé changeof

pressurein the system,inmiiUmetersofmercuryper oubiccentimeterof

gas,measuredat 25"C.and760mm.ofmercuty.

DISCUSSION
Thephaserule,P + V===C + 2, whereP representsthe numberof

phases,Vthe numberof degreesof freedom,and Cthe numberof com-

ponents,tellsus that whena systemof two componentsexistain three

phasesat constanttemperature,the numberof variablesor degreesof

freedomis zéro. At constant temperaturethé pressuremust romain
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constantas longas threephasesexist. Onthé phasediagram,the simul.taneousexistenceofthreephasesis representedby a "Bat,"showingcon.stantpressure,parallelto theaxisofcomposition. Thelengthofthe(tatasmeasuredonthecompositionaxis,givesthe ratioofthétwoeomponentsin the compound. Whentwo componentsexist in but two phasesat
constanttemperature,thenumberofdegreesof freedomwillbeone,andthe pressurewHtvary simuttaneoustywith the composition.In thiscasea plotof the equilibriumdata willres~t in a smoothcurve. Ph~e
(Uagramsoonstructedfromthédataof tables 1,2, and3 areof this type,showing adsorptioncomplexrather than a true compoundisformed.

Animportantfactorto be consideredin the constructionof thé phasediagrambetweenhidesubstanceandgasesis that ofequilibriumandthe
rateof its attainment. Thedisagreementof resultsin the presentworkwith the resultsof TM andHsiaoand with the resultsof BeekJun!
doubtedlydueto thisfactor. TsaiandHsiaoreport that the equilibriumbetweenhydrogenchlorideand hidesubstanceis establishedin one totwodays. In the earlycourseof this investigationit becameapparentthat a periodof timeconsideraMylongerthan oneto twodayswasneces-
saryfor thesystemto arriveat the true equilibriumvalue. Aperiodof

~??~ found mostcases necessarybefore
readingsthatcheckedwithinthe experimentalerror of thé methodwere
obtained. Whatbasjust beensaidappliesin particularto thecasewhereoneprocecdsfroma towerto a higherpressure. In théreversecase,the
hystereaiscurvea,obtainedbyproceedingfroma highertoa lowerpressure
by removalof gas, representvaluesnearer the true equilibriumvahessincecheckreadingswereusuallyobtainedin fifteento eighteendaysafter
extraction. Sincethe pressurewilldecreaseafter additionof gas andincreaseafter removalof gas, the conclusionis reachedthat the true
equilibriumvaluesliebetweenthe twocurveaand aremorenearlyrepre-sentedby thehystérésisor "down"eurvethan by the "up" curve. The
experimentalpointat a pressureof300mm.and an x/mvalueof209maybe usedin supportof this argument. This point is the valueobtainedafter standingapproximatelytwenty-fivedays. At this time it became
nec~ary forthe systemto remainwithoutfurther additionofgasforan
additionalperiodof timeextendingfromJuly 14, 1933to September8,1933,orapproximatelyeightweeks. At the endof thistimethepressurehad faUentoa valueof287mn. andthe valueincreasedcorrespond-
inglyto a valueof 216. Thesevaluesliebetweenthe "up" and "down"y~
curves.

ThecompoundreportedbyBeek,whosevaporpressurewasintheregionof30mm.ofmercury,hadanequivalentweightof332. Thiscorrespondsto 110mg.of HCt per gramof hidesubstance. An examinationof the
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presentworkshowsthat theup curvegivesana:/wvalueof 126at 30mm.
ofmercury,andthedowncurve,whichprobablyfepreaentsa truerequitib-
riumvalue,givesanat/Mvalueof 160at the same pressu~. Thus one
mustooncludethatBeek'ssystembadnot reachedequHibrium.

aUMMABY

Completephaserule data, obtainedby the method of Bancroftand
Bamett,aregivenforthe two-componentaystemabidesubstance-hydrogen
chlorideand hidesubstance-Mamonia.Aninterpretattonofthesereautts
tndicatesthat adsorptioncomplexesrather than deSottechemicalcorn.
poundftare formed.
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A numberof expiations have been advancedto accountfor bac-
teriophageanditsactiononbacteria. Noevidenceyetpresentedvalidates
anyonoofthese. D'Herelleconsidersphagetobe animate,Wotimanand
Wollman(9)scea connectionbetweenit and theheredityoftheorgaoism,
and Bronfenbrenner(2) believesit to be a stimulant of bacterialme-
tabotism.

It is thepurposeofthispaperto proposeandconHideranotherhypothe-
sis. It is suggestedthat phagemay be n suspensionof extremelysmall
crystalsofoneormoreof the compoundscontainedin the homologous
bacteria. Bacteriophagy,then,wouldbe theseedingof thèseamorphous
compoundsbythephageparticteandtheir subsequentcrysta!!iztttton.

Evidencehasbeenpresentedbya numberofworkersto showthat phage
isparticutate;thesizeoftheparticlesforvariousphageshas beenmeasured.
Thatphageactsasanantigenindicatesit is aprotein,and ScMestnger's(8)
anatysisofaphage,in whichhefound13percentnitrogen,confirmsthis.
AnumberofprotetnshavebeencrystaUized,so the hypothesismeetsno

difficultyhere. Sinceproteinsarehardto crystaUize,it wouldbeexpected
that spontaneousformationof crystalswouldbe rare and that seeding
wouldbehighlyspociËc;that is,onlythe appropriatecrystal wouldstart
thé amorphouscompoundcrystallizing.Bothof these conditionsare in
accordwiththe characterof bacteriophage.A particular phage will
attackonlyitehomologousbacteriaandoloseiyrelatedspecies. Further-
more,the spontaneousappearanceof phagebas been reportedonceor
twice,althoughthishasbeengeneraUyascribedto contamination. Plan-
tureux (7)claimedto have preparedphageby what was essentiallya
crystallizationmethod. He addedgradedamountsof calciumchloride
solutionto culturesof baoteria.

WhenbacteriaareattackedbyphageanumberofceUssimplydisappear,
whileothetssweUuntil they burst. This is readily explainedby thé
crystaUizationhypothesis. If théceitwallweredamagedduringcrystalli-
sation,thecontentsof the ceUwouldbe diachargedat onceinto the me-

dium if theceUwallretainedits strength,swellingwould totlow. Con-
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sider the interiorof a cell in which crystallizationhad taken place.
Synthesiswouldceaseand,underthé innuenceof theintracellularenzymes,
chemicalequilibriumwouldberestored. 1'his wouldresuitinan increase
mthé numberof moleculeswithinthé ceUand waterwouldbo imbibed
untilthecellburst. In oithercase,thedestructionofthécellwouldcausea
dispersionof morecrystallinemateriat. Andrewesand Etford(1)hâve
shownthat if tysisis inhibitedby sodiumcitrate, there is noincreasein
theamountofphage.

If bacteriophagyiscrystatiizationcausedby a seedingcrystal,it should
besensitiveto protectivesubstancesandto highviscosity. Bronfenbren-
nerandHetler(3)haveshownthat the presenceof4 to 6 percentagar
in the mediuminhibitsbacteriophagy;Colvin (4) and Evans(6) have
demonstratedthat serum,asciticfluid,saliva, pus, and urinehave the
sameenect. D'HereUe(6)reportedinactivationwithglycerol.

Thegranularappearanceofbacteriasubjeetto bacteriophagyis perhaps
an indicationofcrystaUization.

D'HerotIe(6) foundbacteriophageto becomemore resistantto the
actionofdeleteriousphysicalandchemicalagentsduringthetiretfewdays
Mowingits separationfromsusceptiblebacteria. He interpretedthis
to meanthat thé smaller,!esswellfedparasiteswerethémorerésistant.
Onthebasisofthepresentargument,it wouldbe explainedasthetendency
of the largercrystals(whichwouldgrowat the expenseofsmaUerones)
tokeeptheircrystalstructurelongestunderadverseconditions.Thesame
appliesto thegraduaiinactivationphageundergoeson standing.

If bacteriophagois the crystallineformof cell constituents,it should
not haveantigenicityindependentof thé homologousbacteria. Results
ofvariousinvestigatorsseemto showthat it is an independentantigen.
However,the proceduresfollowedmay not be décisive. If thé bacteriat
antibodiesare removedfromthe test serumby treatingit withthe whole
bacteria,and the resuttingsérum givesa precipitationreactionwith
purifiedphage,the possibilityremainsthat a compoundwithinthe cell
wasconcerned,the antibodiesfor whichwouldnot havebeenremoved.
The antibodiesshouldbe removedwith a suspensionof disintegrated
bacteria;if precipitationwerestut obtainedfrom the phage-serummix-
ture,thehypothesiswouldbe invatidated.

Inactivationof phageby serumshouldnot be consideredas evidence
againsttheerystaUizationhypothesis;a crystalcouldbe so coatedas to
be ineffectiveby tracesofagglutininwhichcould not be removedfrom
theserum.

My thanksare dueto Dr. R. E. Buchananand Dr. E. I. Futmerfor
theircarefulconsidérationof thishypothesis.
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Departureofthe behaviorof binaryliquidsolutions fromidealitybas

provokeda numberof attempts to correlatemeasurementsof physical
constantswiththe state, and changeof state,of molecularaggregation
withinthesolution. Theconclusionsthat maybe drawnfroma studyof

one typeof constant,however,are oftenbut partially sustainedby, or

whollyinconsiBtentwith,thosededucedfromstudies of someother con-

stants. It is at presentrather generaMypresumedthat mutualsolution

of twoor moreliquidamay be accompaniedby dissociationof complex

groupaofmoleculespresentin eitheror aUof the componentliquidsinto

simplerunits,andby aggregationof unlikemoleculesas a resultof com-

poundformationor the so-calledprocessofsolvation. Inconeistenciesh

theapplicationofthisviewareattributedtovariationin theséquenceand

degreein whichthe association,dissociation,and solvationoccur as a

resultof the differentthermodynamicconditionsin whichmeasurements

ofdifferentconstantsareperformed. Thevaguenessof suchassumptions

emphasizesthequalitativenatureofourknowledgeabout thèseprocesses.
Varlousinvestigatorshave examineddiversephases of theproblemof

solution(2,3,4,5,6,7,10,18). In this iaboratoryproperty-composition
data are beingaccumu!atedforbinarysystemsof tow molecularweight
alcoholswith lowmolecularweighthydrocarbonsof the aromaticseries

and withsix-carboncyctoparatEns,and for ternary Systemsofthe above

combinationswithwateras the third component(H, 14, 15,16). It is

hopedthat an extensivestudy of such systemswill revealmoreof the

mechanismofsoiutionthan is at presentknown,and that resultsofsuch

studiesmayaBordgeneraMzationsmorewidejyapplicablethan those in

vogue.
Duringthecourseof theseinvestigationsinterest in the pertinenceof

heatsofmixingto theproblernsofsolutionhasarisen. Knowledgeof the

specincheatsofsolutionsis a prerequisiteof the determinationsof heats

of mixing,anda studyof thé literaturerevealsbut very fewdata on the

specificheatsofsolutionsof organicliquids. The purposeofthe present
workwasto devisea convenientand eiHcienttechnique fordetermining
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J. -a.JJ.- t.e:. tt"u!1 ~L' '.1"théspecifieheatsof liquidmixturesandfor measuringthe heatchanges
attendingthesolutionof the liquids,andto study theseand otherproper-
tiesof thesystemmetby!aleohot-totttene.

MATEMAM

Methyl(!!coM.Thémèthylalcoholusedwasa synthet!ca!!yprepared
productofa degreeofpurityoriginattygreater than 99.5percent. This
alcoholwasdesiccatedoverlimeandcarefuUyfractionatedin anaU-gtass
stiit. TherelativedensityofthepuriSedproduct wasd~' = 0.78672,and
therefractiveindexwasM~ 1.32669.

MM<Ke.ThebestgradeoftolueneobtainablefromtheEastmanKodak

Companywastreatedrepeatedtywithfreshtyeut sodiumandfractionated.
Nochangeindensitywasobserved. Asampleshowedonlya faintyeUow
colorationafterstandingoverconcentratedsulfuricacidforseveralhours.
Therelativedensityof the materialwasd~*= 0.86229and its refractive
indext)~ = 1.49365.Tolueneobtainedfromthé MallinckrodtChemical

Companywas used for Bupplementarydéterminationsof the thermal

quantitiesafter it hadbeen treatedwithconcentratedsulfuricacid,thea

sodium,andnnaiiyfractionated.

EXPERIMENTAL

~ippafo<MSandprocedure

Specifieheatsofsolutionsof methylalcoholand toluenethroughthe
concentrationrangeweremeasuredadiabaticallyat 25*0.and35"C.bya
methodinvolvingtheuseofa Dewarflaskina hand-controlledairbathasa
calorimeter.Heatwassuppliedto theliquidsby a heatingcoilofnichrome
wireof measuredresistance,whichwasconnectedto two6-voltstorage
batteriesanda silvercoulometerin series. The magnitudeof thecurrent

passedwascalculatedfromtheweightofsilverdepositedin thecoulometer
andthe lengthoftimeofdéposition,thelatter beingmeasuredwitha stop-
watch. Thétemperaturerisewasmeasuredon a Beckmannthermometer
whichpassedthrougha stopperfittingtightlyin the Dewarflask. Aseries
offivecopper-constantanthermocouplesindicatedwhenany differenceof

temperatureexistedbetweenthe liquidin theHaskandtheair ofthebath,
andthebathwasheatedorcooledto restoreequalityoftemperature.Thé
heatsuppliedforeachdéterminationwascalculatedfromJoule'slaw. Ail
solutionsfor theseand othermeasurementswere preparedwithweight
pipets. Théheatcapacityofthecalorimeter,whichwasfoundtobe20.86
cal.per degreeat 25"C.and 21.41at 3S"C.,wasdeterminedby using
tolueneandmethylalcoholas"standard"liquidsin thecalorimeter.The
valuesarethe averagesofgroupsof determinationsin whichtheaverage
deviationfromthemeanislessthan0.7percent. Thevaluesusedforthe

specifieheatsofmethylalcoholand tolueneare thoseof Bose(1)andof
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WuhanMand Danieb(17),rèspectivo!y.ThespectSc heats of tnethylalcoholandtoluenerecatcutatedonthe basioofthédeterminedheatcapac.
ity ofthéca!onmeterMe0.610and 0.392at 26'C.and 0.613and0.402at
35 C.

Thecalorimeterwasa DeWarHaskof approximatety200~c.capacityfittedwitha corkstoppercoatedwithwaterglassand equippedwitha
Beckmannthormometergraduatedin 0.006",a verticalglassstirrer,&ve
thermocouples,anda nichromeheatingeoit. The seriesof thermaljune.tionswas connectedto a criticallydampedwall galvanometerwhose
deflectionswereobservedwiththe customaryarrangementoftelescopeand
scafe. The thermocoupteswereusedonlyto indicate if a differenceof
temperatureexistedinsideandoutsidethecalorimeter. Theresistanceof
théheatingcoil,whiehwasfoundto be7.730ohmsat 25"C.,wasmeasured
potenttometricaUybybatancingthéIR dropacrossthe coUagainstthe IR
dropacrossa Bureauof Standards10-ohmresistance. The temperature
coefficientoftheresistanceofthe heatingcoilexerteda ncgligibleeffecton
the quantitiesmeasuredat 35"C.

Théairbathwasa woodencabinet3x3 x2feetin dunensions,equippedwitha windowto permitobservationofthe interior,a largefanforcircu-
latingtheair,andheatingandcoolingunitswhichpennittedrapidadjust-mentofthetemperatureoftheinteriortoanydesiredvalue. Alongmetal
shaft,attachedeccentricallyto a puUeyabove,passedthroughtheroofof
thé cabinetandoperatedthe stirrer in the calorimeter. The Beckmann
thermometerinthecalorimeterwasreadthroughthe windowof thecabinet
bymeansofthetelescopeona cathetometer.

Thesilvercoulometerconsistedoftwoelectrodesof sheetsitver,approxi.
mateiy13x 10x 1mm.indimensions,supportedby silverwiresweldedto
them. Theseelectrodesweresuspendedin a 1- beaker6Hedwith an
electrolyte,preparedaccordingto themethodofWartenburgandSchutza
(12)andstirredbya rotarystirrer. Thecathodewasweighed,beforeand
aftereachdéposition,afterit had beenthorougMywashedwithdistilled
water,driedinan electricovenat 125~0.for ton to fifteenminutes,and
allowedto cooltwentyminutes. Theelectrodeswere interchaogedafter
sixdepositionshad beenmadeon oneof them. The silvercoulometer
provedtobeconvenientandreliableformeasurementsofcurrentstrength.A goodqualitystop-watchgraduatedin tenthsof a secondwasusedto
measurethé lengthsof timethat currentpassedin the circuit.

Heatchangesofmixingweremeasuredfor the concentrationrangeat
26C. and36C., usingthe samecatorimeteras for the measurementsof
spectSoheats. A smallflask, also equippedwith thermocouples,was
suspendedin thecabinetin sucha mannerthat a weighedamountofone
liquidcouldbedelivereddirectlyintothecalorimetertobe mixedwitha
weighedamountof the other liquid. Theentiresystemwasclosedand
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TABLE1
~ff~C~a<<

WZtOHtfttt WNOBtOf

1

CATHOBBmittmoATWNS TtttttH “ allA'e<t«T*Mono<.BOLUTtos WBMHT*) MM eN'oxcB émane aB*T

y-M'c.

10.17 84.440 0.2910 3.920 640 0.453
18.71 83743 0.2974 8.996 540 0.474
28.37 83.025 0.297t 3.8S6 MO O.S03
37.43 82.078 0.3095 4.083 540 0.518
52.27 81.452 0.3208 4.021 600 0.647
6077 80.944 0.33t0 4.098 600 O.S64
70.94 7999! 03174 4.095 640 0.68)
80.34 79.493 0.3028 3.873 510 0-600
89.55 79041 0.3337 3985 600 0.607

?'-35''C.

9.17 85.030 0.8145 4.181 688 0.447
18.73 83.79t 0.3063 3.918 576 0.479
28.09 83.273 0.3149 4.104 564 0.503
37.96 82.236 0.3124 4.044 552 0.525
47.66 8t.608 0.3128 4.086 640 0.64!
57.63 8!.675 0.3034 3833 628 0.960
68.21 80.655 0.3068 3.970 6M 0.577
78.47 79.627 0.3048 3.951 504 0.597
89.25 78.231 0.3081

1
4.t26 492 0.610

intempératureeqtt!Hbriumbétbre!B!x!ng.Tomperaturechangeaocaurred
withinoneminute,and it wasfoundunnecessaryto maintainadiabaticity
dm'ingsucha short timoihtervat. It wasnecessary,however,to doter.
minetheheatcapacityofthe c~tonmeterforthiss~rt intervaloftempera-
turechange. Thevalue16.9cal.perdegreewas used forca!cu!atiohBat
25"C.tmdl7.6at85''C.

Thedensitiesof the sénésof solutionsweredeterminedat 25~C.and
35"C.,usingpycnometersof the type designedby Wadeand Merriman
(13). Volumechangeswerecalculatedfromthe measureddensities.

Refractiveindicesof the solutionsweremeasuredwithréférenceto the
D lineofsodiumat 25"C.and 35"C.witha Bauschand Lombimmersion
typerefractometer.

RESUt/TS

Someof thevaluesobtainedforthespeci6cheataof themethylalcohol-
toluenesolutionsat 2S'*C.and35*'C.aregivenin table 1. Théfirstcolumn
to thetable,fromleft to right, expressesthe weightper centof alcoholin
thesolutions;thesecond,the weightofsolutionused in thedétermination;
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thé third,theweightofaitverdepositedin thecathodeof thésilvercoulo-

meter théfourth,thétemperaturer~ observedontheBectmtannthennom-

eter; the fifth,the timein secondeduringwhichthe deteraunatiottwas

performed;and thé sixth,the calculated6peoi6cheat of the solution.

Duplicatedeterminationsonsolutionsof thesameconcentrationinaUbut
afewcasesvarylessthan0.5percent.

Figure1 isa graphicalreprésentationof thedataehownintable1. Thé

uppercurveshowsthevaluesobtainedat35"C.andthelowerthoseat 25"C.

TABLE2
C~M~Min <p<cf~<A<a<<t<M<p<tfMe<<twMapo~ïc Aeats

t -T"~ "Y"6 i1
s

1

Il ag Id ~I ~vs
1

S< ~c §S <8S lo gS ~8S s g
)'o SB(~_s o M S f<? )<? !t) )C

00.0 0.392 0 392 0.402 0.402 M.t 37.0

tO.O 0.448 0.4t4 +82 0.4M 0.428 +?.3 M.7 35.2 3t.t 36.3 29.8 37.3

?.0 0.48! 0.436+M.3 0.486 0.444 +9.5 32.2 32.6 28.7 36.7 27.6 37.6

30.0 O.S04 0.457+M.3 0.6M 0.465 +9.7 ?.7 30.t 25.1 37.8 2S.O38.4
40.0 0.5Z4 0.479 +9.4 0528 0486 +8.6 27.6 37.8 22.8 39.0 22.9 89.6
SOO 0.54t O.SOt +8.0 0.545 O.M8 +7.3 ?.7 259 21 4 40.t 2t.7 405

60.0 0.559 0 523 +6.9 0.562 0.529 +9.2 M.2 24.4 20.5 41.2 20.5 42.0

70.0 0.576 0.645 +5.7 0.580 0.550 +55 22.9 23.1 20.4 41 5 20.4 42.2
80.0 0.592 0.666 +4.6 0.597 0.571 +4.6 2t.8 22.0 20 3 41.7 20.3 42.2

90.0 0.804 0.688 +2.7 0.610 0.692 +3.0 20.7 20.9 20.1 43.0 20.1 48 2

100.0 0.6100.610 0.613 0.6t3 !9.5 19.6
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In table2 the Brstcolumnis thoweightper centofalcoholin thé solu-
tions;the second,the speciScheat of the solutionat 28"C.readfroman
enlargedgraphlike figure1; the third,the speci&oheat of thé solution

calculatedfroma linearrelationship;andthe fourth,thedeviationof the
specifieheatfromthe linearrelationshipexpressedinpercentofthecalett-
latedspecificheat (the -}-precedingthevaluesindicatesa positivedevia-

TABLES3

~ea<<o/ mftt'M~

WMUBTrBnCBXT WMOtMCW
p attttMOm ttMMMTUM jttMTOfttMUMtM*°'.

I

1
"t~M

or

t-pOtMXMm j cttAXaB OA)..mt.oM)tAMOBUL
MIXTVBM-

P cuàmou XI,. ricu cahn

T-.Z5''C.

M38 86.067 0.4SO -3.026 -2.343
19.62 84.592 0.480 -3.882 -2.639
29.80 85.299 O.M4 -3.833 -2.692
38.82 81.922 0.521 -3.412 -2.482
48.28 80.930 0.638 -2.909 -2.174
57.64 81.214 0.554 -2.404 -1.832
68.07 80.395 0.573 -1.852 -1.450
78.56 78.999 O.MO -1.303 -1.047
88.68 79.046 0.602 -0.712 -0.68t

T = 36°C.

10.10 85.223 0.455 -3.721 -2.462
18.86 84.023 0.483 -3.983 -2.768
37.74 82.032 0.523 -3.702 -2.73!
&7.74 81.150 0.559 -2.504 -1.943
78.61 79.337 0.595 -1.285 -1.050
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tien). Thenfth,sixth,andsoventhco!umnsgivethesanteYa!ue8fo!'36''C.
!n the eigbthandninthootutnnsare tistedthe molalspecinchoatsof the
solutionsat 25'C. and36"C.,calculatedby dividingthe observedspecifie
heat at eachconcentrationby tho sumof the numberof molesof each

constituent,assuming1 g.ofsotutionma!l ea<M8.In the last fourcolumns
are ahownthe partialmolalspeciScheats,Cj.,ofaleoholandtolueneat
25°C.and 3&"C.,obtainedbya graphicalmethoddescribedbyLewisand
Randatt(8).

In figure2 the déviationsof specincheats from ide&Mtyare plotted
againstthé weightpercentofalcoholin the solutionsat 26"C.and 36'C.,
the uppercurvebeingfor36"C.

Heatsofmixingexpressedin caloriesper gramof solutionaretabulated
in table3, andare plottedagainstweightpercent of alcoholin figure3.
The uppercurverepresentsthé valuesat 35"C. The specifieheatsof the
solutionsusedin the calculationswereobtainedfromthe grapheof the

specifieheatsversuscompositionat the twotemperatures.
In table4 arefoundtheobserveddensitiesandthe volumecontractions

whichattend mixingof theliquidaat 25°C.and 35"C.,togetherwith the
refractiveindicesandpercentdeviationsofrefractiveindicesfroma linear

relationshipfor both temperatures. Volumechangesare expressedin

per cent of the volumeswhichthe solutionswouldhave had, had there
beenno changeon mixing. Volumechangesare plotted againstconcen-
tration of alcoholin the solutionsat both températuresin figure4. In
thesecurvesthegreaterdeviationsareobservedat 26"C.
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If théheataddedtosolutionsofmethylalcoholand toluenewereutilized
onlyfor raisingthe temperatureof thesotutions,specifieheat wouldbea
straight-linefunctionof composition,with the line terminatingin the

1AHLK44

Changest'Mvolumeand fO/f<tC<tMindices

tYBtOHTPNR 0006BYgD
pNANONIN ~RlOHRPDN

pByIMO11Y6 I N~~IYp<('8N1' AL<OHOL OIN8I1'f
?en CENT

CIIH1' "01101.
IHI>IIX

IIN~E:'N1'

T'='25°C. ?'~25°C.

0000 080229 000 00.00 1.493M 000 t
9.17 085628 -O.OM 9-a8 1.47622 -0.085
18-67 0.84799 -0.105 t8.40 1.46903 -0.269 T
28.09 0.84081 -O.t39 2C.20 t.44t20 -0.2M
3794 0.83330 -Ot59 38.87 1.42523 -0.244
48.41 0.825t9 -O.t48 484t 1.40873 -0.286
59.73 0.8t666 -0)39 59.73 1.39045 -0.245
68.92 0.80977 -O.tM 6892 1.37544 -0.221 v
80.00 0.80158 -0.100 80-00 1.35756 -0.180
89.42 0.79463 -0.069 89.42 1.34289 -0 M3
MO.O 078672 MO 100.0 1.32659 MO

?''=35"C. y-3~0.––––––––––––––––––––. ––––––––––––––––– (
00.00 0.85294 000 00.00 1.48839 000
9.17 0.84571 -0036 9.t7 1.47110 -OISt
18.67 0.83833 -0.072 18.67 1.45410 -0.242
28.09 0.83116 -0106 2809 1.43824 -0.280
37.94 0.82854 -0.112 37.94 1.42222 -0.273
47.66 0.81617 -0.122 4706 1.40527 -0.333
57.54 0.80862 -0.105 57.54 1.38953 -0.308
67.97 0.80087 -0.097 67.97 1.37249 -0.310
78.47 0.79313 -0.081 7847 1.35533 -0.300
8925 0.78518 -0.042 8~.26 1.33907 -0.192
100.0 077738 MO 100.0 1.3240 000 S

t
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apeciBoheafsof thépurecompônents.TRespeeiSotteatsofthe étionshowever,areg~ater thanthe~ calculatedfromadditivity forail concen-
trations,MNshownby figure1. Figure2 emph~Mesthe extentof thé
deviationsandshowsthéconcentrationsat whichthe déviationsaremost
pronounced,

MueMiBMgardedasaM~U~idandmethyt~ as
stronglyMsodated. Theheatingof sotutionsof the two MquidsduringspeMaeheat detennt~tionBprobablycausespartiat d!BMcMonof thé
methytatcohot,and thMtaoatmarkedlyin the solutionsof lowalcoholiccontent. It appeaMthat thepresenceoftolueneenhancesthisdissociation
byadilutioneffect. Thélargeheatcapacitiesof the solutionsoflowa!co.holconcentrationsaredue,ma measureat least,to the absorptionofheat
involvedin the processof dissociationof thé alcoholaggregates.The
plotted

data indicate
that the changesof .pectacheat ~Mty~egreaterat 3~C th.n.t~C., whichwouldaug~t that a greater

ctattonoccursatthehighertemperature.
ThepartMmdatheatcapacitieB, (vatucaMatedmtab!e3),are.sreaterforallvaluescalculatedthanthe~!at heateapacitiesof thépureliquide.WilliamsandDanieb (18)attributesuchbehaviorto the formationof a

compoundofthé oomponenta,or to the tactthat heat capacityisincreased
by anincreasein the numberof moleculeseventhough thé total weightremainsunchanged. It wouldseemthat the latter effectisprédominantin the systemunderconsiderationin viewof thé large négativeheataof
mixing,whichfurnishevidencethat compoundformationisunlikely.Thedifferencebetweenthepartialmolalheatcapacityin solutionandthemolalheatcapacityofthé purealcoholis greateatin themixturesoflowalcohol
content,whichwouldindicatea greaternumberof moleculesandhoace
greaterpositivedeviationsfromideality for the heat capacitiesof themixturesin thatregionofconcentration.

Theviewthat dissociationof the alcoholu aided by the dilutionwith
tolueneMsupportedby a considerationof theheat changeswhichattendsolutionoftheliquida. Ataitconcentrations,andat both25'C.and36"Cheat .s absorbedon nuxing,andthe greatestabsorptionsare in theso!~tionsof highconcentrationsof toluene,andthèse are greatestat 36"C
Evidence,in the casebothof heat capacitydeviationsand of heatsof
mixing,tndtcatesthat moredissociationoecursat thé highertemperatureandat the lowerconcentrationsof alcohol. It wouldbe expected,how-
ever, that measurementsat successivetyhigher temperatureswould
ultmatetyshowsmallerandsmallerdeviationsand smaUerheatchangesas thealcoholbecamemoreandmoredissociated.

Largenegativeheatsofmixingindicatetheabsenceofcompoundforma-tionor solvationin that theseprocessesare usuallyassociatedwithanevolutionofheat.' However,it is possiblethat such processesoccurto asmaUextent,orwithmail evolutionof heat,or conceivaMy.withanega-
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tiveheatofformation. Underthèse conditioMtheirtherma!effectswotttveheatofformation. Underfhesoconditionstheirthermateffectswould
beobseuredbythéheatabsorptionof dissociation.

It wouldbe expectedthat an increasein the numberof moloculesin a
solution,byvirtueofdissociation,wouldbe accompaniedby aninereasein
volume,but in the caseof the presentsystemapparentdissociationof tho
alcoholis accompaniedby a contractionm volume,andthe largestcon.
tractionsarefoundin approximatelythe sameconcentrationareasas are
thé greatestdéviationsof speoiSobéats and the greatestabsorptionsof
heat on mixing. The evidenceadduced from the thermalquantities
indicatesthat dissociationis inoreasedat the highertemperature,but
volumecontractionsare foundto be decreased. H a combinationof
alcoholandtoluenemoleoulesoccursinthe mannersuggestedinconnection
withheatsofmixing,thé volumecontractionsmightbereeonciled.Suchaa
combination,however,wouldbeassumedto bequiteunstable,andun'
doubtedtywouldbebrokenupwhenthe temperatureofthe solutionswas
raisedduringdeterminationsofheatcapacities.

Washbumand Lightbody(15)observedthat mixturesof ethylalcohol
withbothbenzeneandtoluenedisplayboth contractionsand expansions
of volumeon mixing,and that methylalcoholand benzeneshowboth
expansionandcontraction. Theypostulatedthat a changefromvolume
expansionto volumecontractionis due to a shiftingof thé equilibrium
amongsimpte,complex,and compoundmoleculeswithchangingconcen-
tration(9),butwhymethylalcoholandtolueneshouldbe uniqueamong
thesefoursystemsinshowinga contractionthroughoutthe concentration
rangeit isdifficultto say,especiallyin viewofthefactthat thésimilarity
of the liquidawouldlead to the expectationthat the mixtureswould
behavesimUarty.Measurementsof volumechangesat other tempera-
turesshouldbeofhelpin answeringthisproblem.

Refractiveindicesvaryelightlyfroma straight-linefunctionofcomposi-
tion,andthe refractiveindicesofthe mixturesare lowerthan thevalues
obtainedfromcalculationsonthebasisofan idealsolution. Adecreaseof
refractivoindexiscontrarytowhatwouldbe expectediftheonlymolecular
changeoccurringin thesolutionsisoneofdissociationofthealcohol. The
supposedincreasednumberof moleculestogetherwitha contractionin
volumeshouldproducean increasein the refractiveindices. Here,as in
thecaseofvolumechanges,a unionofalcoholandtoluenemoleculesmay
be thé governingfactorin causingthe decreasein refractiveindices. It
wouldseem,however,that influencesother than relativenumberso!molé-
culesare in effect,becausethe maximumdeviationsof refractiveindices
occurin solutionsofgreateralcoholcontent thando thegreatestcontrac-
tionsin volume. Somechangesin the chemicalnatureof thémolecules,
not yet understood,must beresponsiblefor the situationsobserved.As
yet it is possibleto makeonlyqualitativeinterpretationsof the typeof



BMABt a~MBM~MM~~oaot~~MBN& -4M
1.1-.

data presentedhere,but morecompletéknow!edgoôf this and simiiar

systemsshouldfurnishevidenceforroughtyquantitativepredictions.

8UMMARY

Arapidand eScienttechniqueformeasunngspecifieheatsofsolutions
of organicliquidshuabeendeveloped.The apparatusused,tnth s!ight
modification,is readilyapplicableto the determiaatioaof heat changes
attendingsotutionof the liquidein eachother.

Specifioheataandheatsof mixingof methylalcohol-toluenesolutions
hâvebeendeterminedat 26°C.and36"C.for the entire rangeof concen-
tration. Theheat capacitiesobservedfor the solutionsare greaterthan
thosecalculatedfromadditivityfor aUconcentrations. Mixingof the

liquidsisaccompaniedbyan absorptionofheatin aUcases. Botheffects
aremostpronouncedinconcentrationsoflowalcoholcontent.

Thechangesinvolumeresultingfrommutualsolutionof theliquids,and
therafractiveindicesof the solution,havebeenmeasuredthroughoutthe
concentrationrangeat 26"C.and36"C. Solutionof the liquideis accom-
paniedby a contractionin volume;refractiveindicesare lowerthan those
calculatedonthebasisofadditivity.

Thethermaleffectsobservedareaccountedforby assumingthat methyl
alcohol,whichin the purestate is associated,undergoesdissociationinto
simplermolecularaggregatesduringmixingof the liquidaand during
subsequentheatingin the déterminationsof the heat capacitiesof the
solutions.A unionof the constituentmoleculeshas beenassumedto
explaintheobservedchangesofvolumeandrefractiveindex.
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MIXTURESOF COLLOÏDALELECTROLYTESWITH UNI-
UNIVALENTSALTS

JAME8W.McBAINAtmJANET6EABLE8

DepoWment<~CAemfttry,<S<<tK/cr<<t/n<M)'«'<y,Co<~onn'e

~eet'M<<~eMM~r /PM

Owingto the dearthof informationas to theeffectof mixturesofcol-
loidalelectrolytesand uni-univalentsaJtsuponeach other, the following
data are instructive. Oneof thé moreinterestingresultsof the study of
colloidalelectrolytes(1,4, 5, 7,9) iBthat the ionicstrengthprincipledoes
notapplyto ionicmicellesunlessthey are treated as uni-univalentelec-

trolytes. AIthoughionicmicellesare hightychargedcolloidalparticles,
theirchargesarespacedsofarapartthat theyareeiïectiveiyindependent.
In this respect,theyaresharplydifferentiatedfrom ordinarypolyvalent
ionsinwhichthechargesare coincident. Thépresentdata uiuatratethie
in graphicalform,both for freezingpoint loweringand for conductivity.

MODEOFCAMPLATtON

Forcontparisonwiththe observeddata formixtures,it is customaryto
makeuseofvarioussimpleadditiverules(2, 8, 10, 11). Wehave used
three. First (method1) is the"classical"mixturerule,wherethe molar

conductivity,both observedand calculated,refers to the speciSccon.

ductivitymultipliedby the numberof cubiccentimetetscontainingone

gram-equivalentofthécommonion. Forexample,formixturesofpotas-
siumlauratewithpotassiumchloride

~tetttK*= ~KC)(. X ~KC)/~t.tat+ ~Kf~t.!X ~K~~tctot

where~Kc)t.) is the conductivityof a solutionof potassiumchloride

aloneof thesameconcentrationof potassiumion as the totalconcentra-
tioninthemixture;whereas~Vnaisthéactualequivalentweightnormality
(molalityor gram-equivalentsper1000gramsof water)of thepotassium
chlorideprésent. The assumptionla that eachsait contributestoward
the total conductivityin proportionto its actualconcentrationand to its

conductivityin a solutionof the sametotal concentrationas that of the
mixture.

The secondbasisof comparison(method2) i8 likewiseonly a first

approximationto the truth,forit assumesthateachsait presentisexhibiting
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thé sameeondactivityin thc mixturewhieh it wouldhaveif the other
saltwereabsent.

fmm*=~KCtX <tKC~+ Nxi. X <.tRL~

Thisis comparedwiththe observedconductivityof the mixture;that is,
thé observedspeoifieconductivitymultipliedby that volumewhichcon-
tainsthé statednumberofequivalontsof eachof the twosalts.

It shouldbe notedthat forsolutionsoontainingmuchsoap,tbe values
ofweightnormalityand volumenormalitymay differby as muchaa30

percent,owingto thefact that soapsotutions,in spiteofthé largeweight
of soappresent,differcomparativelylittle in density fromwater. For
this reason,applicationof the "ciassicai"mixturerule to specifieconduc-
tivities(method3),that is,to equalvolumesofsolutionsofthe sametotal
weightnormalityincommonion,leadaagainto a distinct!ydinerentresuit
fromthe &rstmethodof comparison. AUthree providesomebasisfor

examiningthe mutualoSectof the constituentsof the mixture. Data
forpuresubstancesweretaken fromInternationalCriticalTables,pub-
lishedpapers,ormeasuredad Aoc.

Freezingpointsofmixtureswerecomparedby twométhodeof calcula-
tion. TheSrst(method4)correspondsto the secondof thoseabovemen-
tioned,that is,simpleadditionofthe freezingpointsexhibitedby eachsait
at a weightnormalityequalto that whichit possessedin themixture.

~mht)ue= Ct-{-Ct

Lastty(method5),theywerecomparedthroughthe osmoticcoemcientof
the mixture

6'tmX Mt/M+ X Wt/m

where isthe osmoticcoefficientofoneconstituentat thétotal molality
ofthemixture. Bjerrum'sosmoticcoefficient== 1 j = C/~tK,wheref\
is themolalloweringat infinitedilution,obtainedby dilutingthé mixture
withoutchangingtheratio betweenthe twoconstituents. Thus

v = («ttH,+%?Ki)/(Mt+ ?<)

wherem==mi + m~and X= 1.888".
Allconductivitydatareferto 25.00"d:0.01"C.,measuredwith theusual

precautionsinwaterofeonductivity0.5to1.0X 10'*in anoilthermostat.

Freezingpointmeasurementswereby the Beckmannmethodwithunder-

cooling0.3°to 0.5°. Thebest avaiiablematerialswereemployedandali
instrumentswereatandardized.

Thepartialspecifievolumesofsoapsabovethe concentrationexhibiting
minimumconductivityliebetween0.973and0.982forlauryl-andmyristyl-
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BUtfotucacMs,and0.946to 0.936for the M-undecyisuMbnicacid;tbat for

potassiumlaurateasfoundbyBuryandParry (3)lies between0.912and

0.917,but whereasthe latter feMaharpityln lowerconcentrations,thé

partial specifievolumesof the straightchainsuMonioMidaareslightly
groaterin morediluteBoiution.

CONDUCTIVITY BE6PLTa

Figure1 exhibitsthe tiret twomethodsof comparisonof mixturesof
0.955 potassiumlauratewithpotassiumchlorideup to Î.236 it
iaobservedthat thé conductivityof thémixturebyboth methodsof com-

w

Fto.t. Mo)a)'conduotMtyo(0.96S~(M)potaMtumtauratecontainmgpotatMtum
obloride.))).observed,referredto 1moteof totatK; A, aumof constituents
(method2);Q,obeerved,referredtototalKtn tOOOg. ofwater;W,eumofoonstit.
uents(mothod1).

parisonis definitelylésathan the calculatedvalue. The sameresultfot-
lowefromcomparisonofspeciËcconductivities.

In contrastto this,figure2,formtxturesof0.1 undecytsu!fon!cacid
withhydrochloricacidup to 1Nm,showsfairlycloseagreementbetween
calculatedand observedvalues,the latter beinggenerallyevenhigher.
SimUarty,if,accordingto the thirdmethodof catcutatton,observedcon-

ductivityisplottedagainsttotalmolality(~) fortrue mixturesandsepa-
rate constituents,thé curveof observedvaluesin every caseliesslightly
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but deSnitetyhighereventhan thecalculatedvalues. Thismaybetsrgety
attributedto inereasedformationof ionicmicelle.

A mixture,0.1016W,,withrespectto taurytstttfonicaoidandalsowith

respecttohydrochlorieacid,calculatedbythefirstmethod,gaveanequiv-
aientconductivitywithrespectto totalacidof 63.67mhosas compared
withthécalculatedvalue54.6.

Fromthe foregoingit maybe ooncludedthat the conductivityof thé

mixturesofsoapswithelectrolytesdoesnot depart verymuchfromsimple
additiverules.

Fto.2.Molaroonduetivityof0.1JV,undeoytButfonicacidcontaininghydro-
chloricacid. A,observed,referredto 1moleof totalH; 0, sumofoonstituents
(method2);X,obaerved,referredtototalacidin1000g.ofwater;a, sumotcon-
stituents(method1).

FBEEZINQ POINT RESULTS

Figure3 exhibitsthe data formixturesof 0.1 ~V~ttndecytsutfomcacid

withadditionof hydrochloricacid up to 1 It willbeseenthat well

withinthe errorof experimentthe totat loweringis the sumof the con-

stituents.

Figure4 showsthat the osmoticcoefficientof the mixtureis definitely
evengreaterthan that calculatedfromthe constituents,for a mixture-

0.1016JV~laurylsulfonicacid containing0.1016 hydrochioricacid-

exhibiteda freezingpoint loweringof 0.440°,as comparedwith0.420"

forthe sumofthe constituentsand anosmoticcoefficientof0.583ascom-
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FM. 3. Freeaing point lowering (<) of 0.1 A~.undeoybutfonio acid containing

hydrocMorioacid. 0, observedvalues; A, caleulated valucs (method 4); X, Inter-
national Critical Tables values for hydrochtoric acid alone; 0, MtM Betz' values
for CnHo80,H atone.

FM.4 Oamotic coefficients(c) of 0.1 undeeytsutfonicacid containing hydro-
ch)one aoid. A, observed values; D, calculated values (mothod 5); 0, Inter-

national Critical TaMasvalues for hydroohtonc acid atone; Miss Bet! va)uea

for CnHt)SO,H &tone.
<<a~
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paredwithpredicted0.851. Thusagainthé obeervedvaluesare higher
than those calculatedfromthe constituents. Thisresutt appliesequally
toordinarysoaps. Quick(6),forexample,foundthe follawingdewpoint
loweringsat 18"C.:1 potassiumlaurate,0.22°;1 JV~potassiumcMorido,
0.50";mixture1 withrespectto each,0.77",as comparedwiththesum
of the constituents,only0.72". In thesestrong soapsolutions,the in-
creasedloweringiapresumablydue to hydrationof the soap.

It is evidentthat presenceof ionicmicelledoes not exortany great
effecttowardsuppressionofconductivityor freeztngpointloweringas had
beenassumedbyanumborofwritcrs.'

Sodiumsaltaofdibasicorganicacidscarryupontheanionchargeswhieh
arefar apart. Thefollowingmixtureswereatudied,concentrationbeingex-
pressedinmolallty,M;thevaluesof freezingpoint loweringm bracketsare
fortherespectiveconstituents,andthesumofthèse:–0.1sodiumchloride,
0.1sodiumoxalate(0.348",0.446",0.793*),0.787";0.2sodiumchloride,
0.1sodiumoxalate(0.685",0.445",1.130°),1.130";0.1sodiumchloride,
0.1sodiumsuccinate(0.348",0.632",0.880"),0.885";0.2sodiumchloride,
0.1sodiumsuccinate(0.685",0.532~,1.217"),1.233";0.5sodiumchloride,
0.486sodiumsuccinate(1.675°,2.546",4.220"),4.30o';0.1 sodiumchloride,
0.1sodiumtartrate (0.348",0.476",0.824"),0.803";0.2sodiumchloride,
0.1sodiumtartrate (0.685",0.476",1.16l"),1.14l";0.5sodiumchloride,
0.5sodiumtartrate(1.678°,2.002",3.677"),3.626";0.230sodiumchloride,
0.115sodiumphthalate(0.775",0.731",1.606"),1.476";0.5sodiumcMoride,
0.247sodiumphthalate(1.675",1.S61",3.236"),3.510";0.270sodiumchlo-
ride,0.137sodiumisophthalate(0.925",1.400",2.32S"),2.450°;0.5sodium
chloride,0.266sodiumisophthalate(1.675°,2.814°,4.489°),4.464";0.230
sodiumchloride,0.113sodiumterephthalate (0.775",0.780°,1.555"),
1.633°;0.450sodiumchloride,0.2315sodiumterephthalate(1.510'1.980",
3.490°),3.475°.

Ineverycaseit isseenthat theobservedloweringis,withinexperimental
error,equalto thatof thesumofthe loweringscausedbythe twoconstit-
tuents independently.For the tartrates, succinates,and o-phthatates,
osmoticcoefficientscouldbe calculatedand were likewisewithina few

percentof thoseobserved.

8UMMARY

Mixturesof ordinaryelectrolyteswith ordinary alkalisoapsor with
hydrogensoaps,like mixturesof sodiumchloridewith sodiumsalts of
organieacids,exhibitconductivitiesand freezingpointloweringsin sub-

G.W.FullerinthMlabomtoryhMfoundthatthéetectmmotrictitrationcurves
ofthèsehydrogenMttpsshowthenormalformandpositionforamoderatetyatrong
univalentacid. AsimilarobservationongumarabicwasmadebyThomasand
Murray(J.Phys.Chem.M,696(t928)).
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atantM agreement with thé simple addtUve mtxture rules. In aU these

cases, the charges on the polyvalent ion or micelle are spaced ao far apart

as to be eSecttvety independent. He&ce the ionie strcngth of colloidal

elcctrolytes resembles that for a uni-univalent electrolyte.
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SIMPLE KINËTICTHEORYOF IONIC EXCHANGE. 11
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!NTRODUCTtON

Manycolloidalsystems,particularlythe aluminosilicates,the proteins,
soaps,hydroueoxides,and numérotametaltiocoUoids,exhibitthé phe-
nomenonofexchangeadsorptionor ionieexchange. Negattvejycharged
colloidalparticlesareknownto possesscationexchange(baseexchange),
whereaspositiveparticlesbaveanionexchange. Amphotedccolloidsmay
compriseboth typesof reMtions.

Thepresentstatuaofexchangeadsorptionisone ofconfusion. Agreat
massof experimentaldata is at hand,and overa dozenequationshave
beenproposed. TheseareeitherwhoUyempiricalor representinthemain
questionableapplicationsofthe lawofmassaction. Theconstantaofthe
equationshavebut littlephysicalsignificance.No attemptsbavebeen
madeto advancea theorywhichlinksthe exchangeisothermewithother
fundamentalpropertiesofcolloidalsystemssuchas electricpotentialand
stability.

Thepurposeofthepresentstudyis to deduceon theoreticalgroundsan
exchangeadsorptionisotherm. A verysimpleionic exchangemodelwill
bedepicted,andonthébasisofkineticconceptsan equationwillbeformu-
latedwith the aid of statisticalmethods..Specialemphasiswillbe laid
ona rationalinterpretationofthé constants. No claimis madethat the
modelproposedandtheequationdeducedarevaUdforatl ionicexchange
systemsknown,but it is hopedthat they wHtfurnish a platformfrom
whichthe greatmassofempiricaldata maybe viewedmoreintelligently
thanbasbeenhithertopossible.

QUALITATIVEASPECTS

Let us considerthespecialcase of a largemuscovitecrystal. Upon
beinggroundto colloidaldimensionsthe crystal breaks up, preferably
alongthe basalcleavageplanes. Accordingto Pauling (4)thesesurfaces
consistof iayetsofnegativeoxygenionswhichform a rigidframework.

ContributionNo.443,JournalBericaoftheMissouriExperimentStation.
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Hft'wffn tha nïan~a oi~a t~~tt~n~ tt~n m~tnettttUMBotweenthe planesare located the potassiumionswhich,as a resultof

grinding,beeomecxposedand appear in exchMKeaMeform (figure1).
Theybehaveasadsorbedions,althoughpreviousto themechanicaltreat-
ment thoywerean intégrâtpart of the cryptât. If the coMoidaiplates
thus obtainedare put into a sotutionofsodiumchloride,ionicexchange
takesplaceanda part of the potassiumions on thé crystaiaif)replaced
by sodiumions. Howshall sucha surfacereactionbe pictured? It is

importantto rememberthat the potassiumions on the exposedoxygen
layersarenotat rest. Owingtoheatmotionand onaccountoftherandom

FM.1. StructureoftmmeoviteaccordingtoPauling(t). ThelargeMaokcintea
areKions;thélargewhitecirelesare0 andOHions;theehadedsmalleirctMareA)
ionstnoctahedraportions;andthesmallwhitectrcfeaareAIor Siionewithin
tettahedra.

bombardmentbywatermolecules,thépotassiumionsoseillateirregularly.
At timestheymaybeat a considerabledistance(severalÂngstromut~ts)
fromthéwatt,but arepu!!edbackbythe electricallychargedoxygenions.
In thesolution,thesodiumionswanderat randomas a necessaryconse-

quenceot Brownianmovement. Now,if it so happensthat by chancea

migratingsodiumionslipsbetweenthe walland an oscillatingpotassium
ionwhichbasmomentarilymovedawayfrom the surface,an exchange
reactionwilloccur. The positivesodiumion is electricallyattractedby
the negativewall,and the potassiumionis left in the solutionor even
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pushedinto it by the eteotr!catrepulsionforcesof thé sodiumion. The

chlorideanionin thé liquiddoesnot participatein thé reaction.

It shouldbeemphasizedthat the mechanismproposeddoesnot include
the adsorptionofcationsor anionswithoutanequivalentreleaseofcorre-

spondingsurfaceions. Ofcourse,weakelectrolytesmaybe adsorbedasa

molecularontity,butthtscaaefatisintotheoategoryof Lfmgmuir'sadsorp-
tionofmolecules.In particu!ar,the adsorptionofOH ions,whiehis fre*

quentlyreportedintheHterature~canbeexplainedas mereanionexchange
ora cationexchangetnvo!vingbydrogenionsorpolyvalentcations,accord-

ing to thé schemes:

–––– –––––

CoUoid +MNaOH~
Cotbtd +(M-2)NaOH+2B[,0

–––––)H ––––– Na ––

––––– –––––

CoUoid Ca+nNaOH~ Colloid +(n-2)NaOH+Ca(OH)t
–––– –––––Na. –?––

IttbothcasesOHionsmaydisappearfromthesolution,but notbymeans

ofstraightadsorption.Thesubsequentincteasein dispenionoftho par-
tielesfollowsfromthe fact tbat Na-colloidshavehigher potentialsthan
eltherH-orCa-coUoids(2).

For systemswhichdo not containbases (K, Ca, etc.) in thé crystal
lattice,forinstancekaolinite,pyrophyllite,andmanyorganiccompounds,
webeUevethat thoOHionofthe crystalis theseatof oxchange,or, more

specifically,theHionofthéexposedOHionwillbereplaceduponaddition

of an electrolyte.

QUANTITATIVE FORMULATION OF EXCHANGE ADSORPTION

We shallabandonthe specificcaseof muscoviteand workwith the

generalcaseof a (planar)surfacewhichcontainsa deSnitenumberof

attractionspotsperunitarea. The ions,atoms,or molecules-ormore

generallythe "partictes"–whichareinitiallyadsorbedare called"black"

or b. Thosewhiehare added to the systemto functionas exchanging

particJesarecaited"white"orw. Additionalblackparticleswhichwander
about likethe whiteonesmay alsobe introduced(correspondingto the

specialcaseofK-mica+ NaCi+ KC1). Tosimplifythé mathematical

treatmentattpartictesareconsideredto possessthe samemassand,if ions,
thesameelectriochargebut not necessarilythe samesize. Theparticles
donot influenceeachother,and theprincipleofequipartitionofenergyis

supposedto hold.

ï'en!Kno!ocy

Everyadsorbedblackparticleoscillateswithina givenspacecaUedthe

oscillationcell,the averagevolumeof whichis f6. Thé oscillationcell
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is a verymnaUfractionof the total volume(V) of the system. Thereare
zbattractionspotsand consoquentty adsorbedblackpartMeson the
entiresurface. It shallbe postulatedthat exchangeoccumwhenevera
whiteparticleentersan oscillationceUinsucha waythat it aiipsbetween
thewallandthe vibratingblackparticleor, moregenerallyspeaking,that
it comescloserto the attractionspot. The numberof whitepartieles
in Vis and the correspondingnumberof wanderingblackparticles
is~t. Thetotal numberofb in Vfs therefore + Theaverage

p,numberofmigrating10and bparticlesin one exchangece!t(noteounting
theadsorbedions)is

~+A~)

whichis thesumof: n
l\

averagenumberof ? in ia N. = jxw

averagenumberof b invais
t'JVt =

B

Thejustificationforusinga simplestatisticaldistributioninsteadofthe
Maxwell-Boltzmannprinciplelies in the nature of the exchangemodel
suggested.Unlikethe freesurfacesoperatedwithby Langmuir,Hucket,
andothers,the electricfieldsof the surfaceare "neutralized"bythead-
sorbedions. Usingtheclassicalvalencepictureof thechemist,weassume
that theattractionforcesare localizedinastraight lineextendingfromthe
attractionspot on the wallto the centerof the adsorbedion. In other

twords,as longas the migratingiondoesnot comebetweenthe walland
the exchangeion-though it may beinsideof the oscillationspace-it is
notunderthe influenceofforceswhichdifferfromthosein the bulkofthe
liquid. Furthermore,the adsorbedionsneverevaporate,eveninabsence
ofmigratingparticles,otherwisethe axiomof electroneutralitywouldbe
violated.

DM<n&M~oMconaiderations

At anygiveninstantsomeoseittationceUshaveno migrationparticles
at aH,somehaveone,otherstwo, or three, or more. Again,thosecells
havingoneparticlemay have eithera white one or a blackone. The
latter casewouldcontributenothingto the exchangeprocess,sincethe
replacementof a blackparticleby anotherblackparticlecouldnot bc

d

detectedexperimentally.CellswithseveraipartictesmayhaveaUwhite, w
or att black,or mixturesof the twoco!ors. The probabilitiesof these
possiblecasesmust be ascertained. e

L<
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Let us designatethe probabilitythat a speciBeceUbas noneof thé
whitepartiolesby Wo,that itbasonewhitep~rtieteby Wt,andingeneral,
n particlesof typew by Similarlyforthe migratingblackparticles
wehaveBo,Bt,

tfoBtts theprobabilitythat a givenceUcontaiNano migratingpartieles
at aH;WA is the pmbabHttythat it basa whiteparticle,and tf.Bt is
the valuefora wanderingblaekparticle. If twopartialesenteraspecifie
eellthe followingcasesexist!

Forn particlesweobtainthe scries:

W.B. + Wn-iBt + W.-) B, + tf.B~ 1

Accordingtodefinitlononlysuchcellawillproducecxchangeashappento
hâvea whiteparticleon the leftof the oseillatingb (Sgure2); in other

FN.2.SehematicMptBMntattonof thésurfaceofa plateofcottoidddimensions
showint!adMtbedMM(NMk)andthettoscitt&tMttspMM

words,onlya fractionof thé cellswith wanderingtc's wUtactuattyshow

exchange.Designatingthé fractionsby cfn, oneobtatasfor
thé pmb&bmtyof exchangeforn particlesin a ceM:

P. = «.WnB.+ ~W~,Bt +. !Ï~~

Thé indexn takes thé successivevalues0, 1, 2, 3, Thé total

exchangeprobaMUty,P, iathé sumof theseindividualprobaMIities.For

thésakéofUtustrationthé initiâtmembersofthéfinalsériessha!!begiven

P ==SP, = (~.W~.) + («tWtB.+ 0.) +

(~W,B. + M~tB,+ -y~.B,) +. (1)

casesexo~:
fw<ttMtf«M fMtahhMtt

w w 1~,8.
wb WtB)
b b tf.B,
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ThéactualvaluesofW and BnintermsofVb,V,N., andAt arofound
withtheaidofSmotuchowski'sequationa(6),alsoknownasPoissonséries:

,W.(,b)
(ge)» and (".)" é-,6 (213)

W~=~"c-
and

B~=~~
(2,3)

Theseequationsyieldthe probabilitythat ? wbite or n blaekwandering
particlesarem a selectedoscillationcellt~t.

Ittsertingequations2and3 intoformula1fumishes:

~L+~(«~+~)

\< -t

+
+

~VJV. +
+ .J

(4)

In orderto simplifythé aboveexpression,we shallconductthéexperi-
mentsinsuchawaythat V isverygreatin comparisonto ft, that is,use

dilutesolsonly. Thé magnitudesof~–) for n > 1 becomeverysmall

incomparisonto–, andthememberswiththe highertermsof n in
(– j

canbeneglected.Sinceaoand j3tare zero by definition,expression4
reducesto:

M
-~t~+~)

v (5)

whichis theprobabilityofexehangeforone ceUunderthe experimental
restrictionsspecined. For %tcellsthe most probablenumberthat will
contributeto exchangeis timesthé abovevalue.

Theamountofexchangein the timeA<is a functionof the velocityu
of the particles. The rate of adsorptionof white particlesisevidently

~P Ot -~fe~~),/
.111

sbaltbN~Y~Hw+xe>f~u) (6)~-=~t~N~ /(M) (6)

whichisalsothe rateofreleaseofadsorbedblackparticles.

Equilibriumaspect8

Equation6 describesbut one phaseof the exchangephenomenon,
namely,thereleaseof blackparticlesby whiteones. The latter, which
becomeadsorbed,mayin tum be replacedby wnnderingblackparticles.
Thederivationof the equationof this reversedprocessis simiiarto the
onejust given,exceptthat someof the symbolsare to be changed:
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becomea tho oseittationapaceof the adaorbedwhite particle,and z~
isohangedto z., whichrepresentsthe namberofwhiteparticlesadsorbed.
Thefinalequationoorrespondingto formula6iaofthe form

A&= f. “ -~(~w,=

~~t y
~Vte /(?) (7)

~&/d(représentethérateofadsorptionofblackpartictes,whichi8alsothe
rateof releaseofwhitepartieles. Equilibriumexistawhen

A<o Ab

A<

or

<
(~")(~~––

-=- =!!
–– 6~ ~0~

z. Ne <%

Equation8 isofa moregeneraltypethan isrequiredforthecommonbasc-

exehangeexperiments.Asa rutenowandering6 particlesareaddedto

the migratingwhiteparticles. Furthermore,weshall expressthe equi-
Ubriumconditionsin tems ofwhiteparticlesadsorbed(tOo)asa funotion

of the whitepartictesadded(~.). Thé followingsubatitutionsreautt:

JV~becomesJV~– «'a
2b becomes Zb. w<,

andNbbecome?“

Introducingthèsemagnitudesinto equation8 teada to

(~ ~)(~ ?.) ,(~)~.
w~

Inasmuchas vband andparticutarty are verysmaUm com-

parisonto V,theexponentialtenn closelyapproaches1;hence,

~(l-(~+~+~V~=0
(10)

4

Forordinarycation-exchangeexperimentswemay write

+ N) + sJV==0 (11)
v/b

+ (o +JV)=)=/</(<+
4~(l "*)

(i1)––––––L~–––––\––~ (H)

<) tI¡,
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where N = amountof electrolyteadded initially (numberof ions),
tf numberof cationsadsorbed or releasedat equitibrhun,
s = saturationcapacity,and

f~,Pb= oscillationspacesofthe adsorbedions.
Theequationhasbeendedueedfora platycoUoidatparticio,but it applies
to spheresas well;nor is it restrictedto colloidaldimensionsor to orys-
taUites.

Themostgeneralequationembracingthe case inwhiehbothwhiteand

blackpartictesareaddedhas the form:

[~~+~~)]~.+~+~4~(l-~)

~)

(Ha)

Thésymbolshavethe followingmeaning:
= numberof whitepartictesadded initially (electrolyteion10),
= numberofblackparticlesaddedinitially (electrolyteionb),and

w = numberofwhitepartioies(etectrotyteionw)adsorbedorblack

particles(electrolyteionb) releasedat equilibrium.

Equationlia becomesof importanceinstudies oncompetitionadsorp-
tionor competitionexchange. Twokindsof particles,wandb,compete
fora placeonthesurface. IfNeiszero,equation 1lagoesoverintoequa-
tion11. Figure3showswhattypesofcurvescan beexpectedincompeti-
tionexchange.Theuppermostcurvedepictsthe conditionsfor =<0,
that is,no wanderingblackparticlesareadded. If oneintroducesblack

particlesequalto twiceor ten timesthe saturation capacity(A~<=25,

10<S),thé adsorptionofwhiteparticlesbecomesgreatlyrepressed.This

is mostpronouncedin lowconcentrationsof the electrolyteion?. The

slopebecomeslessmarkedand thecurvestend to approachstraightlines.

Ontheotherhand,ifequalnumbersofwhiteand blackparticles(N. = Nb)
are added,theslopeofthe curvebecomesaccentuatedat lowconcentra-

tions,whereasat higherconcentrationsthe curve tendsto run parallel
to theabscissa,butneverreaehingthé50per cent mark.

It is not )ike)ythat the naturalcolloidalsystems are of suchsimple

type that they corresponddirectlyto the conditionswhichwerespeci-
fiedforthe ionieexchangemode!. Acertainselectionoftheexperimental
resultsbecomesnecessary.Data obtainedfor veryhighelectrolytecon-

centrationswillhavetobeomittedin orderto conformtotherestrictions

mentionedin thederivationoftheequation. On the otherhand,systems
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ofhighdilutionare apt to showdisturbancesdue to hydfolymseffects,
i.e.,ionicexchangewithhydrogentoasofwater. tntermediaterangesof

eleotrolyteconcentîaMonsappearto be mosteuitable to test the v&Mity
of theequation.

Fia. 3. Theoreticaleurvesshowingcompetitionadsorption for &systemof the
type

Thenumberof catioMaddedMexpressedin termeof saturationcapacities(8).
Thetntensityofexchangeadsorptionis givenaspercent exohangein termsof
saturationcapacities.Activitiesareneglected.

Resu~ wt(~colloidalPutnam clay particles2 (on<ï!ysMby J. E. CtMeMt!~)

The most carefuland extensive work on ionie exchange has beencarried

out with aluminosilicates,and among these the permutitea, zeolites,and

natural Boiteolloids bave been most extensively investigated. Cation-

exchangeexperimentswith purifiedPutnam clay were conducted according
to methods previoudydescribed (1). tn aHexperiments 7.5g. ofcolloidal

clay earrying 4.50muHequivatenta(M.E.) of adsorbed iMMwas treated

Theauthorlaindebtedto theNationalResearehCouncit for a Grant-in-Aid.

–v~ “.––

K-colloid+ NH<Ct+ KCt
?) (~.) (~)
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withvariousamountsof oMorides,and the numberof ionsreleasedwas

determtnedin thésupOtMttmtliquid. ïn everycasethe total votumoof

the systemwas600ce., and the temperature was kept constantat ?"

db0.5"C.Theexchangevaluesexpressedin termeofsaturationcapacities

(4.SOM.E. = 100percent)are givenin table 1 andalso lnfigures4,6,
and6. The!inesdrawnwerecalculatedwith thé aidofequationIL

Uponinspectionof the curvesit must be concludedthat tbeequation

developedis ableto describeverysatisfactorHythé positionandtrendof

The&Mtresultindicateethefollowing.There are4.50M.E. (1S)adaorbed

NH.(7.5g.NHrctay)in600co.volumeand1/2 <Sor2.Z6M.E.UCthavebeen
added.Atequilibrium0.927M.E.NH.or20.6per centhavebeenreteasodfrom
thesurface.Théfigureunder"4S" meansthat 4 X4.50° t8.00M.E.LiCthavo

beenaddedand2.482M.E.NH.or64.7percent havebeenexchMged.

thécurvesoveraconsiderablerangeofelectrolyteconcentration. Insorne

Instancesthe fittingis almostperfect;in others, systemattcdeviations

seemtooccur. Theyareespeciallynoticeableinexchangereactionswhich

involvehydrogenions.

h~MMceofthea(n<c<Mreof thecoHoM~sand thepMpeWtMof theions

Numerousexchangedatapublishedby various investigatorshavebeen

testedas to theapplicabilityof the equation, and theresultsleadto the

followingconclusions.

TABLE 1

/<MM<:exchange<:tp<nmen<<u~<t Pa<nam c<tt~

Ana!yaeaby J. E. GteseMof;

<oNtcex<KMmaotttT*om .““
FOR THB Ktt.UtWMO )))tTt«.

tt~eOtStH.ttECOKCtMTttATMM
YAhUtfKt

'<M'M
tS-4.MM.E.

Vi
0.4 S t.tSs Ma8 4.0a

NH.-c!ay+MO. 20.6* 29.9 44.4 M.V 6.16

NH,~tay+N&C't. 20.6 32.0 45.11 M.9 4.M

NH,.ctay+KCt. 82.8 61.8 ?.8 75.2 1.10

NH.-<!tay+RbCL. 41.1 62.6 80.2 90.0 0.364

NH,-e)ay+CBO. 51.3 68.8 ?.3 90.0 0.268

NH.-etay+HCL. 60.4 84.9 90.9 90.9 (0.03)

Ca-ctay +MgC); 32.11 47.5 63.3 76.7 1.23

Ca-e!ay +BaC), 35.11 62.9 67.0 ?.8 0.8S5

Mg~tay +BeC), 28.7 50.3 71.0 S3.6 0.800

H-c)ay +LiC). 4.6 6.6 9.0 13.0 207

H-clay +NaC). 3.6 6.2 9.8 18.6 197

H-clay +KCt. 8.6 14.6 22.0 34.2 (31.4)

H-clay + RbCI. 19.0 28.2 41.2 62.2 5.63

H.c)ay +CBCt. 25.2 39.7 60.2 82.9

,1 ..1 -o. rr'\L_ I!n. '1 w _l_L.JI
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Fto. 4. ExchangeieothenM for colloidal Putmmt clay. Monovalent oatioM.

Data are from table 1

t.trMfft~tf (MHttS

Fïo. 8. Exchange isothorm for colloidal Putnam clay. Divalent ioae.

Data are from table 1

Ml
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First,the~n«!<w<!of the colloidalparticlesappearsto bean important
factor. TheequationyieldsgoodvaluesforsoUooiMdsandforbentonitie

clays(dataof Vanselow(6)),a!tofwhichhave platystructuresandseem

to exchangeonthe outersurfacesonly. Equation 11is lesssatisfactory
forpermutitesandcertainzeolites. Thèsesystemsare characterizedby
an abundanceof uttramicroscopicporesand channe!sinwhichthe ex-

changeableionsareseated. Theionsaresoclosetogetherthat theyinter-

fèrewitheachother,andby virtueof this fact the porousbodiesfaUout-

sideof thérealmof the equation.

Fta.6.ExchangeisothermsforH-Putnamclay(table1)andNa-et~yaandNa-
bentonite.ThetwolatterseriesaretakenfromMarshall(3)

Secondly,the natureof the~cAo~K~ions has to be taken intocon-

sidération. If theionsdiffergreatlyintheirpropertiesdiscrepanciesoccur.

Thisis thecase,forexample,withthehydrogenionascontrastedwiththé

largesizemonovalentraregas type ions (potassium,cesium),or barium

versusmagnesium.Thesecan be explainedas followa.The derivation

ofequation11restsonthe assumptionthat the magnitudeof theoscitta-

tion spaceis independentof thé concentrationof the wanderingions.

However,accordingto Debye,the thicknessof thé ionic atmosphèreof

the electricdoubletayer–whichis related to the oscillationdistanceof
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theadsorbedions–variesas thé squarerootof the electrolyteconcentra-
tion. If thé exchangingions havesimtiarproperties,for example,sise,
then the ratio f~/ft is not affectedby thenumberofmigratingpartictee;
however,in any othercasethe ratesof changeofc. and withsait con-
centrationmay differmateriallyfromeachotherand the quotientf.
mayvarywiththeelectrolyteconcentration;inotherwords,theconstant
ceaseBto be a constant. ReSnementsin the presentmode of&pproach
mayuttimatetyovercomethèsedijEcutties.

CoMt~M~ncesofthetose-exc~tt~eequation
Severalinvestigatorsclaimthat iontcexchangeinvolvingionsofequal

valencyisnotaffectedbydilutionexceptforminoreffectsduetohydroly-
sesand changesin activities. Equation11agréeswith this contention,
inasmuchas it doesnotcontainthemagnitudeV,that is, thé totalvolume
of thé system.

Ofparticularinterestis the behaviorofthe lyotropicseries. Accordtng
to figure4 the adsorptionseriesiaof théform:

LiCt g NaCi < KCt< RbCt < CsCt< HCI(exchangewithNH,-clay)

and,as previouslyshown(1),the releaseseriesfoHowsthe reverseorder:
namely,

LMay Na~iay > NH,-clay> Rb-clay> Cs~tay> H-day (exchange
withKCt)

Equation11predictsthe latter sériesfmmtheformeras demonstratedin
the followingexample. The systemNH<-ctay+ LiCt yieldsthe con-
stant k = <'Li/fna«and consequentlytheratio

&'==e? ~e.––
A t~(

givesthedesiredconstantforthereverseprocess,namely,Li-etay+ NH<Ct.
Thisconclusionrestson the fact that the base-exchangeequuibriumin
manycasesisa trueone(fordétailscompareVansetow'shystérésiseffect).

Withthé aid ofequation11it is alsopossibleto obtain informationon
exchangereactionswhichare difficulttostudy foranalyticalreasons,for
instancethe SystemRb-clay+ CaCl. If onedétermines = /~a.
fromthé systemNH<-ctay+ RbCi and similarly = fc.NH. from
NH<-ctay+ OsCi,the value

t. "a..=&,=–
~t fRb

furnishesthé constantwhichi8requiredto caicutate tho reactionRb-
clay+ CsC).
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TheaverageoscUtationspacec muâtbeconsideredasa characteristic

propertyofan adsorbedionfor a givencolloidalpartioto. Thé common

sayingthat "the ionb is better adsorbedthan thé ionw" simplymeans
that b bas a smalleroscillationvolumethanw, whichimpliesthat b i9
morestronglyattraetedby the surface.

CertainanionsformundiBsociatedcompoundswith the releasedioM,as
illustratedby the reaction:

H~!ay + CH,COO-+ Na+~Na~tay + CH,COOH

In suchcasestheequalityNe= ic.no longerholds,and théequationgiven
in thé formof No.11cannotbe applied.

CMMpOfMOmtf! otherodsorp<!OMequatiom

Equation11ts of the samenatureas the thermodynamicequationof
Vanselow(6),exceptthat hisundeterminedconstanthas nowa speciRc
meaning,namely,thératio of theosctHattonspacesof the adaorbedions.
Thesolidsolutionormixedcrystaltheoryisunableto oNeranexplanation
whytheequationfailsforcertainsystemssuchas pennutites,zeolites,and
H-colloids.The newéquationpossessesseveral advantagesover the

widetyusedFreundiich-Wiegnerisotherm,becausethé constantshâvea
distinctphysicalsignificanceandthe exchangeis shownto reacha maxi-
mum. Moreoverthé Freundlichtype of formulationdoesnot inctudo
caseslikeK-cotioid+ NaCt + KCI. Onthe other handthe parabolie
formula is somewhatmore flexiblebeeauseit containsan additiouat
constant.

Forionsofsimilarexchangeintensities,suchas NH. andK,the oscilla-
tionvolumesassumeequalmagnitudes,:'“= and equation11reducesto

8N

"=J+N

whichis identicalin formwiththe Vageler-Langmuirexehangeisotherm.

EXCHANGEADSORPTIONANDELECTRICPOTENTIAL

v. and ft designatethe oscillationspacesof thé adsorbedions in the
absenceof wanderingions. Thécubicrootof the ratio p~/ftis equalto
the quotientof theaverageoscillationdistances,that is,

T~=~ 1ib

The magnitudes and<~correspondto the thtcknessof thé Helmholtz
electricdoublelayerof particlescoatedwith<c-or b-typeions. Onthe
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basisof the diffusadouMelayerconcept, is &measureôf thétMsttthce
fromthe wallto theetectrtcatcentorofgravity.

ThéarrangementUtuetratedin figure2 c<Htbe viewedfromthe stand'
pointof an etectrioplate condenserin whiehthe négativeplateis given
by the r!gtdwallof négativeoxygenionsand thé positive plateby thé

c'
FM.7.Schematicpresentationofa colloidalpartioleactingauanelectrieplate

condenser.ThebtackhinerlayerrepfesentBthe wallcomposedof oxygenor
hydroxide!ooe.Théwhiteoutertayefrepresentsageomeirtcatsurfacethrou~hthé
centerofthéaveragepositionsoftheadaorbedions.

averagepositionof the cationcoat (figure7). The dectHe intensity
betweenthe plates!s4w<r/Dand thé potentialdifferenceis

<

f layer
n3~7ftHMrtttMr~'t'

<ris the chargeof thept&tee,whichis equalto thesaturationcapacityof
oneparticle,andDthe die!ectncconstant. Thuswe obtain fora col-
loidaipartMewithonlyionsof the w-typein theouter !ayer:

P~D..il PtD=' -,– = .–
4tr~

b
4jr~

and <~fora b-colioid.Wearriveat the interestingequality

<~ P.

~'=~=v~

whichshowsthat théionicexchangeconstantisequal to the cubeof the
ratio of the potentials. Thesamerelationshipapplies to largespiterical
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particles. In tables2 and3 are Mstedthe expérimentâtratiosbasedon
measurementsof potentials(2) of pure Ca., Mg-, Li-, Na-, and other

clays,and the bawexehangeconstantsfrom table 1. The agreementts

satisfactoryas faras theorderof magnitudeis concemed,and it la note-

worthythat the positionof the ionswithin the !yotropicseriesis stricdy
consistent!n bothsets ofdata. Numerouscausesfor the diecrepancies
coutdbe cited;the majorone is to be sought in the type of potentials

actuaMymeMured.TheseareM-caUedzetapotentials,basedonmigration
velocitiesofcoUoida!particlesin electricfields,rather than the shnpte
Helmholtzpotentials. Furthermoreit might be possiblethat the values

of the dielectricconstantsdo not cancelbut dependonthe natureof the

ionin the outerlayer.

CONCLUSIONS

It appearsthat théionicexchangemechanismproposedandtheequation
deducedpermita quantitativeunderstandingof the mostessentialfacts

ofexchangeadsorptionanditsrelationto problemsofcolloidstability(2).
In someinstancestheagreementbetweentheory and experimentis notso

closeas onemightwish. Undoubtedlyin the future the interactionof

neighboringionsonand nearthe surfacewul have to be taken into con-

sideration. Furthermore,the interprétationof electricpotentialmeasure-

mentsofcolloidalpartidef)needselucidation.

TABLE2
C<MTe<<th'onbetweenionic McAottpeCMM<«tt<<and e<M<n'cpotential. (divaknt MM)

~MM ~y ~~t

Ca~y+MgC), 1.C7 1.03

Ca-c))ty+B<tCt, O.M 0.97

Mg<c)ay+BaCt, O.C3 0.94

From table 1.

fFront référence2.

<t<ut~vmy~uu.u<MMttvutw

tOtt. si N& K NH< m & H

~y~N& )73 t.60 1.03 1 0.7t 0.65 0.31

f.NB.t. LOS t.03 1.01 1 0.98 0.96 0.86

From table I.

tFfom)~ferenee2.

TABLE 3

Correlationbetweent'MH'ctMAan~ecotM<<Kt<sand electrie potential (monovalent<oM)

P. for NH<-<!tay= 56.0 mUtivotta
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1. Asimplemodelof thémechanismof ionicexehangebasbeenproposed.
2. Withtheaidof thémodelanexchangeadsorptionisothennbasbeen

theoreticallydeduced. Theequationcouldbe verifiedforcolloidalclay
systetnsovera considerablerangeofconcentration.

3. CertainSystemsare but poortygovernedby the équation. This

particularbehaviorisexplainedon thebasisofstructural peculiatitiesof
the coHoidatpartielesandextrêmevariationsof the propertiesof thepar-
ticipatingions.

4. Thethirdrootofthebaseexchangeconstantis shownto be equalto
the ratioofthe electriepotentialsofthé doublelayers. Thisrelationship
directlyconnectaionicexchangewithproblemsof coUoidstaMity.
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THE REDUCTIONOF SOMEADSORBEDOXIDATION-REDUC-
TION INDICATOR8

HAROLDA.ABRAMSONAwtVONR. TAYLOR
TheBt'o!<'()tea<J'<<t~M-(t<crtf,CoM~n't)<;Harbor,NewYork

Received~cem~rC,tMS

Althoughmany oxidationprocessesin biologicalSystemsapparently
takeplaceat surfacesorin theirpresence,thestudy ofoxidation-reduction
reactionsat phase boundariesin liquidsdoes not seemto have been
examinedin simplesystems. Furthermore,the analysisof the effectsof
an adsorbedsubstancecapableof undergoinga. reversibleoxidationand
réductiononther-potential(electrokineticpotential)ofinertandionogeaic
surfacesmayprovidea newmethodofapproachto thesurfacechemistryof
oxidationsandreductions. For these reasonswe have investigatedthe
effectof reductantsonadsorbedmethyleneblue, litmus,and phenosafra-
nine. It hasbeenfoundthat thesedyestuffscan bereducedandreexidi~d
reversiblyin the adsorbedstate.

METHYLENE BLDE

Fitterpaper'was dippedintomethyteneMue solutions(about0.6per
centor moredilute)andthe excessmethyleneblue washedoffin running
tap water,leavingthepaperstainedblue. If a pieceof thisbluepaperis
suspendedina streamofhydrogenin wateror in phosphatebuSerin the
presenceofplat-inizedasbestos,reductionof the adsorbedmethyleneblue
by thegaseoushydrogendoesnot occurtoany appreeiableextent.~ Thé
presencesimuttanteoustyof relativelylargeamounts of methylenewhite
in solutioncompticatesthis result,becauseof the equilibriumset up be-
tweendissotvedmethytenewhiteandadsorbedmethyleneblue. Thiswas
firstobservcdby DoctorI. Korrin a preliminaryexperiment. Although
hydrogengasinthe presenceof largequantitiesof cata!ystdoesnot reduce
adsorbedmethyleneblue,this can be readilybrought aboutby addition
of sodiumhydrosulfite,cysteine,or thiourea. The thiourea,however,is
emcaciousonly in acidsolution. On addition of sodiumhydrosulfite,

1SchloicherandSchMtNo.1. Atsodyewhiehbas beenadsorbedbyblotting
paper,adsorbentcotton,cottontoweling,porcelain,andhatrsofacleaningbrush
canbereversiblyredueed.

ThisconCrnMapcrsonalcommunicationtooneofus (H.A.A.)fromProfeMorL.
Michaelie.
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the slightlytintedsolutionofméthylèneMuebecomescobrtess,thé ntter
paperitselfthenbleachingmoresiowtyandin a spottyfashionbutSna!)y
becomingwhite. If thewhitefilterpaperisnow removedfromthesolu-
tion andthe excessof reductantwashedoff,the paperremainswhitefor
sometimeunlessthéwashingiaprolonged. Most of théadsorbedmethyl-
eue bluestill remainsonthe Siterpaperm thé formofmethylenewhite,
foradditionof quinoneor potassiumferricyaniderestoresthe bluecolor
to atmostits originalintensity. The adsorbedbluedye cannowbe re-
ducedagainandreoxidizedseveraltimes. Cysteinedoesnot reducethé
adsorbeddyeasquicklyashydrosulfite.Even witha 5percentsolution
of cysteine(EastmanKodak)stightheatingis neededfor the reduction
reactiontogoto completionwithina reasonablyshorttime. Withdilute
solutionsat roomtemperaturethereductionmay takehours. Theauto*
oxidationof adsorbedmethylenewhiteBeemsto takeplacereadityin the
air but ratherstow!y. Asmentionedpreviously,tracesofhydrosulfiteor
of cysteineadsorbedonto thé filter paper inhibit the auto8xidationof
methylenewhitefor a periodquitesufficientto test the effectsof other
oxidants. Méthylènewhiteisknowntobe adsorbedbyvarioussurfaces.
Thiscanbedcmonstratedbydippingfilterpaperintoasolutionofmethyl~
ene bluereducedbyhydrosutoteor cysteine. Aftermoderatewashingin
runningwater,littleornocolorappears. Additionofanoxidanthowever,
revealsat oncethata largequantityofmethylenewhitebasbeenadsorbed.

UTMUa

Litmuspaper is renderedcolorlessby hydrosulfitein both acid and
neutralsolutions. Autoôxidationisslow. Thewhitepapereanbewashed
in runningwaterandthenreoxidizedto the red or bluedyedependingon
the pH.

PHEM08AFBANINE

ThisdyeisreadilyadsorbedbySiterpaperand canbereversiMyoxidized
andreducedin the adsorbedstate.

DISCUSSION

The bondsresponsiblefor the adsorptionof the dyestuffshèreinvesti-
gated do not appearto affectappreciablythose groupsinvolvedin the
oxidation-reductionprocess. A parallelinstanceis that observedforthe
ionimtionof adsorbedprotein. Sincethe electricmobilitiesof protein-
coveredquartzparticlesdonot differverymuch fromthe dissolvedpro-
tein,the freeaminoandcarboxylgroupsarenot primarilyinvolvedin the
adsorptionreaction. It is of someinterestto see a.similarphenomenon
occurwithsmaJlermolecules.

Asurfacehavingselectiveadsorptionforoneformoftheconstituentsof
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a reversibleoxidation-reductionsystemcouldsMftthe ovation-réduction
potentialof the system. Adsorptionreactionsof this type haveappar.
enttybeeninvestigatedonlywithpHmdic&tors.ThusDeutschbasshown
tbat indic&toralikebromothymolblue,malachitegreen,and manyothera
havethéundissociatedformofthe dyestutîaetectivetyadsorbedifadsorp-tionoccursat a pHnearthevalueofpkof the indicator. In this instance
thé pHofthe solutiondoesnot changeappreciably,for the colorchange
ocoutsin wet!.buHeredsolutions. Sinceadsorbedmethyleneblueis not
readily reducedby hydrogengas-piatini~d asbestos, and since an
electrodewouldindicatethat the solutionwasverynear the potentialof
the hydrogenelectrode,it is evidentthat thé electrometriemeasurement
givesnoindicationofthepotentialat thesurface(whereadsorptionoccurs),
even though the électrodepotential bas reaohed "equilibrium." In
heterogeneoussystemstheattainmentof"equilibrium"insolutiondoesnot
necessarHyindicatethereductionintensityat thesurface. Thisshouldbe
borne in mindin connectionwith discussionsinvolving thé reduction
intensitym tivingsystems.
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THE ADSORPTION0F THE HEAVIERRARE GASE8BY
MERCURY'

HANaM.CASSELA~nKURTNEUGEBAUER

Dep<tf<)t)<M<o/C~«~,a~m-d y~M-ot~,C~t/pnttft,andr«!AM<«!)xMo<!M«~,
Berlin,G~ntMttttt

NMttMdMay<,~M

Sincethenatureof the van der Waalsforceswas revealedas a conse-
quenceoftheatomiczeropointvibrationsof the électrons,theadsorption
as causedbysuchattractionfieldsofsotidor liquidsurfacesabo became
accemiMotoadvancedtheoreticaltreatment. The theorydueto London
(12)at firstwasappliedto the simptestexample,that of epherica!aym-
metricalatomsandmotecuteswhichmaybc regardedaaspheres. Intro-
ducingcertamfurthersimplifyingasaumptions~Londoncalculatedthe
heataof adsorptionbycharcoal.

Owingto a numericalerror,the valuessoobtained aeemedat Bt8tto
be in excellentagreementwith the experimentalresults. The correctly
calculatedvalues,however,are onlyone-tenth,or, if repeUingforcesare
disregarded,neartyone-fifthof the observedamounts. Thus, although
the rightorderof magnitudeis attained,thereexistaa diacrepancy,the
reasonforwhichmustbesoughtin thenatureof the experimentalcondi-
tionsratherthan in the theory.

AsLondonhasalreadypointedout,an increaseof the attractionbeyond
that dueto entirelyplanesurfacesis to beexpected,owingto the porous
structureof the crystallineadsorbent. Experimentally,it wouldaeem
possibleto avoidtheseirreguiaritiesby usingsingle CtyBtabas the ad-
sorbent. Thismethod,however,has the disadvantageof so limitingthe
surfacethat it wouldbedifficultto obtainmeasurableadsorption.

Measurementof the surfacetensionof Uquidadsorbentsmay be a
betterprocedure,foron this basissurfacedensitiesof the adsorbedgas
atomsmaybe derivedby the Gibbsthermodynamioequation. Though
at firstsightthismethodappearsto beratherindirect, its advantageover
the mereobservationofadsorbedquantitiesis that it doesnot requirea
specialmeasurementoftheadsorbingsurfacearea. Theheatsof adsorp-
tionarethenderivedfromthe déterminationofdifférentisotherms.

ThenMMUtfementswerecarriedoutmoollaborationwithK.Neugebauerinthe
TechnischeHochachule,Berlin;Mea!eothédissertationofH.Binne,Technische
HoctMchu)e,Berlin,1932.



CM HAN8M.CA~ANnKmM't<'BBaBBABB!t

Liquidmercurywas usedas the adsorbent in our experimen~.This
materialprovedto be wellsuited for cheekingthe adsorptiontheory.
Althoughin the earlierstageof our knowlcdgeof thé metaHiostate the
applicationof London'stheoryto metals wasobjectionable,now,onthé
basMof Btooh'a(2) ideas,'it is ~ti6ed by the newdispersiontheoryof
metalsadvocatedby Kronig(9).

Theexperimentalequipmentwasthat previouslyusedfor the studyof <
the adsorptionof some polarand non-polarcompoundsby mereury(6)
andwasverysimilarto that of thé capillaryctectrometer.ïn orderto i
measurethesurfacetension, theheightofa mercurycolumnnecessary =
to pressa mercurydroplet througha small holewasdetermined. This
opening,about0.1mm. ia diameter,consistedof a stainlesssteelnozzto
suehas is employedfor the purposeof manufacturingartificialsilk. It <
wassealedto the bottomofa verticalgtasstubecommunicatingwiththe
containerof themercury,whichwaspurifiedbyvacuumdistillationand
lifted pneumaticallyto the desiredteve!. The observationsmadeby
meansofa cathetometerwereinerrorby lessthan0.06mm.,that istosay,
theycorrespondedto theformula

p = ~(1/ri + !/<)

by lessthan 0.1dyne per centimeter. In orderto eliminatethe uncer-
taintymtheeffectivevalueofthe ourvatufes,1/r, + 1/r;,ofthé hôte,thé
value480.00dynesper centimeterfor the surfacetensionof mercuryat
roomtemperature(20"C.),as determinedby Bircumshaw(1),wastaken
asa standardforcatibration.' Owingto thé smaUnessoftheradii,correc-
tionsfortheinfluenceofgravitycouldbeneglected.

Theaccuracyofd:0.05dynepercentimeterthusobtainedwas,however, )
notsumcientto indicateany decreaseof the surfacetensionbytheaction
ofargonat roomtemperature,evenat a pressureof 100mm.ofmercury.

Tocontinuethe investigation,therefore,theheavierraregases,krypton
andxenon,werebroughtintocontactwith themetal. In thesecasesalso
the observableeffectsat roomtemperaturewererathersmaU,although
well-definedvaluesof the decreaseinsurfacetensioncouldbemeasuredon
coolingthesystem. Particularcarewas taken to keepthe temperatures
constant. Hèreof coursethe freezingpoint of mercurydeterminedthe
lowesttemperature.

Theexperimentalresultsare givenin the firstand secondco!umnsof
table 1. The correspondingfigure(figure1)showsthe decreasein the
surfacetension,<~e– F, asplottedagainstthegaspressure,p.

Weareindebtedto Dr. FeUxBlochofStanfordUniversityforhiekindMg.
gestions.

WiththevaluerecenttyobtainedbyBradley(3)ourresultshadtobeinereased
by4perceot.
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TABLE 1

hctAMtM/0f adsorptionof rare ~<MM<tj;!MtfHt)~

a. Krypton

p t )
y 236°K. f M3"K.

Mm.Hft <(f;<Mtpn'em. )t-'<tm.' mm.Ht tf~<t))ef<m. M-"cm.'

98 0.36 It M 0.20 06
108 0.85 2.6 t60 0.60 16
293 1.10 3.4 221 0.76 2.2
320 1.30 4.0 ?9 1.16 34

b. Xenon

")''
r p <' )

f '=' 237°K. y 263"K.

mm.Ht ~m<ptr<ttt.dm. ))t-"<!m.' mm.Hg d~tt«)«r<B). t<em.'
50 t.6S 60 69 1.20 3.6
89 2.86 8.6 130 290 7.6

198 006 18.0 234 4.40 12.0
331 9.10 Z60 295 660 15.5

VapordenMty. 866 Vapordenatty. 11.50
LiquMdenNty. 43.M Liquid density. 62.60

y 273*K. y 293°K.

69 0.80 2.0 40 0.36 1.0
93 1.10 30 91 0.70 2.0

149 1.76 45 149 1.20 3.0
227 2.76 7.8 205 1.60 4.0
278 3.36 9.0 280 2.00 5.5"–––––––––––––––––––– 365 2.80 7.0

VttpotdenMty. 18.33
355 2.80 7.0

Liquid deMity. 47.7

.Il-

latheMn~oftewotpt~Ma~thëisothertnsMe~pmxim&tetystt'aieht
lineseonvcrgingtowardsthe zeropoint. Under thesecondittonsdF/dp
= ~/p, so that tho Gibbsretatton~dF/dp -= rRT/p, yieldsthe simple
"two-dimensiottat"osm&ticequationofst&te: := fRr, wherer denotes
thénumberofadsorbedmolesper unitarea.

_Jj_

Athigherpressures,the237°K.andthe253"K.isothermofxenonincline

distmcttytowardthe p-axis. Thiscurving,familiarfromthe Langmuir
typeof adsorptionisothenns,in the caseof mobileadatoms~indicatesa

Theword"adatom,"ae introducedbyF.A.Becker,Mhcreusedtodesignate
theadsorbedparticlesaccordingtoLangmuir(10).
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predotninanceof thé virial tormwhichat~~ ffomthé MpuMonof the
adatomsoverthat dueto themutualattraction (6). Letussupposethat
thesimptevanderWaatsequationhcMstrue forthe gMeousstate (con-
stantsa andb)as weMasforthesdsorbedstate(con8tanta«and~). The

Fia. 1. The decreaacof the surface tension, f, is ptotted ag~inet the gaspressure.
The observations are represcnted by vertical fines, the iength of whiehcorresponde
to the possibleerror. The drawn straixht !mes Me the initiât tangents of the uo-
therma eorresponding to thé ideat two-dimensionat gas lawf rR?*.

critical température of the adsorbed 8tate may then be estimated by means

of thé équation

~3
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Stnce,accordingto Volmer(19),pisequal to twicethécrosssectionof
theadatoms, isgivenby8/3r ifr denotestheradiusoftheatom. The
amountsofa anda on thé otherhand,as determinedbythe viriatcoeS.
ctentaoftheattraetingforces,maybecalculatedfromthemvemeseventh-
powëttawaaderivedby London(12). Thus, the ratioo/Kis foundto be
thesameas o/ Hence,in the caseof xenon the criticaltempératuresshouldbe equal,namety,289.6'K. Thh deduetion,however,fails to
agreewiththeexperiments.

Thesurfacedeaait:e8(numberofatomsper unit area)ofthe liquidBtmte
andthecoexistingvaporofxenoninbulk,as calculatedfromthemeasure.
mentsof Pattetson,Cripps,and Gray(14), may be comparedwiththé
surfacedensitiesof the adatomacorrespondingto the Gibbsequationas
givenmthethirdcolumnof table1. Thevalues,althoughexceedingthe
vapordensitiesof253"K.and237"K.,donot reach thoaeofthe liquidstate.It mustbe concluded,therefore,that the critical temperatureof the
adsorbedstate liesbelowthe rangehèreobserved. Thisbehaviorobvi-
ouslycorrespondsto a verygeneralrule (17) condensationphénomènein
adsorbedtayersoccuronlyat temperaturesfar belowthecriticalpointof
themasseainbulk.

In thecaseherestudied,thismaybedueto thé fact thattheassumptionofafreetwo-dimensionalmobilityianot quite justified,owingto distinct
elementaryspacesof adsorption. It was necessaryto assumea semi-
crystallinestructureof the mercury,as was auggestedforthe interiorof
the liquidby Debyeand Menke(8)and observedby Bresler(4) forthe
retiectmnofelectronbeamsfromthesurfaceof liquidmercury. Thereis,
furthermore,reasonto believethat an increasein beyondthe valueem-
ployedabovecouldbe broughtaboutin the electriofieldof the metallie
surfaceby thepolarization,whichreinforcesthe mutualrepulsionofthe
adatomsby induceddipolemoments.

For the purposeof further tests,the heats of adsorptiononA,onthe
basisoftheexperimentalresults,werecalculatedforthediCerentisothenns
accordingto théformuta(7),

~C~), a~'j,
whichcorrespondsto thé atatementthat the "dividingsurface"coincidcs
withthesurfaceof theadsorbent. Thevalues thusobtainedaregivenin
table2.

Thesimptestmethodof chectdngthese results, and one requiringa
muMmumof hypothesis,couldbe establishedby the knowledgeof the
bindingenergy,U,of the diatomiceompoundsbetweenmercuryandthe
raregases. Theexistenceofsuchmoleculescausedby polarizationforces
wassuggestedbyOldenberg(13)inorderto accountforhisspectroscopica!
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observations.The heatofadsorptiontheh inaybe catcutatedwiths&tis-

factoryapproximation,taMnginto considerationthe attractionexerted

only by the next neighbotaof the adatom. This quantity,ofcourse,

dependaonthe typeofarrangementof the atomsof theadsorbent. For

hexagonal,epherica!,doxepacHng,correspondingto théworkofStf~naki

andKaischew(18),thé inverseseventh-powerlawofattractionyietdaA m

4.38U,asan averagevalueofdifférentpossibleaurfaces(seetable3,Ad).

However,as thcinterpretationofthespectroscopiedataisratherproble-

matical,especiallyin the caseof xenon,the completerequirementof the

Londontheorybas to beapplied,represent!ngthe heatofadsorptionby

the equation:

~'jv~'
"44 D'JT+Z'

where1 and l' denotethe ionizationpotentials, a and «' the atomic

polarizabilities,N thenumberofmercuryatomspereubiecentimeter,and

D thedistanceof theadsorbateandtheadsorbent,Mgivenbythesumof

the radiiof the noblegas and the mercuryatoms. Sincethis quantity

enterswiththe third power,theresults,of course,are grcattydépendent

uponthe valuechosen. The radiusof the mereuryatomwascatcutatcd

TABLE 2

~Mta of <!<i<o)'p<t<m

OAO t)!)tfEBATOttB «)MTOF*et)0))ntO)'

«tt.

Krypton 239 2700

Xenon 245 3450

263 3380

283 3400

TABLES3

Certain pAys)fo<<'otM<an~o/ the rare gallesand mercury

N.)~t)!NT R. Rt ?< <* ~t

em. em.-< em. XM-" t))'«' «'t. M<. Mt. M;. a<<. col.

Xeet). ).56 1.20 1.60 0.42 514 8SO1200 800 (MO)
Argon. 185 1.47 1.95 1.70 375 2300325021002700 1500
Krypton. 1.95 1.67 1.98 2.35 332 275039002700370030002300
Xénon. 2.10 1.72 2.20 3.85 285 370052003500 3~0 3100
Mereury. t.OO 11.2 240
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fromthédensityof thecrystal,assumingspbericalclosepacking. Conse-
quentlytheradiiofthenobtegasatomsweredeterminedonthe aamebasis,
accordingto the workofSimon(10)andRuhemann(R.). To obtainan
idea of the possiblelimitsof variation,the amountsderivedfromthé
criticalvolume(Kt)and fromthé liquiddensities (R;)are alsogivenin
taMe3, as weit as the "spectroscopie"heats of adsorption(~~), thé
heatNofevaporation(L) (15),and the ionizationpotentials(J).

Thoheatsofadsorptionfoundexperimentallyhad tobeextrapolatedto
the absotute!!eropoint. This wasdoneupoa the suppositionthat the
specincheatof thoadatomsequals thatof the adsorbent(Ao).

Whiletheagreementbetweentheoryandexperimentwassatisfactoryfor
charcoalonlyas regardsthe orderofmagnitude,the observedvaluesfor
mereurytendto coincidewiththe lowertheoreticalMmit,whichmighthave
beenexpectedsince,asa firstapproximation,the forcesof répulsionwere
disregarded.

8UMMARY

Thesurfacetensionofmercuryin contactwithkryptonand xenonwas
mensuredat severaitemperaturesand pressures. With the accuracy
avauaMe(d: 0.05dynepercentimetor)theinfluenceofargoncouldnotbo
ascertained.The adsorbedquantitieswere calculatedby meansof the
Gibbsequation,andtheheatsof adsorptionderivedfromtheseisotherms
werecomparedwith the theoreticalvalues accordingto the dispersion
theoryofthé vanderWaaisforces.

Wcwishto expressourthanksto Dr.Poititzer,chiefehemistof Linde's
Eismaschinen,Munchen,Germany,throughwhosekindnessweobtained
sample of thé noblegases,and to ProfessorJ. W. McBainof Stanford
Universityforhis kindinterest.
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TIN VANADATEASA CATALYSTIN THE OXÎDATION0F
TOLUENETO BENZOICACID'

ROYHUITEMAAND0. W.BROWN

Deparimentf/ CAeMt'<<ry,Indiana~MtMfOt~,B<eoMttt~<<M,Indiana

aeeet'Md~tt<cM<<M,MM

nffROBUCTtON

It basbeenknownforcenturiesthat certaingumsare capableofprevent-
ingdecay. Someofthesegumswereusedby the Egyptiansm thepreser-
vationof theirdead. It wasfoundthat the preservingactionof these

gumswasdue to benzoicacid,one of their constituents. The insects

caughtbysomeinseotiverousplantsare preservedfor longperiodsoftime
by the benzoicacid excrotedfromthe leaves of thèse plants. At the

presenttimeuseis madeof the preservingaction of thisacidand its salts
in the treatmentof certainfoodsto preventspoilage. Theacid and its
saltsalsoSndsomeuseinmcdicineas wellasin the manufactureofcertain
dyes.

Whenthéacidor itssalt isto beusedin medicineor forthe preservation
of foods,thepresenceofcertainimpuritiesisconsideredto beparticularly
harmful. Muchof the acid producedfromchlorinatedtoluenecontains
combinedchlorineas an impunty. Sincethe removalof this material

présentsa difficultproblem,someothermethodforpreparingbenzoicacid
fromtolueneisbeingsought.

In 1876Coquillion(2) foundthat toluenevapor couldbe oxidizedto
benzoicacid byair in thé presenceof certain catafysta. Weiss and
Downs(7)hâvegivena reviewof the literatureon the subjectofcatalytic
oxidations,alongwitha reportconcerningtheir ownworkin this field.
Oneofthemostoutstandingresearchesonthecatalytic oxidationoftoluene
is that ofMaxted(6)inwhichhouseda catalystof tin vanadate.

Advantagesof a vaporphasecatalyticprocessfor the preparationof
benzoicacidfromtolueneare obvious. The product maybe made to
sublimefromthereactionchamberin a comparativolypurestate withno

inorganiccontamination.Air bas a sufficientlyhigh concentrationof

oxygento bringaboutthe desiredreaction,providingotherconditionsare

properlychosen. Sincethe reactionisexothermic,externatheatingof the

Thispaporisbasedupona tbesiasubmittedtothe GraduateSohoolofIndiana
UniversitybyRoyHuitemainpartialfa)S))montofthe requirementeforthedegree
ofDoctorofPhilosophyinChemistry,June,t934.
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apparatusshould be unneccssary.Any by-productsof thé catalytie

processfortheoxidationoftolueneshoutdbeof suchanatureas toprésent
no dimeuttyin their disposât.

Numerouspatentshavebeengrantedcovoringtheuse of certainma-
tefiatsastheeontactmassinthevaporphasecatalyticoxidationoftoluone

andrelatedcompounds.ThecatalystswhiehSndthegreatestfavorwith

the investigatorsare the compoundsofvanadium. !n fact manyoxida-

tions, bothorganicand inorganic,are catalyzed by compoundsof this

element. Althoughvanadiumpentoxidewas oneof the compoundsfirst

usedin this typeof work,it has beensupplanted to somedegreeby thé

vanadates. Sincetin vanadatebasbeenreported tobe especiattyactive

in the oxidationof tolueneto benzoicacid, it was thoughtadvisableto

investigatethebehaviorofthiscatalysta little moreelosely.

THEORETtCALCONSIDERATIONS

Severatpossiblereactionsmay take ptace in the oxidationof sucha

compoundas toluene. The nature of the reactionsand the extentto

whichthey occurare determinedlargely by the followingconditions:

temperatureof the reactionchamber,pressure, natureof the catalyst,
natureandproportionof dituentgases,and the proportionof oxygento

toluenevapor.
Froma technicalpointof viewthequestion of greatestimportanceis

that concerningthé ratioof the quantity of tolueneconvertedto the

desiredproductto the totalamountof totueneconsumedin the process.
Thereactiori,too,mustbeofsuchanatureas to proceedwitha sufBcientty

highvelocitytobeprofitable.
Anumberofnon-reactivevaporsor gaseshave beensuggestedforuse

as diluentsfor the air usedin vaporphaseoxidation. It may be that in

somecasesa diluenttends to blanketside reactionswhich take place.
Otherdiluentsmerelydecreasethe concentrationof oneor moreof thé

reactantsandtherebytessonthespeedofthe reaction.

Watervaporaddedto thereactinggasesmay serveasa meansofcarry-

ingsomeof the lessvolatileproductsfrom thé reactionchamber. How-

ever,ifwaterisa productof thedesiredreaction,its additionmayhâvea

detrimentateffect. The additionof any vapor or gas to the reactants

increasesthc velocitywithwhichtheypass over the catalystsurfaceand

thereforedecreasesthe timeofcontact.

Perhapsthe greatestbenefitof the addition of inertmaterialsto the

reactionmixtureis the tendencyof thesematerialsto maintaina more

uniformtemperatureof thecatalystbyabsorbingsomeof thé hcat liber-

ated in théreaction. If thé reactiontakes placeat pointsonthe surface

of thecatalyst,the hcatHbcratedat thesepoints mayraisetheirtempera-
ture to suchan extentthat the productsof the reactionwillbodifferent
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fromthosewhichwouldbave beenobtainedhad the temperaturebeen
hetdconstant. Investigators(8) usinggtasaapparatus reportthat when
air and toluenevaporaremixedand passedover a catalystheatedto a

tomperatureoffrom200to 300"C.,pointsonthe surfaceofthecatalystare
heatedto rednessby theheat liberatedin the reaction.

Thefollowingthermalequationsshowthat a largequantityofbeatwill
be liberatedwhenthe desiredreactiontakesplace.

C,HtCH,+ 90t 7COi+ 4Hs0+ 935.6kg-ca).~ (1)
(~HtCOOH+ 7.50~ 700, + 3H,0 + 771.2kg-cal.(3) (2)

Bysubtractingequation2 fromequation1weget thefollowingéquation:

CtH;CH,+ ~0, CJttCOOH+ HO + 164.8kg-cal. (3)

If onemolecularweightof tolueneiscompletelyoxidized,thereare 935.6

kg-cal.ofheat liberated. Ninemolecularweightaofoxygenwillbe con-
sumedin the process. However,if ninemolecularweightsofoxygenare
utilizedto oxidizetolueneto benzoicacid,there willbe 6 X i64.4kg-cal.
of heat liberated. Thisainountsto 50.8kg-caLmorethan the amount
liberatedwhenthissameweightof oxygenis consumedin the complete
oxidationof toluene.

The temperatureat whicha particularreaction maybe catalyzedis

dependentuponthé catalystused. Forexample,if a mixtureofair and
toluenevaporis passedovera vanadiumpentoxidecatalyst,the tempera-
turemustbenearly400"C.beforean appréciableamountofbenzoicacidis
formed. If someothercatalystis used,thissame mixturewillreactat a
differenttemperature.

EXPERIMENTAL PBOCEOUÏtB

The workhereinreportedwas done in an attempt to determinethe

applicabilityof a tin vanadatecatalystto the vaporphaseoxidationof
tolueneto benzoicacid. The effectof preliminaryheatingupon the

activityof tin vanadateand the eSectsof such variablesas reaction

température,concentrationof oxygen,andthe additionof diluentgases
werestudied. Notonlywasthépercentageoftolueneconvertedtobenzoic
aciddetermined,but alsoa measurewastaken of the extentto whichthe
toluenewascompletelyoxidized.

Theapparatusconsistedof a reactionchamberof blackiron3 in. long
and1~in.in diameterfittedat the bottomend witha capandat thé top
witha reducer,T. The lowercap wasdrilled and threadedto take a

i-in.pipethroughwhichthegasesmightenterthé reactionchember. The

gasespassedup throughthe catalystandoutof the chamberthroughthe

tThisisthéaverageofthévaluesgivenbyKharasch(6).
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sidearmoftheT. Theupperopeningof the T waebueheddownto take
a i-in. pipewhiehextendeddownto the top of the catalyst, This last
namedpipewascappedat the lowerend and carrieda copper-advance
thermocoupleformeasuringthe temperatureof the gasesas they came
fromthe catalyst. Sincethe positionof maximumtemperaturein the

1v 0

FtG.1.DiagramoftheapparatM(approximatetytwo-thirdsactuals!zc)

bodyof acatalystvariesfromtimeto time andisdependentuponthe age
ofthecatalyst,rateofgas flow,andother conditions,the temperatureof

thegascomingfromthe catalystwastaken as theworkingtemperatureof
thecatalyst. Adiagramof theapparatususedisshownin figure1.

Theentireapparatuswith the exceptionof the reservoirsandthe con-
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deaserwasplaeedina tincan8~in.taUand61in. indiameterontheinside
ofwhich30ft. ofNo. 16B. and8. gaugechromelwirewasimbeddedin
alundumcement. Thochrome!wireaotedaa the heatingunit and was
plaeedin serieswith an outsidorésistance. After thé apparatuswas
placedin thécanin thedesiredpositionthé remainderofthécaowasRMed
withsand. Thiawaadonesothat ailpartsofthe apparatuswouldbeheld
at a uniformtemperature.The variatioa in températureof the gases
comingfromthe catalystneveramountedto more than 2*0.for a given
run.

Toluenewasplacedin thereservoirby meansof a calibratedpipetand
foreedintothefumaceat thedesiredrate throughthe connectingcapillary.
Sincethecapillarytubewasheatedtoa temperatureweUabovetheboiting
pointoftoluene,thismaterialwasvaporizedbeforeit reachedthe bottom
endof thistube. At thispointthévaporcamein contactwiththe incom.
ingair. Amplemixingof the vaporwith the air took placeas thé two
materialspassedthroughthéirontubeleadingto thécatalystchamberand
intheirpassagethroughtheasbestoscatalystsupport. Thedesiredrate
oftolueneflowwasobtainedby meansof mercurylevelingbulbswhich
regulatedthe pressureonthesurfaceof the toluenein theréservoirs.

Thegasflowintothéfurnacewaskept constantthroughoutthe runand
for90minutesafterthe lastofthe toluenehad enteredthefurnace. This
wasdonein orderthat thegreaterportionof thé benzoieacidwhichhad
beenformedwouldbecarriedfromthefumace.

In aUofthe workto bereportedhere2 ce.of toluene(1.707g.) wasfed
intothefurnacein thirtyminutes. Afterthewashingperiodwasfinished
thebenzoieacidwhichhadbeenformedwaswashcdfromthe condenser
withalcoholandwater.

Anycarbondioxidewhichremainedin the solutionwashedfromthe
condenserwasremovedbeforethe benzoieacid was titrated. Thiswas
doneby bubblingcarbondioxide-freeair through the solutionfor fortyy
minutes. Theacidwasthontitratedwith~v/10sodiumhydroxidesolution
whichhad beenstandardizedagainstc.p.benzoicacid. Phenolphthalein
wasusedas indicator.

Thefirstrunmadeundera givenset ofconditionswasdiscarded;data
werecollectedfromsubsequentruns. The 90-min.washperiodwasnot
sufficientto removeall of the benzoicacid fromthe furnace,but it was
consideredreasonableto assumethat the amount of acid whichwas
carriedoverfromoneruntothenextwouldbeconstant. Anyinaccuracy
dueto thiscarry-overfromonerunto the nextwaslessthanthe inaceura-
ciesdueto errorswhichmightdevelopfromothersources.

The escapinggasfromthecondenserwaapassedthroughconcentrated
sulfuricacidto removethévaporsofwaterand toluene. Next,it passed
throughtwo weighedtubesofpotassiumhydroxidesolution(sp.gr. 1.27),
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and nnaitythrougha weighedtube of concentratedsulfuricaeidwitha

glasswoolfilter onthe end. The differencein theaumof theweightsof
the potassiumhydroxidetubesand tho weighedsulfuricacidtubebefore
andaftertherun waatakenas théweightof thecarbondioxideproduced.
Theremovaltrainwasconnectedto thécondenserduringthe timetoluene
wasbeingfed into thofurnaceandfor five minutesafter thé last of the
toluenehadenteredthéfurnace. The weightofearbondioxidefoundin
thismannerwaanotentiretyaccurate,but the methodservedas a means
ofdeterminingtherelativetossesofstartingmaterial.

The backpressurecreatedby the carbon dioxideremovaltrain was
relievedbymeansofanaspirator. In this wayit waspossibletokecpthé

pressurewithinthéreactionchamberequalto thatoftheatmosphere.
The tinvanadateusedas cataiystin this workwaspreparedby precipi.

tation. Ahotsolutionofcarefullypurifiedammoniummetavanadatewaa
addedtoa dilutesotutionofstannicchloride(sp.gr.1.075)to precipitate
the tin vanadate. Theproductwaswashedseveraltimesbydecantation.
It wasthenfilteredona Büchnerfunaetand washedunti!the filtratewas

practicaityfreeofchlorides.
Whenthé washingwascompleted,the materialwas transfcrredto a

largeevaporatingdishanddriedforthirty-sixhoursat 110"C. Thedrying
processwashastenedbybreakingupthe lumpsandbystirringthematerial

occasionally.Thedriedtin vanadatewas a rathorhard, brittlematerial
and waschocolatecolored. It wasbrokenup bymeansofa mortarand

pestleuntilitwouldpassthrougha20-meshsieve.
The tin vanadatepreparedas describedabovewasdividedinto three

parts,oneofwhichwasuseddirectlyas the contactmassin théoxidation
of totueneto benzoicacid. Thisunheatedmaterialwillbespokenofas

catalystA. Anotherportionof thematerialwasplacedin a coldmuNe
furnaceandstowiyheatedto 400"C.,maintainedat that temperaturefor

thirty minutes,and thenallowedto cool. Tin vanadatetreatedin this
mannerwillbe spokenof as catalystB. The thirdportionof the un-
treatedmaterialwasheatedin a furnaceat 700"C.for thirty minutes.
This materialwillbe calledcatalyst C. Whenthe temperatureof the
furnacein whichcatalystC wasbeingheated reached460"C.,someam-
moniumchloridewasexpelledfromthe material. The heatedcatalysts
tookona yettowishcolor.

The apparentvolumeof catalystused in eachcasewas30ce. Thé
materialwasspreadeveniyover the asbestosbase,so that thé reacting
gaseswouldpassthroughequal thicknessesof thecontactmass.

Beforeanydata weretakenthé catalystswereusedforseveraldaysin
thé oxidationof tolueneso that they would reacha constantdegreeof

activity. Thisprecautionwasapparentlyunnecessary,as therewaslittle
ornochangein theactivitynoticedaftera fewrunshadbeenmade.
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Thedata intable 1are madeupof thereauttBofa seriesofrunscarried
out i&an attemptto determinethe temperatureat whichthé conversion
of tolueneto benzoicacid wouldbe most practical. Thesedata are

representedgraphicallyin figures2and3. It is apparentthat thetempéra-
ture at whichthe highestpercontageof toluene is convertedto benzoic
acid M243"C.,and that the percentageof toluenecompletelyoxidtzed
increasesrapidlywithincreasingtemperature.

Oncomparingthe diSerentcatalysts,it is seen that theheatingof tin
vanadatechangesitsnatureto a considerableextent. Theexactnatureof
thischangebasnotbeendetermined,but it may be dueto thé drivingoff
of oceludedammoniumchloride. It is possible,too, that a changein

TABLE1
D<<<fmttM<«wo/mo<<pf<M<tce<temperature/<M'thecotMWfttMt<~toluene<atetMotcacid
Airflow:7 litersperhour,whiehrepresentB100percentoftheamountofoxygen

requiredtooxidizethetolueneto beMoicacid. Toluene«ow:
3.4t4gm.perhour(2ce.in30minutes)

MBtBHTIfOmzttE«Mtve~TBC*0 MXCEMT'MMttfBCOKVBttTtOTe
TfatMXAMM! BtiXMMACIDCHMOMT~MarO <<tM)ttMOXMBCNXOMT*nm<

t«*C.
ABC ABC C

MO 8.00 6.4S 3.83 5.6t 5.95 2.64

Nt 9.72 8.69 6.26 U.02 tt.4Z 3.73
228 M.M 9.&5 7.90 t4.M 13.79 8.46
243 H.OO 9.75 n90 t9.80 17.93 M.M
MO 9.80 9.20 9.80 22.82

m 7.17 7.85 7.17 25.42 19.48 21.60
270 6.45 7.61 6.45 27.43 22.70 21.70

crystallinestructuretook placeduringthe hcating period. Appreciable
sinteringof tin vanadatetakesplaceat a little highertemperaturethan
that towhichcatalystC washeated.

ïn ordertoascertaintheeffectofoxygenconcentrationupontheamount
of tolueneconvertedto benzoicacidand uponthe amountof toluenecom-

pletolyoxidized,aseriesofrunsweremadeusingdifforentratesofairflow.
The temperaturechosenfor theseruns was 236*0. At this temperature
theconversionoftolueneto bcnzoicacidwasof the sameorderforallthree

catalysts,and thorewasno dangerof exceedingthe optimumoperating
temperatureofanyof them. Theresultsof this seriesof runsareshown
in table2.

Thedata in table2 indicatethé effectofvariationofoxygenconcentra-
tionuponthe percentagcof toluenechangedto benzoicacidanduponthe

percentageof toluenecompletelyoxidized. The data showclearlythat
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eventhoughthepercentagoof tolueneconvertedintobenzoicacidissome-
whathigherat the higheroxygenconcentrations,the lossof tolueneas

carbondioxideand water ia verymuch greaterat thesoconcentrations.
ln the produotionof betMiatdehydefromtolueneby th&useof air as the

oxidizingagentin thé presenceof a vanadiumpentoxidecatalyst,Green

(4)statesthat equimolecularquantitiesofoxygenandtoluenevaporgive

goodresultsand that Gibbsbas indicatedtbat twoand one-halftimes

Fia. 2. The eifeotof temperature upon thé per cent of toluene convcrted to bon-

zoic acid. 0, eetatyst A; 0, cattdyBt B; ?, catalyst C.

TABLE 2

The effecto/ oxygencoM<'<'n<ra<t'oK

Temperature: 230°C. Toluone <hw: 3.4)4 g. per hour (2 ce. in 30 minutes)

thatconcentrationisdesirable. Thedata,intable2showplainlythat even

loweroxygenconcentrationsare desirablein thé productionof benzoic

acidfromtoluenebytheuseofa tin vanadatecatalyst. Thegreatchange
intheamountofcarbondioxideproducedwithchangingoxygenconcentra-

tionsmakesit apparentthat a delicatemeansof controlforthe air flowis

easentialin this type of work. A graphicatreprésentationof thé effect

of oxygenconcentrationupon the pereentageof tolueneconvertedto

benzoicacidisgivenin figure4.

M«cttttrofmn-EKt:cOMvzKDte*ro ftRcz)n'OfMt-oeMEcexveBTBBTe
BBNtOKAC<CUMKUt*TAt,tM9 eA<tBO))MOMMCOHeCATJU.TXTSfEttctim

––A–––––– C A B––– C

M 8.57 8.04 60.5 lt.05 9.05 4.18
71.5 8.06 8.43 6!3 tt.31 HM 4.M
MO 9.29 9.47 947 t9.37 MM H.9t
143 9.15 10.12 tttO MM 2059 t8.9S!
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Arelativemeasuroof the amountof totueneconsumedperpasswhich
WMconvertedto beMoicacidisgivenin the data.m tables3 and4. The
data in thèsetableswerecompitedby addingthé per centoftoluenecon-
vertedto boMoicMtdto the percent iostby completeoxidation.The
percentconvertedto benzoicacidwasdividedby this sum;thequotient
obtainedmthismannerwaathenmultipliedby 100. Thisfinalvalueshall
be calledtheconversionratio.

Thedata in table3 showthé effectof tempefatureupontheconversion
ratio. Sincetheromay havebeensomeerror in the carbondioxidede-
terminationthe valuesgivenareonlyrelative. Thesedatashowthat thé

FM.33 Fto.44

FM.3. Theetfectoftemperatureuponthopercentoftoluenecompletelyoxidized.
0,c&MystA;0,eatatyetB;?, catalystC.

Fia.4.Théeffectofoxygenconcentrationuponthepercentoft-olueneconverted
tobeMoicacid. 0, catatyetA;6, catatystB;?, catatyetC.

conversionratiosforall threecatalystsdecreasewithincreasingtempera-
ture. AlthoughtheratioforcatalystB islowerthan theratiosoftheother
twocatalystsat thelowertemperatures,it is higherthantheotherratios
at thehighertemperatures. Thevaluesof the differentratioswere&!most
thesameat the temperatureat whichthe greatest percentageof toluene
wasconvertedto benzoicacidperpass (243"C.).

Thedata.in taMo4 showthe effectofoxygenconcentrationuponthe
conversionratiosof the differentcatalystastudied. It isshownby these
data that the higherthe oxygenconcentrationthe higherthe tossesof
toluenebycompleteoxidation. Atthe temperaturechosenthe conversion
ratioforcatalystC isconsistent!yhigherthan the ratiosof theothertwo
catalysts.
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Thevariationsofconversionratiosfromonecatalystto anotherindieate
that thereisan essentialchangebroughtaboutinthecatalytieactivityof
tin vanadate by preliminaryheating. These différencessuggeatthé

possibitityof findinga catatystwhichuttderthe properconditionswoutd
convcrta greaterportionof the tolueneconsumedto benzoicacid. Had
this ratiobeenthesamefor allof thecataJystsunderthesamesetofcon-

ditions,the prospectsforfindinga better catatystwouldhavebeensmall. i
It maybepossibleto findsomeforeignsubstancewhiehwhenaddedto tin

TABLE3
Thee~ec<o/<empe)'a<M)'eupon<tetOMMftttWratio

AirNow7litereperhour(tOOpercentofthe amountnecessarytooxidizeanofthe t
tolueneto benzo!cacid).Tolueneftow:3.414g. perhour

E
(2ce.in30minutes)

TABLE 4

The <~ec<a/ oxygentO!M«t<)'e<tOtt«p<wthe conversionfaMMo/ <~co<<t<~<<

Temperature: 236"C. Toluene flow:3.414 g. per hour (2 cc. in 30 minutes)

vanadatewillblanketthe reactionin whichcarbondioxideis formedand
thusproducea higherconversionratio. Thisassumptionissubstantiated

bytheworkofCharlot(1)in whichheusedvariouscatalystain the oxida-
tionoftolueneanditsderivativesandfoundthat therewasa closerelation

betweenthé extentof completeoxidationand the catalystused. This
relationwasdifferentfordifferentcatalysts,but it waseesentiallythesame
fora givencatalystirrespectiveofthecompoundoxidized.

In orderto determinewhetherornot the additionofcarbondioxideto

fBtt COMTOt Mt.MttB COttBNtttB WBtat W*< COttYBKtBCtO

T~TU.. 'C.
_M~A.MMCAT~T~

ABC c

2t0 60.7 ?.1i 69.1i
2iH 46.9 ?.9 68.4
N8 42.8 ?.8 48.2
243 35.7 ?.2 36.6

261 22.4 ?.7 26.0

270 18.7 ?.2 23.8

KM CtttT «~ TOt.UB)tECOKMWEC wmctt WA' COKtBMOB !t<t0

<ta CMC !tt ta)t ctttt BttttOtc *ac umKo MTAtYm

OFTHMBT ––––––––––––––––––––––––––––––––––––––––––––––––OPTUBORY

A B C t

50.0 44.6 44.7 59.0

71.5 43.5 42.6 57.6

100.0 32.4 37.1 44.3

143 304 33.1 37.0
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thereactinggaseswouldproducea higherporcentageofbenzoicacidfrom
toluene,aseriesofrunswasmadeinwhichcarbondioxidewasaddedto the
mixtureof air and toluenevapor. The resultsof this seriesof runsare
show~mtaMeS.

The data in tableSindicatethat the additionof carbondioxideto the
reactinggaseshasnobeneficialeBect,–atleast theroisnoincreasein thé
amountofbenzoicacidproducedper pasa. Sincenomeasurewastaken
of thé extentofcompleteoxidation,weare not in a positionto saydefi-
nitelyhowthe presenceof carbondioxideaffectedthe conversionratio,
but in viewof the otherworkwhiehbasbeendonconthis subject,it ie
likelythat theconversionratiowaanotaffectedto anygreatextent. The
decreasein the benzoieacid yield waaprobably due to the increased
velocityofgasovortheeatalyat. Arunwasmadewithanair veloeityof
3.5 perhourandwiththe samevelocityofcarbondioxide. Theoxygen
concentrationin this casewas60per centof the theoreticalamountre-
quiredto oxidizethe tolueneto benzoicacid, whilethe total gasvelocity

TABLE5
RuMmadeinwhichcarbondioxidewasadded<etllemixtureo/airand<o!<MtM«epcr
C~Myst:tinvenanteheatedto400°C.Temperature,286°C.AirOow:?t. per

hour(100percenttheoreticaloxygen)

CANBOttOtMUtXtAMttf t)tUTtm na BOM fB<CEtn-TOt-CaNBCtMttENnmtO BBHtMttem

None M.67

6 8.91
10 7.26

wasessentiallythe sameas whenthe oxygenconcentrationwas100per
centandnocarbondioxidewaaadded. Thebenzoicacidproducedunder
thèseconditionswasthesameaswhennoneof the diluentwasadded.

Whenwatervaporwasaddedto thereactinggases,the extentofcom-
pleteoxidationwasthesameaswhennowater vaporwasadded,andthe
benzoicacidyieldwasappreciabtydecreased.

In alloftheworkhereinreportedsmallquantitiesofanthraquinoneand

benzaldehydewereformed. Althoughno measurewas taken of these

quantities, thé anthraquinoneproductionappeared to increasewith
increasingtemperatureandalsowiththéadditionofcarbondioxideto the
reactionmixture.

CONCLUSIONS
1. Tinvanadateisan excellentcatalystfor the oxidationof tolueneto

benzoicacid.
2. Heatingpreviousto usehasa markedeffectuponthebehavioroftin

vanadateasa catatystin the reactionstudied.
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3. Thetempératureat whichthéreactiontakesplaceandtheconcentra-
tionofoxygenaffecttheratioofcarbondioxideto benzoicaoidproduced
inthoreaetion.

4. The additionof diluentsto thé reactinggasesgaveno boneaciat
résultainanyoftheexperimentscarriedout.

S. Delicatecontrolofair flowandtemperatureareessentialin thetype
ofworkhereinreported.

6. Anthraquinoneandbenzatdehydeare by'produotsof thereaction.

REFERENCES
(1)CHAM.or:Bull.soe.ohim.M,678(tM3);Chem.AbBtfMteM,sm (1933).
(2)Coqmi.Mos:Ctnnpt.rend.80,M89(M75).
(8)DtCMtmoN:Bur.StMda)'dBBun.ll,t89(t916).
(4)GMtBtf:IndustrialCatalysie.TheMacmillanCo.,NewYork(1928).
(6)KHARASCH:Bu)-.StandardsJ.ReM&rch9,36C(1929).
(6)MAXMN:J. Soo.Chem.Ind.4~, m(t928).
(7)WBtesarmDowNB:J.Ind.Eng.Chom.18,228(1920).
(8)Wooo,PAUt:Compt.rend.He,124-<(t807).



543

ANEXPERIMENTALTEST 0F THE IDENTITY 0F ELECTRO.
KINETIC POTENTIAL8

EmCTHOMtOfMSANDSTTtEAMtNaPoTENTftALMEA9UBEMBNTBWtTHA
Gt~MSLIT

ROBERTD~BOÏSANDALEXANDERHUNTERROBERTS'
DtpaWme~e/CAe~M~,~<at~<M<[/Mtfe)-a«y,Co~m'a

a<e~M<t~pW! 19S6

Becauseof the extensiveuseand thegreatimportanceofelectrokinetie
methodsin thestudyofadsorptionfromsolution,thestabuityofcolloidal
Systems,theelectricalchargesoncolloids,livingcoUa,etc.,anda varietyof
otherpropertiesdependenton the existenceof an electricaldoubletayer
at aninterface,it isofimportanceto knowwhethertheresultsofdifferent
otectrokmeticexperimentscan be comparedwith eachother,or, more
speciScaUy,whetherthéelectrokinetie,or zêta,potentialsobtainedby one
typeof electrokinetiemeasurementareidenticalwiththoseobtainedby
anothermethod.

Ithasgenerallybeenassumedthat cataphoresis,electrosmosis,orstream-
ingpotentialexperimentswouldyieldidenticalvaluesof the~potentiat
providedthéaystembeingstudiedwerein exactlythe sameconditionin
eachcase. Thisassumptionispartlydueto arather prévalentnotionthat
thedassicalmathematicalfonnuiationsof etectrokineticsrequiresuchan
identityandpartlyto Saxén's(23)experimentaldémonstrationof the M.
calledreciprocalrelationbetweenelectrosmosisand streamingpotential

Î
`

lP

whichhe showedmust obtain if the identity assumptionismadewith
regardto the t-potentials.

SincetheSaxenexpérimentaof 1892verylittle hasbeendoneto supply
additionalevidenceon this importantpoint. Thon (24)caiiedattention
to the fact that etectrokineticpotentialscaleulatedfromcataphoresis
measurementspassedthroughmaximaor minimaat electrolyteconcen-
trationsconsiderablydifferentfromthoseat whiehmaximaor minima
occurredinstreamingpotentialor elcctrosmosisexperiments.Kanamaru

Presentadd~ss:Departmentof Chemistry,FreenoStateCollege,Fresno,
CaMfornia.
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(12)bas madeextensiveelectrosmosisand streamingpotentialmeasure-

mentson celluloseand cellulosederivativesin contactwithwaterand

numerouselectrolytesolutions,andreportsthat thestreamingt-potentials

were2.6timesas largeaathe electrosmosisvalues. Sinceourownexperi-

mentswerecompletedBull (5)bas reporteda carefuiinvestigationofthe

samequestion. Electrosmosis,streamingpotential,and electrophoretio

measurementsweremade with Pyrex glass coatedwith protein. The

t-potentialswerefoundto beidenticalin thethreecases.

BnggB(4)measuredstreamingpotentialsproducedby streamingbuffer

solutionsthroughdiaphragmamadeof quartzpartideacoveredwithogg

albumin. The t-potentialscalculatedfrom his data are in remarkably

closeagreementwiththosereportedby Abramson(1, 10)onthebasisof

measurementsofcataphoresisofquartz partielescoatedwitheggalbumin.

However,thebuffersolutionsusedin the twosetsofexpérimentediffered

in electrolytecontent,and Abramson(2) repeatedthe cataphoresismeas-

urementswith protein-coveredquartz partielesand buffersidenticalin

compositionwiththoseusedbyBriggs. The t-potentialswerenowfound

to be about50 per cent higherthan Briggs' values,and Abramsoncon-

eludedthat theproteiosusedmusthâve differedinsomeway.

In additionto thesedirect comparisonsof electrokinetiepotentials,it

maybementionedthat déviationsf romtheHehnhottzequationshâvebeen

t-eportedanddiscussedby variousworkers,includingGôstaKoMer(13),

ManegoldandSolf(16),H. Reichardt(20,21,22),andEttisehandZwan-

zig (7). H. B. Bullbas recentlyrepeatedthe measurementsofEttisch

andZwanzig(6)and6ndsthedeviationsnotto exist.

In ordertoprovidea further,independenttestofthe identityofelectro-

kinetiepotentialsweundertookto make combinedmeasurementsofelec-

trosmosisand of atreamingpotentialon a singlesystem. Wechosefor

the experimentsa glassslit madeofopticallypolishedglassandofknown

dimensions.Thiswasgenerouslyput at our disposaiby ProfesserJ. W.

McBainandwasthe largest(slitNo. 10)ofthe glassslitsusedinhiscare-

futmeasurementsofsurfaceconductivity(15). Adetaiteddescriptionof

thepréparationof theses!itsisgivenin thepaperreferredto. Thedimen-

sionsof the slit werecheckedby us and foundto agréewiththosepub-

lished namely,thickness(<),0.00125cm.;width(w), 1.001cm.;length

(l),that is,thethicknessofthesupportingblockeontainingthéslit,0.5014

cm.;crosssectionofslit (w<),0.00125cm.'

APPARATU8

ThePyrexglassapparatusin which the élit wasmountedis shownin

figure1, the lettersof whichreferto the followingparts: S, glassblock

containingthe slit; BB, glassendblocksabout2.5cm. square,withan

openingthroughthemabout 1.3cm. square;F, eboniteclampsholding
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togetherslit block,endMoohB,andmaincell CC,capillarytubeaabout30
cm.long,graduatedinmMMmeterscaledtvts~naand ealibratedat l'em.
intorvabalongtheirlongthby aweighedmercurythtead,–usedforobserv-

ingdisplacementof tiquid throughsUt;E, saturated calomeleitectmdes,
separatedfromthérestof the apparatusby porousplugs,PP, ofsintered

glass;E~ probingetectrodesofbrightplatinum;R, connectionsofrubber

tubing;D, screwclamps.
Thisapparatue(denotedceUÏV)wasdesignedto replacean cartierform

equippe.-dwithplatinizedplatinumprobingelectrodesandglassBtopcocks
throughout. The diBcu!tiesexperiencedwith the earlier apparatus
(denotedcellIII) were(a) contaminationof the verydilutesolutionsby

Fto.1.ApparatusforelectromosisandatreamingpotentiatmeMurementawith
g)MseUt. S,blookcontainingeMt;C,C,capillarytubes;E,E,calomelelectrodes;
EpandE),,platinumprobingetectrodes;F,F,eboniteolamps;B,B,glassendblock;
R,rubbertubing;D,screwclamp;P,P,porousplugofsinteredglass.

foreignelectrolytepreviouslyadsorbedon thé porousplatinumsurfaces
of the probingelectrodes,(b) persistentleakagethroughthe glassstop-
eocks,and(c)contaminationbystopcockgrease. Thenewapparatuswas

entirelyfreefromthèsesourcesoferror. Totest therateofcontamination
fromthé rubbertubingand othersourcesin cell IV thesolutionusedin

experiments21and22wasaUowedto remainin the cellninety-onehours
andexperiment23wasconducted. The results showedthat therate of
contaminationwasnogreater than wouldbe expectedfor conductivity
waterm any typeofcontainer. The rateof increaseof the specinccon-
ductanceof the conductivitywaterin thespécialJenaglassstorageNaaka
wasabout1percentperday.

At intervalsthé oeilwascleanedwithchromioacidwithoutdisassem-
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bling,andthenrinaedwithconductivitywaterfor a periodof aboutthree
daysbeforeresumingmeasurements,the waterbeingforeedthroughthe
slitbypressure. The oettwaaeleanedas describedbetweenthesuccessive
expérimenta86-27,43-~M,and 61--87. Diluteaitrie acidwas usedfor
cleaningbetweenexpérimenta113and 114. Merouryfor the electrode
armawascleanedby distillationinthe absenceofair.

HtNt'ABATKMf OF BOt.UTtON8

Theconductivitywater used in these experimentswaspreparedin a

spécialstill (3) and wasstored in Jena glassSasksproperlyprotected
againstatmosphenocontamination. ThespeciBcconductancewaaalways
determinedimmediatelybeforeuse. The electrolytesolutionsweremade
up to weightconaaMtyfromsamplesof the satts,whiehwerethe purest
obtainableonthemarketandwereusedwithoutfurtherpurification.The
glasswareusedwasalwayssteamedthoroughlyand rinsedwith conduc-
tivity water. The specifieconductancesof the morediluteelectrolyte
solutionsweremeasureddirectly; the others were obtainedfromthe
InternationalCriticalTablesandthe Landott-Bomstein-RothPhysdkal-
McA-C~emMC~T<t&eH~t,were recalculatedto 22"C.,andwerecorrected
for the conductivityof the solvent. The valuesare givenin thé later
tables.

MBTHOO OP MBA8UREMENT OP NMCTR08MOS!8

Thequantitiesdirectlymeasuredin the electrosmosisexperimentsand
themethodsofobtainingthemareindicatedinwhatfollows.

Y,theetectrosmoticflow(ce.persecond),wascalculatedfromtheaver-

ageofthedispiacementsof the liquidmeniscusesin the twocapillarytubes
andthédurationof théexperiment.

Er, the total E.M.F.appliedat the calomelendelectrodes,waaobtained
from45voit "B"batteriesin series,whichservedexcellentlyas sourcesof

steadyvoltagebecauseoftheveryslightcurrentdrain.

Eo,thépotentialdropacrosstheprobingelectrodes.Tomeasurethisa

compensatingB.M.F.exactlyequaland oppositeto JSewasappliedto the

probingelectrodesby meansof a potentiometersuppliedby"B" batteries
and shuntedat the output terminalsby a calibratedWestonvoltmeter.
Betweenone of the output terminaisand its connectionto the probing
electrodewasinserteda sensitivegalvanometer. WhenthéE.M.R'swere

balanced,as shownby the absenceof any current throughthis gaiva-
nometer,the valueof the compensatingE.M.F.wasreaddirectlyfromthe
voltmeter. Thismethoddid notdisturb the electrosmosisexperimentin
progressbut, on the contrary,hada steadyingeffecton theworkingeur-
rent, whichhadoften variedconsiderablywhena quadrantelectrometcr
hadbeenusedto measureBo. The valuesofEoappearingin the tables
are themeansof three suchdéterminationsmadeduringeachexperiment.
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Jfe,thecurrentpassingthroughthestit duringelectrosmosis,wasmeao-
uredby meansofa sensitivegalvanometereonnectedin serieswith the
stit and calibratedat frequent intervals. In experimentswith highty
conductingeteotmtytesolutionsa.0 to 999.9ohmsfour-dialrésistancebox
wasusedasashuntaroundthogalvanometorto bypasspart oftheourrent.

théeffectiveB.M.v.acrossthe endsof thoslit, waaobtainedbymutti*
plyingthocurrent by thé KsistfUMeof the liquidin the stit, Rs) (see
below). It is importantto note that the magnitudeof the etectrosmotto
effeotdependsonthe valueofthe electricalfieldwithinthe<?, that is,on
~M/L,andthepotentialdifférenceBoMsomewhattemthan Hobecauseof
the potentialdropsbetweentheprobingélectrodesandthé endsof theeut.
In orderto evaluatethesefR dropsan extendedatudywasmadeof thé
seriesrésistancesin the circuit. Asa result it waspossibleto evaluate
separatelythe résistance?9, and thus the potentialdicerenceB~ (
7. X R~).

f-potentialswerecalculatedfromtheexpérimentâtdata by useofequa-
tion 1,whichwasderivedby Hehnhoitzfor a capiUarytube and canbe
shownto beapplicablewithoutchangeto a.narrowslit:

° 5 B (aUquantitiesin absoluteunits) (1)

where);is thé viscosityof the liquidwithin whichthé doublelayer lies
(takenequalto theviscosityofthe bulkliquid),Dis thedielectricconstant
of thé liquidin thesameregion(takenequalto 80here),L is thé lengthof
capillaryorstit, Qits crosssection,E the potentialdifferenceat its ends
(equalto J~ here),andVthe electrosmoticHow(ce.persecond).

Withsubstitutionof thénumericalvaluesand changeto practicalunits,

(in n~ivotts)
4X3.14t6x0.01

0.6014 X (300)$) lnl'II VOS
80 0.001251 Éa,

METHOD OF MBASUBNMBNT OF 8TBBAM!NG POTENTIAL

The data obtainedfromthe streamingpotential experimentsand the
methodsusedwerethé following:

V,therateofflowoftheliquidthroughthe slit duringthostreaming,was
obtainedfromthe observeddisplacementof liquid in the capillarytube
leftopenduringthe experiment.

P, theappliedhydrostaticpressure,wasobtainedbythe useofmercury
inaréservoirwhoseheightcouldbeadjustedand whiehwasseparatedfrom
the reservoircontainingthe streamingsolutionby a glasstube to which
was connecteda mercurymanometer. The readingsof the manometer
werecorrectedforthe differencein water levelsin the reservoirand the
outletofthecell.
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J?,,the streamingpotential. In the early experimentswith ceUIII

streamingpotentiaisweremeasureddirectlyby thedeSeotionsofa Comp-
ton electrometerconnectedto the calomelelectrodes(oneconnection

throttgbground). This wasa sensitivequadrant electrometer(1000mm.
deflectionpervoltwithscaleat onemeter), and althoughthe instrument
and all connectionsto it werecarefullyshielded,considerabtcdiSculty
wascausedby the unsteadinessof the zero pointarisingfromthe large
dévêtionsobtained. tn the laterexperimentswithcellIV thisdifficulty
waaavoidedbytheuseofan improvedmethodofmeasurement.Figure2

showsthecircuitarrangement. Thestreamingpotentialsweremeasured
witha Leedsand NorthrupTypeK potentiometerwith the Compton
electrometerasa nullinstrument. Bythis methodtheelectrometervane
wassubjectedto only slightdéplacementswhitea settingwasbeing

-I.i L

FM.2.E!ectricatcircuitformeasurementofBtreamingpotential

obtained,so that the zeropoint wasvery stable. It was necessaryto

operatethepotentiometerat the highrange(0 to 16.1volts)toaceomnM-

date the largestreamingpotentialsoften obtained. A groupof 6-volt

storagebatteries suppliedthe workingcurrcnt for the potentiometer.
Thesewerealwaysrechargedslowlyandgavea constantvoltageoverlong

periodsof time.
Calomelelectrodessaturatedwithpotassiumchloridewereusedforall

streamingpotentialmeasurements.The maximumerrorin themeasure-

mentsofF, wasnotmorethan0.1percent, exceptinthe fewexpérimenta
whereEt wasonlya fewmillivolts.

Thepotentiometer,cell,andreservoirwereplacedonplateglassresting
ongroundedsheetiron.

«“the apparentspecificconductanceof the liquidin the slit,wascaleu-
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latedfromthé knowndimensionsoftheatitandthe observedconductance
of thé liquidin the etit. This stit conductance(1/JB~t)wasdetermined
beforeandafter eachsetofstreamingpotentialmeaaurements.Forthis
pu~MMtheslitwaaSuahedoutwithf reshsolution,a knownN.M.P.of,say.
90volts,wasappliedto thecalomelendelcctrodes(disconnected,ofcouno,
fromtheetectmmeter),and~e,~e, JE'~andBNweMdetcmunedMinthe
electrosmosiscxperiments.

Tberatiot'/f.isinabsoluteunit~–ce.persecondpetampere/3XtO'in orderto
fMiUtatecomparisonwiththestreamingpotent:a)ratioF/P, alsoinabsoluteunits

t-potentialswerecalculatedfromthe experimentaldata bythe useof
equation2,validforslitorcapillary:

f = <. (allinabsoluteunits) (2)` D P

or,inpracticalunits,

~~3.~X0.01~80 p

({'inmillivolts,F. involts,andP in dynespersquarecentimeter).

ELECTB08M08!8EXPERtMENTaW!THCONDUCTIVITYWATER

Threeseriesofelectrosmosisexpérimentewere carriedout withthree
differentlots of conductivitywater of nearly thé same conductivity

TABLE 1

_JKec<MM)M<t'e t.t!pert)H<<t<< vith «))«~MC<<M<y<M<«'

n v h f/t.,cc. «,“
HO. ~t OC. Pas M- A. C" f

~t0t
*°" ~'Sit ''3* <X ? YOjN~C. MtLUWM*xnf xtC' x tw xtO' XW

19 23 0.63 t38 105.0104.2-17.2 6.7B 8.22 67.? -9&8 ±26
20 24 0.69 22.6 18.7 10.1 -2.0 0.99 7,14 60.9 -72.0 ±47
21 23 0.63 46 30.4 29.4 -4.6 1.70 9.04 61.6 -84.7 ±66
22 2S 0.63 ? 66.7 04.6 -8.8 3.48 8.20 63.1 -89.3 ±7.6

24 22 0.73 135 tM.8104.2-14.8 5.54 8.97 67.2 -810 ±48
26 22 0.73 135 M.2101.7-14.1 6.39 8.71 66.7 -78.8 ±50
26 22 0.78 90 71.0 69.9 -8.8 3.62 8.21 50.7 -71.7 ±4.7

27 22 0.66225 t22.3tl6.0-23.6t0.70 7.42 81.0 -U46 ±78
28 22 0.66 180 115.5 87.8 -16.0 8.09 6.74 72.3 -M22±7'7
29 24 0.66135 72.068.3-12.66.46 6.54 73.4 -M3.9±H9
30 24 0.66 90 49.146.6-8.24.43 6.20 71.0 -M04±H4
31 26 0.66 45 26.4 24.1 -4.1 2.35 6.90 70.4 -99.5 ±19.0

Mean. 7.65 64.0 -01.6 ±7.2

Thé ratio t'/f. Min abaolutoUMt~–ce. per secondper ampere/3 X 10"-in order to
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(0.5to 0.7X 10"' mhopereentimeter),afty-sevenseparatedotermina-
tionsoff inatt.* Theresultsaregivonintable 1.

Beforemakinga set of meaaurementsthe apparatusandthe élitwere

rinsedthoroughly(whileassembted)withconductivitywaterwhosespooific
conductancehad justprevioustybeendetermined. The positionsof the
watermeniscusesin the capillarytubes were then read after provious
observationshadshownthemto bestationarywithoutappliedfield. The
desiredvoltagewasthen appUedto the calomelend electrodesandthe
timenotedto the nearestsecond. From two to four timesduringthe

ensuingelectromosisthe total currentpassingthroughthe slit wasread
fromthe seriesgalvanometerand the potential differencebetweenthe

probingelectrodes(Bo)wasmeasuredwithout interruptionofthe experi-
ment. At the end of fromthree to ten minutes the currentwas inter-

rupted the watermenteusesin the capUIariesinstantlybecamestation-

ary,andtheirpositionswereroad.
Eachsetofdata in the tablesis the meanof therésultaoffromfourto

sixsuchexperimentscarriedout insuccessionat thesameappliedvoltage
andwithoutrefillingtheapparatus. Thelast columnin table1 givesthe
meandeviationoftheindividualt-potentialsfromthérecordedmean.

The directionof electrosmosiswas generally reversedin successive

experimentsby reversingthe appliedfield. Themeanof thef-potentials
thusobtainedwas11.7percentlessforexperimentsinonedirection(thirty
experiments)thanforthosein thereversedirection(twenty-sevenexperi-
ments),or 4.2percent lessthan the ptiblishedmeanfor allexperiments.

The workwithconductivitywaterwasentirelycompletedbeforethat
withelectrolytesolutionswasbegun,in order to avoidas faras possible
contaminationof theslitbyforeignelectrolyte.

M<!<M'K<~c~en~ ~c<r<MN!CSM<o~eK~Aofapplied~eM

Weweremuchinterestedin thepossibilityoffindinga dependenceofthe

f-potentitt!on the appliedfield,whichwouldshowupin a variationofthe

quantityV/B. Towardthis endthe experimentswerecarriedoutovera
tenfoldrangein thé appliedvoltage. In figure3 we haveplottedthe
observedvaluesof theratio V/Eatagainst thé effectivevoltage~N,atso
theaveragevatuesoftheratio ~/Ff, forall experimentsat thcsametotal

voltage,againstBr. The plot showsonly a randomvariationin V/Be<
andonlya veryslightvariationin F/Fr. It isevidentthat in therange
of theseexperimentsthe chargedistributionin the electricaldoublelayer
at the gtass-waterinterfacehas beenunaSectedby the increasein the

strengthoftheexternalelectricalfieldappliedparaUelto the interface. ït
woutdperhapsbemoreaccutatetosay that the highestfieldstrengthsused

ThesedonotinoludetwentyearlierandmuchleureliabletMeasurementsmade B

withthesamesUtmountedinadifferentapparatus(cet)in, seep.3).
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were mauScientto eCect? displacementof parts of the double layer
whiehwereeeasUeunderthe influenceof the lowestMds. We are in-
elinedtopredict,however,that withBufSctenttylargeappliedelectromo-
tiveforcesuch&displacement,orslipping,nughtbe broughtabout,witha
consequentiacreaseintheapparentvalueofthéelectrokineticpotential,f.

A6Mn<:e(~~me~M!<Me~MMMMM

In hisearlyexpérimentaonetcctrosmosisthrougha gtasscapillarytube
Quincke(19)noticedthat the ekctroBtnotioflowwasmuchmore rapid
justaftertheapparatushadbeenfilledthanafterit hadstoodtwenty-four
hours. He attributedthis fact to slowsolutionof the glass,whtchha

actuallydemonstratedto have taken place. A paraUe!increasein the
v

electricalconductivityof the waterwasfound. In ourownwork each
seriesofexperimentswiththe samefillingofconductivitywateroccupied
an intervalofseveralhours. In orderto testfor a similarsourceoferror
in our ownworkthe followingexperimentwascarried out. At the con-
clusionofexperimentNo.22the apparatuswasallowedto standwithout
rinsingor reMing. Atthéendofninety-onehoursexperimentNo.23was
performed,ueingwateralreadyin the apparatusand the same applied
voltage. Theresultsin table2 showan almostnegligiblehourlychange.
Theincreasein theratioBo/Br indicatestheeffectofpassageofpotassium
chloridefromthe endelectrodesinto the tubesleadingto thé maincell;
the constancyin thératioE~/JE,showsthat the electrolytedidnot reach
the stit.

Sinceexaminationoftheresultsof theeteetrosmosisexperimentsfaibto

TABLE2
~itMneec/«meej~e<<?e<<e<fM)t)M<<e~pert'tMtttt

V~ V~
~M,

Vol-" VOLTSfOIJl'8 X100 âge.
MILLIVOLTS

xlob

22 M 56.7 M.6 0.62 0.96 -8.8 O.t6 -?!
M 90 84.5 81.4 0.93 096 -9.6 0.12 -66.9

HoutiychMge. 0.0004 O.M
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showany regulardependenceon appliedvoltageor conductivityof the
waterused,wcshalltake as thé mostprobablevaluesof the f-potontiat
andrelatedquantitiesthe meanvaluesof aUoftheËfty-sixexporimentsof
the threeseries(exclusiveof No.23). Thcsearogivenin table1. The
finalvalueofthe t-potentialforthegtass-waterinterfaceth~ caleulatedia
-92mi!Hvotts.

STBBAtUNOPOTENTtALBXM!R!MBNTaWtTNCONDUCTIVITYWATiEN

At thecloseof théetectrosmosisexperimentsjustdescribedthecelland
slitwerecleanedandrinsedthoroughly. Anextendedaeneaofstreaming
potentialmeasurementswasthenmadeat differentpressureswithvarious
lotsofconductivitywaterofaboutthésamespecifieconductance(0.6to0.7
X 10'*mhoper centimeter);onehundred thirty-nveseparatemeasure-
mentsweremadeinall.

Thisnumberdoesnot includetwo experimentswhichwereevidently
unreliable,andtwentyearliermeasurementswiththe slitmountedincell
III. Table3 abordsa compariaonof the resultsobtainedwiththeearly
cell(No.III) andthe improvedcell(No. IV).

At thebeginningofeachsetofmeasurementsat a givenpressurea pre-
liminarymeasurementwasmadeof the rateof flowovera periodofabout
twominutes. Beforestreamingwasstarted againa readingwasmadeof
the zeropointof the electrometerconnectedto one of the calomelend
electrodesand to ground(theothercalomeletectrodebeinggrounded).
This readingwasrepeatedat the closeof the measurementsin orderto
checkthe absenceof any potentialdifférencesdue to differencein the
conditionof thé electrodes. The readingwasalwaysfoundto bewithin
threemillivoltsof the initialvalue. Streamingwas then startedat the
givenpressure(alwaysin thesamedirectioninallexperiments),andmeas-
urementsof the streamingpotential weremadeat intervalsof a few
minutes.

TABLE3
Compan'M!<o/there<u«<obtained<n<Atheear~e<Handtheimproved«M

eau. '–––––––––––––––––. t&p
Number Mambor fen

etMpeh- Metafofetport- Mmafr
ment< ment~

M. m.

CEtlIV. 53 -92 t35 -102 t.8
CeUHL. 20 -08 20 -134 2.0
Bothcettft. 73 -M 155 -158 1.9
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Theatreamingpotentialsworefoundto vary err&t!ea!!yduringthefirst
fewminutesofstreaming,but wefoundoncont!nu!Hgthemeasurements
overanextendedpertodof tirnethat conatancywasobtainedafterabout
tenminutes, In computingthe pubMshcdmean valuesof our reauttswe

ha.vethereforoexcludedallobservationsmadoduringthéËrstten minutes
ofstreaming.'Thecollectedresultsaregivenin table4,eachvaluegiven

TABÏ. 4

Streamw~po<ett<t«<MpertMMtt<M<tcont<Me<<tt<ywater

*«,and x. are respectively the bulk conductivity of the water used, aa measured

outside of thé sl1t,and the apparent conductivity of the same water in thé slit, the

tooreMObeingdue to thé surface conductivity.

therein being thé mean of from six to ten observations made during the

next ten to twenty minute)).*

Similar unexplainedvariations m thé streaming potential have been observed

by other expenmentera. For example, Crumbach (11) was ted to adopt a rule of

seteetionsimilarto ours: "Je fus funeneMnsià m'imposer commeregtede n'admettre

commevalableque lesforcesoteetromotricesqui demeurent fixesa pression constante

pondant aumoins10minutes."
<Asamatter of fact thé average value of f thuscalculated fromatt meMurements

madeafter thé first ten minutes of etreaining (name!y,102.2 millivolts) is identical

with thé average obtained from aK meMurements both before and after thia ten

minute mark (-!62.0 millivolts).

<* “ f/f R/p “

"S-
-S .r.XXf Xtf X)~

ifil
XtO* X~

34 M O.M 6.57 2.M 0.515 t.88 0.4688 5.70 -t58

36 ? 053 6.&7 &.M 1.M7 1.87 0.9026 &.S7 -160

M Z2 0.48 a.tS! 2.78 0.466 1.68 0.444~ S.34 -189

M ? 0.48 6.53 5.62 0.977 1.74 0.9702 5.8Z -161

? ? 0.60 6.97 51.7 9.30 1.80 7.563 4.87 -145

M 22 0.60 6.35 2.73 0.474 1.74 0.4741 6.79 -156

41 M 0.60 6.17 5.66 1.210 2.14 1.H65 6.57 -172

42 22 0.54 6.87 5.81 1.15 1.98 1.1989 6.87 -200

? 22 0.54 6.03 2.78 0.556 1.99 0.5686 6.80 -174

54 23 0.56 5.48 48.8 12.56 2.57 t2.4887 8.60 -204

M M 0.56 5.48 23.4 5.32 2.27 4.57t3 6.34 -151

M 23 0.56 5.48 7.90 1.92 2.43 1.480 625 -148

57 24 0.56 5.48 3.21 0.709 2.21 0.6771 5.99 -143

61.1 21 0.58 2.60 48.90 11.71 2.39 t6.(M4 10.95 -120

61.2 21 0.58 2.60 32.10 5.32 2.41 6.805 10.60 -113

61.8 21 0.68 2.60 7.94 1.93 2.43 2.138 8.96 -99

M 4 21 0.58 2.60 3.26 0.7tl 2.18 0.8318 8.48 -94

Mean. 2.08 6.81 -102

*«,and <[.are respectively the butk conductivity ot the water ueed, as measured
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Carefulp!ott:ogof the obaervedvaluesof thé ~/P ratio againatthé
appliedpressureshowsonlyrandomvariationwiththis factor. Wehâve
thereforetaken thémeanof all determinationsas representingthe most
probablevalueof thef-potentialforthe glass-waterinterfacederivedfrom
atreamingpotentia!expérimenta.This valueis -162 miUivotts.

Streamlngrateand appliedpresaure
Théfundamentalequationsofelectrosmosisandatreamingpotentialare

derivedonthe assumptionthat theflowof liquidthroughtheslit,capillary,
or porousdiaphragmis non-turbulent. The usuatexperimentalévidence
ofnon-turbulenceinstreamingpotentialworkisa constantproportionality
betwecnthe rateofstreaming(orthé streamingpotential)and théapplied
pressure. The dataobtainedfromour ownexperiments(table3, column
7) showthat whilethe 7/P ratiois satisfactorilyconstantin certainsets
ofmeasurements,it isnotat aMconstantthroughtheentireseriesofexperi-
ments. Nowtherateofflowto becxpectedatanypressurecanbeealcu-
latedbyuseof thefollowingequationderivedforlaminarSewthrougha
slitinexactlythésamewayas isthePoisseuitteequationforacireulartube:

y ~P

""t~

wherew, t, and are respectivelythé width, thickness,and lengthof the
slit,)tisthe viscosityof the liquid,P the differencein pressureat theends
of théslit, and Vtheflowrate in cc. per second. The valueof thé theo-
reticalratio VIP in thé caseofour slit is 3.28X 10-8ce.persecondper
dynepercm.~ Théobservedratioin mostof ourexperimentsislessthan
this; theaveragevalueis2.46X 10-' in thecxperimentswithelectrolytes
and2.00X 10-8withwater.

Thisdiscrepaneyisin thedirectionto be expectediftheflowwasturbu-
lent. DaviesandWhitc(6a)haveestabiishedthatthenowoftiquidthrough
a narrowslit becomesturbulentonly after themeanvelocityexceedsthe
limitu = 890t~/p<,wherei; istheviscosityof theliquid,pis itsdensity,and
t is the thicknessofthé slit. The flowrates inallour streamingexperi-
mentswerefar belowthecriticalvalue,and wearethereforeof theopinion
that turbulencedidnotoecurinthe flowof waterthroughthéslit.

Thédiscrepancynotedforcesus to suspectthatthe actualcrosssection
of theslit, Q, waseffectivelysmallerthan that whichwehad calculated
fromtheobserveddimensions.Whetherthiswasdue toforeignintrusion
in théslit,whichresistedthe repeatedand thoroughcleaningoperationsto
whichit had beensubjected,or to an error in measuringthewidthof the
slit (anerrorof about0.0006cm.wouldaccountfor thediscrepancy),we
areunableto say. It is important,however,topointout (1)that att the
f-potentiatvaluesgivenherewillbe multipliedbya factorof3.28/2.00or
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3.28/2.46(1.6to 1.3)ifanempiricalvalueofthe crosssectioniecaleulated
fromtheobservedV/P ratios,and(2) that boththéelectrosmosisandthe
streMnin~potentialf-potentiabwillbe multipliedbytheMMMfactorsinee
bothsetsofvaluesdependonthe crosssection,Q,in thesameway. The
t~/P discrepancydoesnot thereforeinvalidateour generalconclusions
regardingtherelativevaluesofthef-potentiatobtainedfromelectrosmosis
andfromstreamingpotentialexperiments.

COMPARtBONOF ZETA POTENTtAt.8 OBTAINED FROM ELECrKOSMOStS ANC

FROM STBEAMtttO POTENTIAL MBA8UBEMENT8

Theprincipalresultsofourexpérimentawithwaterandwithelectrolyte
solutionsare summarizedin table6 for the purposeofcomparison.The

f-potentiafscalculatedfromtht~eareplottedin figure4.

Fia.4.Comparisonofeleotrokineticpotenttataobtainedfrome~e6t)'osmos~Band
streamingpotentialmeasurements

Theresultsof thé experimentswithconductivitywatershowa striking
discrepancyin the t-potentialsobtained fromthe two typesof electro-
kineticmeasurement,theejeotrosmosisvalues(–162millivoltswithcellIV
and -134millivoltswithcellIII) beingalmosttwiceasgreatasthestream-
ingpotentialvalues(-92 millivoltsand –68 millivoltswithcellsIVand

III, respectively),the diifcreneesbeingweMoutsidoof the experimental
error.

Sucha differencein théf-potentiaisis not intrinsicallya contradiction
of the Helmholtzequations,for the followingreason. Theseéquations
implythat–whatever the chargedistribution in the electricaldouble
layer-underthe influenceofanappliedelectricalfieldparallelto the wall
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(eleetrOBntoaia)or of-a mechanioaiforce (streamingpotentia~&iaterat
displacementof amobilepartof thedoublelayertakes placerelativeto a
sessitepart fixedon thé wall,and that somewherevery closeto the watt
thereexistaa timitingptaneofshearwherethe latéralvelocityoftheliquid
withrespectto thewallis zero. Thedifferencein the eteetricatpotential
at thisdistancefromthe walland that in the interiorofthe solutionis thé
zetapotential. The t-potentialscalculatedfromthe resultsof etectros-
mosisand streamingpotentialexperimentswillbe identicalonlyif the
limitingplanesofshearlieat the samedistancefromthe wallin the two
cases. Thereisnostipulationin theHelmholtzformulationthat thiscon-
ditionshallbesatisfied.

Wéhad indeedlookedforsomediSerencein the two t-potentialsaaan
indicationthat theconditionmayactuallynot be satisfied. Thediscrep-
ancyactuallyobserveddocsnot,however,aUowa definiteconclusionofthis
sortto be drawn,becauseof a certaininternatinconsistencyin our own
results. Thelargeratioofthe r-potentialsobtainedfromthefortyexperi-
mentswith cellIII corresponds,as it should,to a similarratio of the

quantitiesB/JPand F/f andan equatityof the observedapparentcon-
ductivitiesof the Uquidin the stit. Ïn the one hundredeighty-eight
experimentswith oeilIV, however,we finda similarhighratio of the
t-potentialscoupledwithpracticalequalityof the ratiosE/P and F/f.
Thisis an apparentcontradictionoftheusualassumptionthat equalityof
B/P and V/f indicatesequalityofthe{'.potentiats.

Thediscrepancyisexplainedwhenwecomparethe measureméntsofthe

apparentslit conductivitymadeduringthe two sets of experimentsand
notethat the valueof K.observedinthé streamingpotentialexperiments
wastwiceas greatas that mcaauredin the electrosmosisexpérimenta,
althoughtheprocedureswereidenticalandthe bulk conductivitiesof thé
waterwerepracticallythesameinbothcases.' Althoughtheinconsistency
notedrobsourresultsofsomeof theirtheoreticalimport,it servesto point
a wamingthat mereequalityof thequantities-E/P and VII doesnot in
itselfdemonstrateequalityof the r-potentialswithout definiteexperi-
mentalproofthat thespecifieconductancesofthe liquidinslit,capillary,or

diaphragmareidentical.

MeM<t<of}'-po<eK<MJ~obtained~'omezpenNMKts<M<Aelectrolyteso~Mtt'oîM

Theresultsoftheexpcrimentswithelectrolytesshowonthewholethat

f-potentialsobtainedfromstreamingpotentialmeasurementswereidenti.
calwith thoseobtainedfromelectrosmosismeasurements.Theythere-

ThisincreaMinfwithincreaseinthespécifieconduotanceofthesiitliquidMin
thereversedtreetionfromtheetfoetanotedbyLachsandBiozyk(14)withcon.
ductivitywater,butisconsietentwiththeinitialrisein théf-coneentr&tioncurve
oommoniyobservedlnetectrokineticexperiments.
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forepointto théconclusionthat theappliedmechanicalforceactingonthe

Uquidintheatreamingpotentialexpefimentdisplacesthé samefractionof
thé doublelayeras thé applied.eleetricalforcein electrosmosisacting

direottyon the chargedionsin the tayer. Theobservedequalityin thé

valuesof t Mnota fortuitoueresultof a particularetioicoofappliedfield

(electrosmosis)or of appliedpressure (streamingpotential),sinee the

~-potentiaiswerefoundto be independentof thesefactors.

~KomohMM!'efe)'M<<~M'c?)ofMef-p<t<c~Mt<

Theconclusionjuststatedrestson&comparisonofthe averagevaluesof
aUexperimentswith the threeelectrolytes. Whenwe considerthe indi-
viduatexperimentsat differentconcentrations,we6nd randomvariations
suchasaregenerallyobservedinBimUarwork. Theusuatvalenceeffects
areobservable,includingchargereversalin the caseofsolutionscontaining
the trivalentAi+++cation.

Themostaurpnaingresultofailour workwithelectrolytesolutionswas

the observationthat the electrosmosisand thestreamingpotentialeffects
wereofoppositesignin the measurementswith10"'N aluminumchloride

solution;that is, thedirectionofelectrosmosiscorrespondedtoa negative

t-potential(–46 nuiiivoits),whilethe streamingpotentialcorrespondedto
a positivef-potential(+ 32 millivolts). Thiswasso importanta reautt
that in orderto estabtishthe reality of the effectwe disconnectedthe

presaureapparatusjust after completingthe streamingpotentialmeas-
urement'and immediatelymade another electrosmosismeaaurement.

Eiectrosmosisagainoccurredasbeforein the directioncorrespondingto a

negativef-potentM. Wearethereforeforcedtorecognizethatconditions

mayexistinanelectrokineticsystemwhereelectrokineticeffectsmaydiffer
not onlyin magnitudebut eveninsign. Thissuggeststhat in the neigh-
borhoodof theeiectrokineticisoetectriopoint,wherechargereversaitakes

place,theeieotricatdoublelayermay have a complexstructureinvolving
severallayersof chargeofalternatelypositiveand negativesign,as bas

beenproposedbyeeveratwritetB(8,9, 17). Tocompletetheexplanation
of the effectwehaveobservedit is necessaryto supposethat whenthe

tangentialmechanicalforcewasappliedto suchan interfaciallayerin the

streamingpotentialexperiment,the timitingplaneof shear(the"rigidity
boundary"of MOller(18))lay in a différentpartof this complexdouble

layerthanwhenthe electricalforcewasactinginthe electrosmosisexperi-
ment. That is, the rigidityboundariesin thé two experimentslay in

regionsof the doublelayerwherethe electricalpotentialwasofdifferent

sign.

8PMMABY

1. Electrosmosisandstreamingpotentialmeasurementshavebeenmade

withanopticallypolishedglassslitin contactwithconductivitywaterand
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mentsweremadeover the conception range of 10-' Wdownto about
10-~ (conductivitywater),–that is, the range in whichetectrokinetic
éjectachangemostrapidlywithconcentration.

2. The valuesof tho t-potential for the gtase-waterinterfacewere
calculatedfrom the results of these expérimenta. The electrokinetic
potentiaisthus obtainedfromthe electrosmosisexpérimentawerenearly
identica!withthosecaleulatedfromthe resultsof the streamingpotential
measurementsovermostoftheconcentrationrangestudied.

3. However,in thé regionof extremelylow ionioconcentrationslarge
discrepanoieswerefound. Withwaterofspecifieconductance0.9 X 10-'
mhopercentimeterthe streamingpotentialeSectswererelativelyalmost
twiceas great as the electrosmotieeffects. The interprétationof the
résulta,however,iscomplicatedby thédiscrepancyin theobservedvalues
oftheapparentspecinoconductanceoftheliquid in théslit.

4. Withaluminwnchloridesolutionof concentration10-6N a remark-
able resultwas obtainedwhenit was observedthat the etectrokinetic
effectsofelectrosmosisand ofstreamingpotential wereofoppositeaigu,
the valuesof thé t-potentialbeingrespectively-46 mi!Uvottsand +32
millivolts.The two experimentsweremade in immediatesuccesston
withoutanyreasonablechancefora changein the structureoftheeieethcai
doublelayer.

Wewishtoacknowledgewiththanksthegrant of fundsbytheAmerican
AssociationfortheAdvancementof Sciencefor thopurchaseofthe Comp-
ton electrometerusedin thiswork.
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tNTBOÛUCTtON

Attemptsto measurethe physM propertiesof flourdoughsweremade
by Kosut~ny(4) as early as 1C07. This author pulledout a cylinder
of aour doughat a constant rate, and measuredthe stressbuitd-up.'
AlthoughnotclearlydistmguMungbetweenviscousandelasticproperties,
the author'sinterprétationofhis data points clearlyto a numberof the
conclusionsreachedin the présentwork.

It iacunouBthat this valuablework,in whichKosuMnycamesonear
to separatingandmeasuringspecifiephysicalproperties,shouldbavelain
faMowfor so manyyears. From 1907to 1932workon the physical
propertiesof flourdoughswasconfinedalmostentirelyto theproduction
ofinstrumentsmeasurit%a complexmixtureofproperties,which,although
in somecasesof realvaluein the bread-makingindustry,threwlittleor
nolightonthe physicalnatureofthe problem. In 1932-33threepapers
werepubtishedby Schofieldand ScottBlair (8), in whichcertainof the
physicalpropertiesofdoughswereseparatedandindependentlymeasured.
Forthesakeofconveniencethesepaperswillbereferredtoas I, II, andIII.

In paper1 it wasemphasizedthat flourdoughbelongeto a groupof
materialsinwhicha highdegreeofplasticityiscombinedwithconsiderable
elasticity. Whenunder stress the relative amountsof plastic (non-

'By mutuatagreementthe authoK'nameaare in alphabetioalorderandno
seniorityisimplied.

TeM~M(9)developsverysimilarideas.Theconatantwhichhecalla"degreeof etaatMty"(p. 79)ia oloselyconnectedwith relaxationtime(videinfra)
TerMgM'aworkreferatoaoUBandclaye,buttheirbehaviorisin somewaysstrik-
inglyaimilartothatofaourdougha.SeealsoarecentpaperbyM.P.WoiMowitseh
andK. 1.Samatina(10)deatinf;withsomephysicalpropertiesofOourdoughe.

DR
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recoverable)and elastic (recoverable)déformationdependon the time
ofdurationofthestress. AnextendedsigniScancewasgiventoMaxweM's
relaxationtime,sothat the equation

4 '=' t/M

in whicht, = relaxationtimo,q = viscosity,and? =<shear (rigidity)
modutus,'couldbe appliedto a material suchas Bourdough,in which
neithernor n isa constant.

It wasfoundthat <!and decreasewithincreasingstressandincrease
with increasingdeformation. FaU in viacositywith increasingstress is
a phenomenonwellknowninmany eolloidalsystems,andhaabeencalled
"structurâtviacosity"(6). Increasein viscositywithincreasingstrain is
a commoncharacteristicofmetals, and is called"work-hardening."

In paperII, these twopropertiesweremorefullystudiedbyobserving
the rate of shearof cylindersof doughhungverticaHy,and aUowedto
elongateunderthé actionofgravity (themethodofrheograms).

TheMaxwellequationcouldonly be testedsatisfactorilyafterthe most
suitablevalueof modulusto use in calculatingvMcositiesfromrelaxation
times wasknown. Experimentsto decidethis point weredescribedin
paper III, and agreementwas found to be as satisfactoryas couldbe
expectedwhenthe best valuefor the moduluswasused. Thèseexperi-
mentsalsomadeit clear that dough showstwo otherpropertiescharac-
teristicof metats,namely,elastichysteresisand elastieafter-effect.

Theformercausesthe rigiditymodulustofaUslowtyasstressis raised,
and alsoasstressis lowered,but at the pointat whichthe signof d<S/d<
changes/themodulusincreasesabruptly. The lattermeansthat elastie
deformationsare not recoveredinstantly, BOthat unlesstimeis givenfor
slowrecoveryto take place,certain deformationswillbe regardedas

permanentwhichare in reality recoverable. This wouldlead to con-
siderableerrorsin determiningviscosityandmodulus(seeexpérimentai
section). In viewof the partialunderstandingwhichthis treatmenthad
alreadygiven,it seemedadvisableto investigatefurtherthe relationship
betweenthesefundamentalphysicalproperties,and thosequalitiesof the
doughwhichare of importancein the bread-makingindustry. For this
purposethePhysicsDepartmentof theRothamstedExperimentalStation
andtheResearchAssociationofBritishFtourMiUersdecidedtocooperate
in the furtherstudy of the problem.

Notethatforflourdoughe,PoM9on'eratiobeing0.5,wecanamumetherigidlty
modulustobeequaltoone-thirdotYoung'smodulus.Theehearingstresslikewise
isone-thirdoftheloadingatrese.Intheprésentpaper,theterm"rigiditymodutue"
iaoftenabbreviatedto "modulus,"aineenoothermodulustsdheuesed.

WhereSieshearingetremandt the time.
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Thogeneralprincipleahave nowbeen ducidated,andalthoughmuch
detailrequiresyet to be filledin, the présentpaperglvesa desctipttonof
thé conclusionsto date.

EXPERIMENTAL

By far the moatseriousdifficultiesthat h&vebeenencounteredwere
thosoassociatedwith the reproducibilityof measurementson différent
testpiècesfromthesamedough. In p&persI, II, andIII accumtereptica-
tionon differenttest pieceswaanot attempted, andalthoughthe phe-
nomenadescribedcouldbe repeatedlyobserved,it wasre&tMedthat no
fullysatisfactorytechniqueexiatedfor such replication. In the course
of theprésentinvestigationmuchtimebas beenspentin developingsuch
a technique,andthemethodfinallyadoptedhaaprovedonthewholetobe
satisfactory.

TABLE1

The<ec<ofmtiH'~on<~t~<!M<'<~andM<M<M<M<~Mwdot<eA

VtM-O. MO.

m<)tt<<M Mtf<t«t«
3 0 6.88XM* 4.29X10'

? 4.92X10' 3.94XtO<
60 4.MX10' 3.73Xt0<

12 0 2.92X10' 3.02XtO<
80 8.MX M' 3.41X10'

_60 3.61X10' 3.60X10'

AUdataforviscositiMMandmoduliM in thispaperaregiveninc.o.s.units,
butitmuetbeborneinmindthat theyreferonlytoarbitraryfixedconditionsof
stKSBandstrain.

It isnecessaryto makeas homogeneousa doughas possible,and it bas
beenfoundthat machinemixingoftheflourand watergivesthémostsatis-
factoryresults. The longerthe timeof mixing,the morehomogeneous
is the finisheddough,but excessivemixinghas a verymarkedeffecton
the dough'sphysicalproperties.

Fromthedataintable1it canbeseenthat excessivemixingcoasiderabty
lowersthe viscosityand modulusof the dough, but that thèseincrease
againonresting. Suchtreatment,however,permanentlylowersthetensile
strengthof the dough.

It willbeshownlater that the generaltendencyonaginga doughisfor
the viscosityand modulusboth to fall. It tBonlyafterprolongedmixing
that theoppositeeffectmorethan compensatesfor thisfa, producinga
net risein bothproperties. Thusit appearsin table1 that after3 min-
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utesmixing,the eCfectofstandingia the oppositeof that producodby M
minutesmixing.

Thesampleofdoughis transferredfromthé mixerto a "gun,"consist-

ingofa hollowmetaicylinder,5 cm. longand2.6cm.ln diameter,Stted
witha plunger. To the bottomof the cylinderis fitteda solidpleceof
metaldriiiedwitha hoie3.5cm.longand 0.5cm.in diameter. ThisËrst

gun,intowhichthedoughcanbeplacedbymeansofaspatuht,thusavoid-
inghandlingit, ia too big to fit convenienttyon to the apparatus,and
thereforethe extendeddoughcylinderis squeezedatraightintoa second
smttMergun 15ctn.longand 1 cm. in diameter,whichis ntted withan
endpiecesimiiarto that of the firetgun. Thedoughis forcedfromthis
secondgunstraightonto thesurfaceofa bathofmercury.

Statisticalanatysis*showedthat there wasnogreatererrorincomparing
testpiecesfromdifférentdoughsthan in comparingpiecesfromthe same

dough. It thusappearedthat thé chiefsourceoferrorlay inthe method
ofpréparationofthe test pieces. It wasfoundthat the forceappliedto
thé gunsvery largelyaffectedthé physicalpropertiesof the prepared
doughcyUnder.A Systemof puileysand weightswasthereforeusedfor

manipulationof the guns,and,providedthat theweightsweresmall,we
foundverylittlealterationof the propertiesof the doughs. The impor-
tanceofa carefullystandardizeduseof thesegunscannotbetoostrongly
emphasized.

Duringextrusionthedoughcylinderswe!!s,thisawellingbeingingeneral
greaterforgoodthanforpoorqualityflours. Theexactconnection,how-

ever,isnotclearlyunderstood.
Thedoughcylindershavebeenexaminedby the twogêneraimethods

describedin papersI, II, and III, namely(a) rheograms,and (b) thé

mercurytroughextensimeter,but the techniqueof the lattermethodhas
beenextendedanddeveloped.

(a) Therheogrammetlwd. This methodbas beenfurther developed
andbas nowreacheda stageat which the resultsare exceiientiyrepro-
ducible,and,aithoughnot free from errors,it providesthe most satis-

factorywayat présentavailabieforseparatingtheeffectsofwork-harden-

ing (risein viscositywithrisingstrain) and structuralviscosity(faMin

viscositywithrisingstress).
Inmostdoughsthesetwopropertiesappear,undertheconditionsofthe

rheogramexperiments,approximatelyto canceiout. Withoutcommit-

tingourseivesto any assessmentof the degreeofaccuracyof individual

samples,an examinationofthe data obtainedfroma studyofsomesixty
doughsmadefroma seriesof twenty differentflours,leadsto the con-
clusionthat certainflourstend to showhigheror lowerdegreesof work-

OurbéatthanksareduetoMr.F.YateaoftheRothamstedExperimentalSta-
tionStetiatict~Departmentfordoingthiaanalyals.



PH~CA~ PMPËRMM 0F FMÙB DOÙGB8 666
,O,u',>, w.. 1. I. 1--l' ~t

hardeningthan othem,and that this propertygenerallypersiatswhon
differentamountsofwaterandtimesof agingareused. Suchdéférences
do not, however,correlatedirectlywith flourquality,and we conclude
that we<dtne~in a flourdue to an unsuttaMedegreeof work-hardeaing
iBtheexceptionratherthan therute.

Certainpraoticaldifficultiesare encounteredln using the rheogram
techniqueinthecaseofstickydoughs,and doughsofpoorteoeUestrength.
Moroover,both viseoeityand rigiditymoduluscanbe calculatedfrom
a singletest on the extensimeter(videM~ra);thereforethe rheogram
methodwasnot empioyedfurtherin tbis investigation.

(b) Theex<e!!Mme<ef.Thie instrument, whichis an improvedmodet
of the extensimeterdescribedin papers 1 and III, is showndiagram-
maticattyin figure1.

AdoughcylinderA, about10cm.longby0.7cm.indiameter,madeas
describedabove,is floatedona mercurybath. Theendsof this cylinder
areconnectedbymeaaaofcork"chairs" andcottonthreadsto twosmall
scaiesB, whichare obsorvedthroughlow-powermicroscopes,C. The

FM.1.Themercurybathextensimeter

smallestdivisionson the scalesare 0.013cm. in length,and readingsto
one-tenthofthiscanbeestimatedwitha fairdegreeofaccuracy. Toone
scaleisfastenedasteel springD,theotherendofwhichissecurelyattached
to théframeworkofthe apparatus;the other scaleisconnectedbycotton
to a smallwinch(E), whichcanbe woundeitherby handor by a small
motor.

Duringexperimentsthe doughis protectedby a cover,the feltUning
ofwMchis dampedto providea humidatmosphereto preventdryingout
of the doughsurface.

Whenthéwinch(E) iswoundup,thedoughandsoalesaremovedto the

left, and this extendsthe springD. The doughis thereforesubjected
toa stress,thevalueofwhichisproportionalto theextensionof thespring,
and inverselyproportionalto the cross sectionof the dough cylinder.
Thespringiscalibratedbynotingtheextensioncausedbyhangingweights
ofvarioussizesfromit whenplacedin a verticalposition. The diameter
and initial lengthof the doughcylinderare measuredwithcalipers.

In orderto measureviscosity,whiehisdefined(seepaperI) as thératio
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ofshearingstressto velocitygradient(i.o.,rateofchangeof non-recoverable

strain),wecaneithernxthe rateofchangeofstrainandmoasurethéstress,
or fix the stress and measurethe rate of changeof strain. The latter
hasin practicebeenfoundta be by far the simplermethodto use,and
hasbeentho basis for most of the experimentsdeseribedin this paper.

Beforedoingan experiment,the necessarydeflectionof the springto

givethedesiredstressis firstcalculatedfroma knowJedgeof theconstant
forthé springand thé crosssectionof thé doughcylinder. Thewinch
is then rapidlywoundup until the shift in the scaleattachedto the

springcorrespondeto this required stress. For ordinarypurposeswe
workedwithan arbitrary tensilestress of 1600dynesper squarecenti-
meter (shearingstressMOdynesper squarecentimeter).

Understress thedoughcylinderextends,andforfiveminutesthisexten-
sionis takenup by stowtywindingthe winchsothat the deflectionof the

right-handscaleiskeptconstant. By thismeansthestressiskeptahnost

constant,the rise in stresswithslight thinningof the doughcyiindernot

beinggeneratlygreat enoughto introduce any seriouserror,especiaUy
whenrelative,rather than absolute,viscositiesof doughsare required.

Bymeasuringthe extensionat minuteintervalsit wouldappearthat the
meanviscosityfor eachminutecould be determined,and fromthis an
indicationof the amount of work-hardening(i.e., changein viscosity
withstrain)assessed. Thisisnot,however,practicabie,sinceelastieafter-
effectis takingplaceduringthe wholeprocess(seeintroduction).

Thestress is releasedat thé end of thé fiveminutesand the dough
allowedto relaxuntil no furtherchangein lengthtakesplace(this takes

about three to fiveminutes). The differencein the lengthof the dough
cylinderbeforeany stress is applied to it and at the end of relaxation

givesa measureof the non-recoverablestraincausedby the stressacting
for five minutes* From this a mean viscositycan be determinedby
dividingthe non-recoverablestrain per unit time into the stress. This
is freefromerrorsdue to elastieafter-effect.

Theamountofrecoverableor elasticdeformationis obtainedbynoting
the changein lengthof the doughcylinderbetweenthe timeofreleasing
the stressand the end of relaxation. The valueof the shearmodulus
whichis givenby the ratio

changein shearingstress

changein reooverabiestrain

Striottyapeaking,theatrainsshouldbecalculatedfromtog,tt,Minthérheo-
grameatcutation,but for the mnaHatrainBusedthé methoddescribedhèreis
adéquate.
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is a meanvaluefora changeinstressfrom600to 0 dynes/ the modulue

fallingprogressive!yduringthé ioworingofthe stressduetoelastichystere-
sis (seeintroduction).

JS!0a'<<~<empera<M!'e

Experimentshaveshownthat the vlscosityof a typicaldoughfalls

by about10percentperdegreeCentigraderise in temperatureand thé
modulusbyabout5 percent. Thismakesit desirableto exorcisecarefut
controloverthé temperature. The extensimeteris not easilythermo-

stated, and, moreover,the processesof dough preparationshouldaho
be carriedoutat a constanttemperature. It wouldthusbebestto carry
outaUmeasurementsina constanttemperaturerootn.'

Althougha suitaMeconstanttemperatureroombas nowbeenbuilt,
thé factthat it wasnotavaUaMefortheearlierworkmeantthatwecould

onlymakedirectcomparisonbetweenrésultaobtainedoverperiodsduring
whichlaboratorytemperaturedidnot ftuctuateverywidely,andin consé-

quencewehavehadto foregomakingasfull useof ourdata asweshould
otherwisehavebeenableto do. Further,sincethe viscosityfaUsabout
twiceas fast (withrisein temperature)as doesthe modulus,it is clear
that théaM-important*viscositymodulusratio (relaxationtime)ishigher,
the lowerthe température. Thissupportethe viewhetdby somebakers
that doughshouldbefermentedandput into the ovenat aslowatempéra-
tureas is consistentwiththe satisfactoryworkingof theyeast.

The temperaturecoefficientsatscvary with the ageofthe dough,and
it is thusclearthat the temperatureat whichit isagedplaysanimportant
part ln dennmgits physicalpropertiesat any giventime,andhencein

determiningthequalityof the resultingbread. Furtherexperimentsare
neededto explorethis field.

WATBR ABSORPTION

Whendeterminingthe valueof a flourin thé bakehousethefirst step
isto tum it intodoughbymixingwithwater andotheringrédients.The
bakerdoesnot usea constantratioof flourto waterforallsamptes,other-
wisesameofhisdoughswouldbetoo softand sticky,whileotherswould
be too tough,extrêmesofconditionwhichnot onlycauseseriousdifficul-
tiesin thehandlingofthe doughs,but whichdonot resultin breadrepre-
sentativeofthe valueof the flour. In viewof this, thebakervariesthe

ThoBtfMaieneverallowedtofallquiteto zero,owingto theneceesityfor
keepingthecottontaut,but thefinalstresslaveryamall,MdlathéMmein ail
experiments.

Caremustbeexeroisedtoenauteproperventilationandsopreventthédanger
ofmerourypoisoning(seoStock(9)).

*8eelater,underthesectionheaded"genefatooMideratioM."
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acMMntofwaterheaddsto~eachHours&that hiadoughsareeasytohandle

tmdingeneralbake into asgoodquality breadas bis vadousSoursare

capableof making.
Wearethereforefacedwiththé problemofdeterminingthesignificance

of thisoptimumamountofwater,or ~waterabsorption"as !t iacalledin

the bakehouse,and alsowiththe neeessityof determiningsomemethod

wherebyit couldbe fixed. In assessingwaterabsorptionthebakerrelies

on hissenséof touch,andoneof the impressionswhichbelpsin bisjudg-
ment of correctabsorptionis the extent to whichthe doughsticks to

hishands.
It appearedto us that thebakermadeup bisdoughssothat thesticki-

nesswasjust shortofbeinga trouble,and onthisassumptionwebasedour

Normalabsorptions:No.1Manitoba,15.6gah. persaok;BaruasoPlate,15.3

gala.persack;Australian,14.0gale.pereack.

first attempt to connectwaterabsorptionwith a physicalproperty,so

that bythé measurementofthélatter wecouldfixthe former.

Measurementsofstickinessweremade by measuringtheforcerequired

to overcomethe adhesionofa metalweight to the surfaceof a dough.
Themethodusedwasa modiScationof thoseproposedby Hachinski(3)

and others(1,2, 6, 7) formeasuringthe stickinessof scija. It bas,how-

ever,notbeenpossibleto makethemeasurementsreproducibleenoughto

useas a meansofassessingwaterabsorption.
Theconnectionbetweenwatercontentand twoother physicalproper-

ties, namely,viscosityand rigiditymodulus,wasnext investigated.
For this a seriesof flourswas obtained, and fromeachflourseveral

doughswere made containingdifférentamountsof water. The data

Forexpérimentaonthepoyehotogica!aspectofatickinesB,aeeZigler(12).

TABLES2

~M< C/water CM<M<on <t'M<tM'<yand )tM<<t<<tMe/ ~Ott~<<OM~

WAMOCOMDtHT

n.OCB ––––––––––––––––––––––––––––-––

-)g«). -)<*). Nen)M)+<«t. +tw).

No. 1 Manitoba:

VbcoMty(XtO'). 10.0 7.6 6.8 4.8 4.1

M:odu)tm(X10'). 4.1 3.6 3.1 2.6 2.1

BarumoPlate:

VMMBMy(XlO'). 15.0 8.3 6.7 4.4 3.6

Modulus (X 10'). 4.6 4.0 3.4 2.8 2.2

AustmtMn:

VieeoMty(X 10'). 76 4.8 3.6 2.8 2.3

Modutua(XlO'). 55 4.6 3.6 2.6 1.6

M~.m~)~hnn~nttnno. Mn) Mt.nitnhtt 1K<Mtt« M'f mnk' Rtu'xmmPlatn- <B.3
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obtainedby measuringthé viscos!tieBand moduMof the doughemade
fromthreeof thèse flours,a No. 1 Manitoba,a BarussoPlate, andan
Australlanare giventn table2.

Eachftourwaaexaminedat the absorptionchosenin thé bakehouse
whiehwehaveealled"normal,"andat fourother watercontenta±~ gal-
lonand 1 gallonper28Mb.sackofnour." Eachdoughwasfermented
for fourhoura,at the endof whichtimesamplesweretaken forviscosity
and modulusmoasurements.ïn ËKUte2 curvesaredrawnshowingthe

retationBhtpbetweenthesetwopropertiesat each ofthe fivewatercon-
tents foreachof thethreeflours.

Fto.2.Theeffectofwatercontentofdoughonthé vlscosityandmodulue

Anexaminationofthèseeurvesshowsthat witheachflourbothviscosity
and modulustell with increasingwater content and vice versa. The
relativeeffectson thesetwo propertieswerenot the same,and differed
fromHourto flour. Theeffectsof a changeof 2 gallonsin watercontent
onviscosityand modulusaregivenin table3, the figuresrepresentingthé
differencein values for the driest and wettest doughsexpressedas a

percentageof the average.
Thesefiguresshowthat the effectboth on viscosityand moduluswas

leastin thecaseofthe Manitoba,whiehis in keepingwiththe experience

OnegallonperaMk 3.57percentontheflour.
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ofthé bakerthat thistypeofnourhasa muchgreatertolérancetoehanging

watercontentthananyother. The Plate flourdi~eredfromtheManitoba

chienyon accountof the muchgreater effeetofohangingwatercontent

onviscosity,whileinthecaseofthe Australianbothviscosityandmodulus,

and particularlythe latter,weremorematkedlyaffectedthan in thecase

of the Manitoba. It is probablethat a btg upwardchangein viscosity

withdeoreasingwatercontentia of muchlessaccountin the bakehotMe

thana bigincreaseinmodulus,asthe latterwoutdmakethedoughs"dead"

and tifeless(seelater).
Thethreedoughaofparticularinterestare the"normat"doughe,andit

willbenoticedthat thesedoughsdi~ered veryconsiderablyin viscosity,

but onlyto a smallextent!nmodulus. It is probablethat thé bakeris

unconsclouslymore influencedin chooeinghis waterabsorptionby the

moduliof his doughsthan by their viscosities,and in consequencewe

maybe able to usemcasurementsof the fomer propertyasa meansof

determiningcorrectwaterabsorption. Thispoint,however,needsmuch

furtherinvestigationbeforeit can be settled.

GENERAL CON6ÏDERAT!ON8

Aithougbit isquitepossibleto makea doughfromanyBourwhatBoe'ver

se that it shallhaveanydesiredviscosityormodulus(withinwidoUmits),

by usingthe appropriateamountof water,it is weUknownthat a poor

flourcannotby anyauchmeansbe made to givea doughofsatisfaetory

plasticand elasticproperties. The reasonfor this is clearlyseenfrom

table3. It ishere apparentthat if a "strong"flourdough(Manitoba)

iscomparedwitha "weak"(Australian)at thesameviscosity,themodulus

ofthestrongflourismuchlowerthan that ofthéweak. If thecomparison

is madeat thesamemodulusvalue,the strongflourbasbyfarthégreater

viscosity. The intermediatePlate flourfallsbetweenthe twoextrêmes.

This suggeststhat the relaxationtime (~/M,seepaper I) is of primary

importance. Thissuggestionbas been amplyverified. It is~of course,

clearthatwecannotregardrelaxationtimeasa constantofadough,since

it varieswithbothstressanddéformation,but it basbecomeincreasingly

evidentduringthe courseofthisworkthat ifdoughsarecomparedunder

similarconditionsofstressandstrain, and iftheseconditionsapproximate

as closelyas possibleto thoseobtainedin thecommercialdough,a com-

parisonof relaxationtimes("viscosity-modulusratios")givesa primary

measureof the différencesin flour quality (althoughas is shownlater,

many other factorshave to be taken into considérationas well). In

paper1 it is suggestedthat "the dough containselasticelementswhich

forma connectedstructure. (whichelements)are not joinedsecurely,

but slidepast oneanotherwhenevera sumcientstressisoperative. The

viscositywhichbasbeendeterminedis mainlygovemedby thebehaviour
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of &p!astic MmbywMchthé e!a8tic eiementaare eonneoted.Ït ta quite
possiblethat the elementsare capableof completeelastierecovery,but
thereis at presontno erttertonfor testi~g this. The timeof retaxatioa
laa charactedsttcof thé connectedstructureas a wholeand itsvalueisas
muchdeterminedby the elast4oltyof the elementsas by thé viscosity
associatedwith their p!aatiojunottons. ïn relatingthesedéductions
to theknownstructureof the dough,one maysafelyidentifytheelastlc
elementswiththeproteinpartofthé flour."

Whena doughrisesunder thé actionof yeast, it is advantageousfor
ashigha percentageas possibleof thé defonnationto beeiastic(tecover-
able). Non-recoverabledeformationsimplyHowof theceU-wath,teading
to theirrupture,andcollapseof thé doughdue to inabilityforit to hotd
ita shape,resultingln a loafhavinglargeand badlyshapedhôtes,a poor
volume,andbadover-allsbape. Bigelasticextensionresultingftomlow
modulustendsto producea bigrtaewhenthe doughis firstplacedin the
oven,andheneebigloafvolume.

TABLESa

_ec< <t/cAot~ein <co<e)'Mn<M<

MAt<ttOBt fMTZ *e<tmU.tAH

VMc..ity.83~co

ModutM. M 70 105

Thepropertyby whichan extendeddough onreleaserecoversa high
percentageof itsextension,iscalledby bakers"spring." It is clearthat
the extentto whichthe doughfaitsto retum to its originaltengthafter
suchanextensionwilldependonhowfar the elasticelementehaveaUpped
pastoneanother. Thisdependsonthe amountof frictionbetweenthem,
which,as we haveseen, correspondsto thé viscosityof the dough(as
normaûymeasured).Thehighertheviscosity~thetesathedippage.But
theamountofstippagedependsnotonlyon the viscosity,butalsoonthe
internatstressset up in the elastlcelements. If wethink of thèseas
coiledsprings,it is easy to see that thé "Mghter"the springs(i.e.,the
lowertheirmoduli),the lessstresswillbe buUtupforanygivenextension,
andhencethelesswillbetheslippagefor agivenviscosity. Thusa dough
showinggood"spring"willhavea relativelyhighviscosityandlowmodu-
lus,whereasa doughhavingbadspringwillhavea relativelylowviscosity
and highmodulus.

It isnowclearwhythe bakerattachesso muchimportanceto "spring"
in hisdoughs. Goodspringmeansa high viscositymodulusratio (big
relaxationtime),.and,asalreadystated,this la (otherthingsbeingequal)
the primarycharacteristicofa goodflour.
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it is pertinenttoenquireaa to the signtËcaneeoftheextentofthevaria-

tion of vMeosityand moduluewith stress,strain, and stresshistoryfor

differentnours. Experimentbas shown that evenwidelydifferentnours

showa verysimUardegreeof eJastic hystérésis,and no markeddiffer-

encesin their etaatioafter-enectbehavior. As explainedin paper III

etasticafter-effectis importantin that unlessattentionis paidto elimi-

nate its effect,it is HaMeto Interfere serioustywith the correctdeter-

minationofviscosity.

TBNMLE STRENGTH

în thebakehouseoceasionatdoughsare encounteredwhieh"tear"badly

duringthebaker'emanipulationand duringtherisingof thedoughsunder

the pressureof the gas generated inside them. Suchdoughsare said

to be "short"andbakeintouttsatisfactorybread. Owingto the tearing,

excessivegasleakageoccurawhich results in poorloafvolume,and the

actualtearinggivesthéoutsideof the loafa raggedappearance.In addi-

tion,theinsidesofsuchloaveseasilycrumblewhenpressedwiththefingers.
It thus appearsthat for suchflours tensilestrengthis alsoa factorof

majorimportance.Thispropertyis nowbeinginvestigated.

AGMO AND FERMENTATION OF DOUGH8

In thé processof breadmaking the doughsare kept forsomehours

beforebakingintobread. Not only do theirhandlingpropertiesdepend

onthe lengthofthisperiod,but the type of breadalsoshowsconsiderable

variation.
In orderto determinethe changeswith age in the physicalproperties

ofsuchdoughs,andto findwhatconnectionsexistbetweenthèsechanges

andbakehousebehavior,a seriesof nourswasobtainedwhichhadbeen

previouslyexaminedby the baker. Thedoughsweremadeup withthe

sameingredientsas had beenused in the bakehouseand werekept at

27"C.,samplesbeingtakenat hourty intervalsforviscosityandmodulus

measurements,whichweremadeat roomtemperature.
Thedata obtainedon fourof these Hours,a No. 1 Manitoba,a No.3

Manitoba,a BarussoPlate,and a South AustraHan,aregivenin table4,

andcurvesdrawnfromthesedata are giveninSgures3,4,and5.

It will be noticedthat no data are givenfor freshlymadedoughs.

Thisis becauseof the dimcuttyof obtainingreproduciblemeasurements

on them. Rapidchangestake place during this initialperiodand are

probablyconnectedwith the rate of absorptionof waterby the flour.

Afterone-halltoonehourtheseeffectsdisappear,andthephysicalproper-
tiesthenchangeina normalandregular fashion.

In the caseof theabovefourflours,the changesin physicalproperties
werealmostlinearfunctionsof time.
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TABLE4

_e< <M~)~<a<<oTtw M'Meat~,M~M«?,o~ ~/MreMo

HMOtHOOMt«MOMt~XtO*lob ttMCt.CtXW10< ~Mtto

No.1 Manitoba !.? 3.97 3.t6 )?
2.12 3.82 3.0i! t!M
3M 879 3.2t ns
4M 3.32 299 Ut
eoo 9.27 3.2t KS
693 325 3.M t05

Ne.3Manitob~ l.to 3.25 2.61 tM
2.03 2.84 !.87 120
308 2.68 2.63 KB
SM 1.88 Z.tS ?
CM' 2.04 2.18 ?
703 1.83 2.03 M

ï
BMUMoPtate 1.18 3.33 3.M M

2M! 3.46 3~7 100
313 2.83 3.23 ?
502 2.CO 3.08 ?
C.OO 2.45 2.76 M
707 2.07 2.89 M

AmtMti~B 1.07 Z.5Z 3.21 78
205 2.18 2.92 74
3.00 1.97 2.82 M
&M 1.39 2.32

1

M
6.13 1.00 2.06 48
7.00 0.78 1.58



?4 P.!MMC!fANBe.W.BCOT'BM!B

~n "0, -h.<

The data givenin table 6 b&vebeen obtainedfromthe curves (see
figures3, 4, and 5). An examinationof the data showsthat both vis-
cosityand modulusfeUwithtime of fermentation,and that in the case
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of eachftourthoviscosityfellmorerapidly than the module resulting
in theratioofthèsetwoproportiesalsofallingwithincreasingtimo.

In attemptingto correlatethèsechangeswith the changeswh!chtook
placein tho handlingpropertiesof tho doughsin thé bakehouse,wewere
at onceconfrontedwith the tact that the baker reportedthat the No. 1
Manitobadoughimprovedln bodyand springasfermentationprogressed,
that the Plate remainedunchanged,and that the No. 3 Manitobaand
Australlandoughsbecamesofterwithincreaaingtimo.

This improvementor tougheningis associatedby bakerswith good
quality. Severalflourswhichhaveshownthis responseto fermentation
in the bakehousehave been examinedin the laboratory,and in every
casebothviscosityandmodulushavebeen foundto decreasewithaging;
in fact, no nourbas yet been examinedwhiehshoweda rise in either
propertyduringfermentation. It bas beennoticed,however,that those
flourswhichhavebeenreportedas tougheningin the bakehouse,were
those whiehshowedthe smaUestfall-off in physicalpropertieswhen
examinedin thé laboratory.

In theactualstretchingof the doughduruighandmanipulationbythe

tWtMtHMtHUUU~tMtUEOtUttt!H~~tCrWHHmCrOMUMgMMtO.

TABLE 5

Changein pA~ce! jM'~eWt'Mwith lime

VIIICON""Alt
AOTUA~ 1'11--riecourr

"~r'l'LOva

twthr. Hhhr.
")t<-RB*tBBMBZtee

No.lManitoba. 4.05XM* 3.17XM' O.SSXtO* 22
No.3 Manitoba 3.0tX!0* t.83XK' t.tSXIO* 39
Ptftte. 3.37X!0' 2.12 X 10' t.26xt0* ?
Auetralian. Z.MX M* 0.77 X M* 2.07X10' 70

ttOOOt.Oa*t AO'I'I1AL mMmtr.
––––––––––––––––––––

.~S~
noua

lathr. tthhtr. pKMMt

No. tMenitoba. 8.MXtO< 8.0SXM< O.t4xt0' 4
No.3 Manitoba 2.66X10* 2.04 X10* 0.62 XM* 23
Plate. 3.62XtO' 2.65 X M' l.O~XtO' 30
Australian. 3.23Xt0< Ï.87XM' t.36X10' 42

~u..
_tethf. Tthht.

'tm M~

No. 1 Manitoba 127 104 23 t8
No. 3 Manitoba. 123 89 8t 28
Plate. 94 87 7 7
Australian. 79 48 31 39
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baker, doughdoes toughen,"but this happenswith all aours,and in
additionthe effectdisappearson resting. The toughenlngthé baker
speaksofin connectionwithgoodqualityfloursonly,isconsideredbyhim
to be due to the actionof fermentation.

Carefultests have now been carried out in the bakehousein which

freshlymadedoughswerecomparedwithfermenteddoughsmadefrom
the same ManitobaHour,which the bakerconsideredhad toughened.
Whenthedoughsweremouldedaidebyside,one in eachhand,andthen
alloweda fewminutesto rest, it was reportedby the bakerthat whon
testedby "feet" the olderdough was veryslightly the softer. It thus

appearsthat bakershavebeenmistakenin their impressionBthat certain

doughstoughenduringfermentation.
Whena seriesof replieatedoughs is madefrom the samenourand

allowedto fermentforvaryingtimes, it is foundthat withincreasingtime
the volumeand crumbquality of the breadat firsthnproves,andthen
fallsoff. This improvementis consideredbythe bakerto bedueto what
is calledthe "ripening"ofthe dough, theactuaitimeto obtainmaximum

improvementvaryingwiththeamountofyeast,andwiththe typeofSour
used. "Strong"flourslikeManitobarequiremuch longerfermentation
foroptimumresultsthan "weak" flourslikeEnglishor Australian. In-

creasingthe amountofyeastin the doughdccreasesthe timeofripening.
Sinceviscosity,modulus,and relaxationtime all fall consistentlyas

thedoughages,it is dimeuttto explainthe initial improvementin bread

qualitywithtimeoffermentationin tennsofthe changestakingplacein
thesephysicalproperties.

Thedecreaseinrigidity moduluswithtimeisin itselfdesirable,butsince
it is the ratio of viscosityto moduluswhichis of primaryimportance
in determiningflourquality,the generalresultwouldbe expectedto be
a fall-off,and not an improvementin breadquality. Also,if a fall in
bothof thesephysicatpropertiesweredesirable,then a simuarimprove-
mentin breadqualityto that which takesplacewith fermentationcould
be broughtabout by usingmore water in the dough. This is not so,
andevenwhenthébakeraddstoo muchwaterto the flour,hestillgetsan

improvementin breadqualitywith increasingfermentationtime.

Althoughthis improvementor "doughripening"may be partlydue
to changestakingplacein somephysicalpropertyotherthan viscosityor

modulus,it ispossibleto accountfor it onpurelymechanioallines. Before
a goodloafcanbemade,thenecessarycellstructurebas to bebuittup in
thedough,and thisceUstructuremust bedeterminedbythé numberand

distributionof the yeast ce!Is. Now normalbakehousemixingis com-

parativelycrude,andinconsequencethisdistributionis probablyanything

SeepaperII, figure6.
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but uniform. Ôwingto the activityof the yeast,however,thé dough
sweUs,and thisprobablyhetpsto spread thé yeastcella. ln addition,at
variousstagesoffermentation,thebaker knocksthegasoutof the dough
andmoutdsit up, thusagainhelpingtowardsmoreuniformdistribution.
Duringfermentationthe yeast cellsmultiply,and thus as time goeson
thegas-producingcentersincreaseinnumber.

ïf theabovepictureIscorrect,andit is the buildingupofthenecessary
cellstructurewhiohdétermineshowmuchfermentationiaîequhedforany
flourto giveits bestbread, thenit BhouMbe possibleto eut downthis
timebythe useofmoreyeast and/or thorough mixing.That this isso
is weHknown,and it bas moreoverbeen verifiedexperimentadyby us.

Duringfermentationwethereforehâve twoproce~eagoingon aideby
aide,an improvementdue to the multiplicationand betterdiatributton
of theyeast,anda faUing-oCin bread-makingqualitydueto the decrease
in valueof viscosityand relaxationtime. The improvementdue to the
yeastappearsto bocomparativelyindependentof the physicalptopert!es
of thé dough. Witha good qualityflour suchas Manitoba,the fall-off
in physicalpropertiesisso slightthatgoodbreadisproducedovera large
rangeof time,whiteonthe otherhandthe fall-offinphysicalpropertiesia
80greatwitha poorquality flourlikeEngllsh,that the bestbreadispro-
ducedearly,andis followedbya rapidfall-offin quality.

Retumingto the data in table5; the No. 1 Manitobahadthe highest
initialviscosityand ehowedthe emallestdecreasein this propertywith
time. This flourahohad the highestviscosity-modulueratioeitherafter
oneor after sevenhours. This i9aUin keepingwiththegeneralquality
oftheflourasshownin thebakehouse,whereit behavedasbyfar the best
of thefour.

TheNo.3 Manitoba,however,hada muchlowerinitialviscosityanda
muchgreater fall in thia propertywith time. This lowviscoaitywas
accompaniedbya lowmodulus,sothatthe initialvalueofthératioofthèse
twowashigh,althoughit fellconsiderablywithtime. Thisflourwasnot
up to standardfor itsgrade,andalthoughit producedbreadofexcellent
volume(lowmodulus)thé best loafwas "thrown"relativelyearly,and
the later toaveshadmuchpoorer"crumbs,"owingto théfaUin viscosity.

ThePlate flourhada muchhigherviscositythan the No.3 Manitoba
throughoutthe sevenhours, but thiswas aceompaniedby a rather high
modulus. The ratiowaslowerthan that forthe No.3 Manitobaat the
beginningof fermentation,but deoreasedvery little,so that at the later
timesthe two floursapproachedoneanother in thisrespect. The Plate
wasa verygoodsamplefor its gradeand gaveits bestbreadlate. The
breadwaaofgoodvolume,andwouldprobablyhavebeenbetterifthe flour
had beengivenmorewater at doughmaking. By increasingthe water
content,however,theviscositywouldhave beenlowered,sothatalthough
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the best bread woutdprobably.have had greatervolume,it wouldhâve
beenmodeearlier,andmighthavehad a poorercrumbstructure.

TheAustralian(tourwithitalowinitialviscosity,lowviscosity-modulus
ratio,and considerablefall in both with time,wouldbe expeotedto be
muohthe poorestflourof the four, and thia waafouodto be so in thé
bakehouse.

80 far wehaveonlydealtwith doughscontainingyeast. Thisingre-
dient is necessaryto producethe gas whichbuitdsup doughstructure,
butbasit anyotherfunetioninbread-making?

Testshavebeencarriedout In whichthephysicalpropertiesofdoughs
withandwithoutyeasthavebeencompared. Thegeneralrésulteofthese
tests showthat in amallamountssuch as are usedincommercialbread-
making,theeffectoftheyeaston the visoosityandmodulusof thédough
isprobablynotgréâtenoughto be of importancein thebakehouse.Very
largeamountsofyeastdoaffectviscosity,forexample,in onecase8 per
centyeastloweredthe viscoaityfrom3.6 X 10'to 2.9X 10'. Theeffect
on themodulusandon therate of changeofeitherpropertywithageof
the doughwas,however,insignincant.

CONCLUSIONS

1. Viscosityand rigiditymodulusappear to be of majorimportance.
The viscositymuât be highenoughto preventundeairablenowing-out
of the dough,but on the otherhaad the modulusmuetbelow,to allow
bigelasticexpansionundertherelativelylowpressureofgasinsidea fer-
mentingdough. The relaxationtime (whichia the ratio of these two
properties)iaperhapsthemostimportantsinglecriterionofquality.

2. Thewatercontentofa doughdéterminesthe magnitudeof ita vis-

cosityandmodulus,and it is desirablethat variationsin watercontent
shouldhâveaama an effecton thesepropertiesas possible,thushelping
towardsmakingthe flourmorefool-proofin the bakehouse.Whether
waterabsorptionis importantin other ways,apart fromSnancialcon-
siderationsto the baker,isnotknown.

3. Thedegreeto whichviscosityand moduluechangeduringthe aging
of the doughis of the utmost importance. The fall in viscositywith
timeis probablya major factorin detenniningthe fermentationtoler-
anceofa flour,and not onlyis the absoluterate of fallof this property
important,but equallysois its relativeratecomparedwiththerateof fall
ofmodulus,sincothisdéterminesthe fallin relaxationtime.

4. Tensilestrengthisamajorfactor indeterminingtheextensibilityand
gas-holdingpropertiesofa dough,and this isofthe utmostimportance,
sincea deficiencyin thèsepropertiesruinsthequalityofa flourevenwhen
otherfactorsare up to standard.
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6. Stickinessta importantin affeetiagthe.dough~hfuttUingptoperties;
thedoughmustnot betoostickyte workover that rangeofmoisturebest
suited to its other properties,nor should excessivestickinessdevelop
duringfermentation.

8. It is realized that such propertiesas work-hardening,structural
visoosity,elastiohystérésis,and eiasticafter-effeetmustplaytheirparts
in determiningthé behaviorof doughin the bakehouse,but although
their significanceis not yet fuMyunderatood,tt is certainthat theyare
onlyofsecondaryimportancein determiningthe relativevaluesof dif-
ferentfloursamplesexeeptperhapsin certain abnormalcases.

7. It ta eonddercdthat measurementsof the physicalpropertiesof
doughs,as faraspossiblein absoluteunitsand understandardreproducible
conditions,shouldleadto a far better appreciationof flourqualitythan
any numberof empiricaltests, and sbouldafforda souhdbasisfor the
controlofqualityin flour.

BUMMARir

Methodsdescribedin earlierpapers for measuringthe viscosityand
rigiditymoduittsof Bourdoughshavebeenextendedanddeveloped.

The physicalpropertiesof doughare markedlyaffectedby excessive
handHng,eitherduringthe preparationof the doughitselfor duringthe
preparationof the test plece. The methods used havethereforeto be
carefullycontroiied.

Viscosityand modulusmeasuredunderstandard conditionsof stress
and strainbothdecreasewithincreasingwater contentorwithincreasing
ageof the dough.

Goodbread-makingqualityisassociatedwith a relativelyhighviscosity
andlowmodulus;therelaxationtime,i.e.,viscosity-modulusratio,there-
foreappearstobe thechiefsinglecriterionof quality.
Yeast in smallamountshas little effecton viscosityor modulus,and

its importancein bread-makingappearsto be entirelydue to its gaa-
producingactivities.

Tensilestrengthis a majorfaotorin determiningthe extensibiiityand
gas-holdingpropertiesofa dough,but workon thispropertyis stillat too
earlya stageto be discussed.

Stickinessis an independentpropertywhich canbe roughlymeasured.
Ita principalimportancelies in its effecton the handlingpropertiesof
the dough.

The investigationshaveproceededfarenoughto showdefiniterelations
betweenthe physicatpropertiesof flourdoughsand their bread-making
qualities. It is suggestedthat it is alongthese iinesthat furtherinsight
into thenatureofCourqualitywillbe obtained.
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RecettePMe~t~fM,~M~

Thisfieldbasbeenablyreviewedby Johnsonand Meyer(7),Johnson

and Fernelius(6),KrauB(8),and Franklin (4),so that référencesto the

literatureneednot be citedhere. The experimentaldata of Uquidam-

moniasolutionsofmetatsisexplainedbya theory-namely,thediaBoeiated

metaltheory-whieh weconsideropento question. In liquidammonia

somemetals,lithium,sodium,andpotassiumin particular,areclalmedto

(Ussociateto givea metalliccationand an electronwhichis solvatedin

dilutesolutions. In moreconcentratedsolutionseven the existenceof

freeelectronsis claimedto accountfor the enonnouslylowresistanceof

thesolutions. The theorymaybeBummanzedintotwoéquations:

M==M++ e-

whereM representsNa, K, etc.,and

e- (NHt)~= e- + nNHa

The "solvatedelectron"is usedto explain the anomalousconductance

data,vaporpressuredata,photoelectricproperties,transferencevalues,the

bluecolorofthemetallicsotutions,e!eetrotysis,andabsorptionspectra.
In this paperweshallreport a number of experimentswhichdirectly

conflietwiththe "dissociatedmetal"theory,and alsogiveourmterpreta-
tionofthe data in the literature.

EXPERIMENTAL

B!ec(!'o!~&M

A dUutesolutionof ammoniumchloride was eiectroiyzedat -60"

to -80"C., usingsmall platinumelectrodes. A blue colorwasdetec-

table on the cathodesurface. This blue colordoesnot existat the

boilingpointofliquidammonia. Furthermoretheévolutionofhydrogen
at thécathodeshowsthat verylittlemetallieammoniumisbeingformed.
Thesmallamountof bluecolor,however,must be due to the presence
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oî metaihcammonium. Other data lead us to boiievethat thé am-
moniummetal exists in the solutionas NH<(NHr).. Whena pure
mercurycathodewasused,with onlya traceofammoniumchloridopres-
entas an electrolyte,no gas wasMberatedat thécathode,but therewasa
largeamountof gasevolvedat the anode. Thisweinterpretto mean
that ammoniummetal is plated out andformsammoniumamalgam. A
partof thecathodesurfacewaaa deepbluecolorduringtheplatingprocess.
Whentheamalgamwasremoved,it decomposedandhydtogenwasMber-
ated. NH<was first prepared in (i)NH<solutionsby Moissan(9) and
Richand Travers(11). Thé ammoniumamaJgsmresemMestheammon-
iumamalgampreparedin aqueoussolutions.

We thenusedsodiumamalgam(unsaturatedamalgam)as a cathode,
and the onty electrolytepresent in the liquid ammoniawas the small
amountofsodiumamideformedby reactionof thesodiumintheamalgam
withthe ammonia. This solutionwasa very poorconductor,and it was
necessaryto use220voltsacrossthe systemwiththeelectrodesonlya few
centimetersapart. As soon as the currentwasappliedbluestreamers
shotout fromthecathodetoward theanode. Thespeedofthèseparticles
issohigh,a centimeterper second,that mostof theirenergymustbesup-
pliedmechanicallybysurfacetensioneffectsandgasformation. Polarisa-
tion causesthe sodiumand ammoniumto plateout locally. The metal
formsa colloidalparticle and then movesaway. Beforereachingthe
anodethe bluebecamefainter, and bubblesof hydrogenappearedwhich
roseto the top of the liquid. There is no gas evolutionat thé cathode
surface. In our discussionwe willexplainhowthé bluecolorisdue to a

colloid,that is, free métal with adsorbedamide ions. This negative
particleispuiledawayfromthecathodebythéappliedpotential. Outin
the solutionit becomeselectricallyan unstablesol. The hydrogenis
producedby the decompositionof the ammoniummetal,twomolecules
ofammoniummetalgivingtwomoleculesofammoniaandoneofhydrogen.
Accordingto thedissociatedmetal theorythe bluecolorwouldbedue to a
solvatedelectron,but the decompositionofthis ioncouldnotgivegaseous
hydrogen. The liquidammoniasolutioncontainingthesodiumamalgam
wasperfectlycolorlessbeforethe currentwaaapplied.

JÏe<M<KMM

Sodiumreactedveryrapidlywithammoniumchlorideat roomtempera-
ture. Atlowtemperature,about 70*C.,there ispractica!)ynoreaction.
Therateof thereactionwasdeterminedbythe volumeofhydrogengiven
offperunitoftime. At roomtemperature,roughly6ce.ofhydrogenwaa

producedperminute. At the lowtemperaturetenhourswasrequiredto

produce1ce. Thereactionrate is easytofollowqualitativolybythe dis-

appearanceof the blue color. lonic reactionsshouldreachequilibrium
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veryrapidly,buta roactionw!thametat withadsorptioninterfermgwould
borelativolyslow. The reaction

NH4++ e-(NH,). (n + 1)NH,+ H

wouldcertainlyproceedveryrapidlyand

ZH~Hi)

is knowntogoveryrapidlywiththe productionofmuchheat.
SchlubachandBallaufexplainthe deËcitin the hydrogenevolutionby

the formationofammoniummétal. They observedthat only36percent
of the theoreticalhydrogenwasgivenoffwhenammoniumchlorideacted

uponpotassiumsolutionsin liquidammoniaat –70"C.(12).
Puremercurywaa added to blue,unsaturatedsolutionsofsodiumin

Uquidammonia.Themercurywasshakenwiththesesolutionsforseveral
hours. Thesolutionswerein sealedglass tubes,someof themwerekept
coldandsomowereallowedto reactat roomtemperature. Assoonasthe
formationofamalgamstopped,as judged by hardnessandsweUing,the

amaJgamwasremovedto dry tubesand the solventammoniaallowedto

evaporate. From these solid amalgam ammoniaand hydrogenwere
Hberated.When this latter décompositiontook place the amalgam
softenedanddecreasedin volume.

r~tdaMcMM

AbluesolutionofsodiuminliquidammoniainaclosedtubewasaUowed
to settlecarefullyso that the undissotvedmetaland the sodiumamide

precipitatedfellto the bottom. Ditutesolutionspreparedinthismaaner

atwaysshoweda Tyndall cône.

Dialysis

Severalmembraneswerefoundwhich werenot attackedrapidlyby
liquidammonia. Sodiumand amide ions woulddiffusethroughthese
membranes.Acommercialviscoseproduct wasverysatisfactory.Me-
tallicsodiumwasplacedinsuchabagand suspendedinagtasaceUbetween

platinumelectrodes.Ammoniawascondensedin the ceUandbag. The
sodiumdissolved,forminga deepbluesolutioninthebagandsomesodium
amide. Theamidediffusedthroughout the ceU,but therewasno blue
coloroutsidethe bag. Electrodialysiswas then carriedout, using220
volts. Withthis largepotentialnoblue colorcouldbepulledoutsidethe

bag. SuBicientsodiumand amideions werediatyzedto makethe solu-
tion a poorconductor. This we consider as good evidencethat the
metalexistsas a colloid.
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Kraus'experimenton the photoelectriepropertiesofa lithiumsolution
is confusing,sineehereportsa positiveaswottasa negativechargeof thc
electrometer. Wetestedthe photoelectricpropertiesofsodiumsolutions
in a closedcellat a lowtemper&ture,so that theammoniavaporpressure
wasonly1to 5 mm. Theélectrodeswereofplatinumandthé anodewas
about 6mm.above the solution. No eurrentwasdetectablein a sensi-
tivegatvaNometer,evenwhena 220-vottdrivingforcewasapplied. The
experimentwasperformedunder differentlightintensitieswith the same
negativeresult. Under the same experimentalconditionspure metaUic
sodiumshowedphotoetectricproperties. Wefoundthat untessextreme
care is usedto preventit, the ammoniawillcondenseon the wallof the
cell andtherebyproducean electricalleakbetweenthé solutionand the
anode. Sucha leakmayexplainthe data ofKraus.

Dena:<t'esofsolutiom

Wehopedto determinethedensitiesofsolutionsofalkalimetalsandof
saltsas wellas of theirmixturesat 25"C. However,wefoundthat the
dilutebluesolutionsofsodiumbeeamecolorlesswithgasevolutionwhen
sodiumbromidewasadded. This cannotbe interpretedas common-ion
effect. Surelyit is dueto a breakingdownof thecolloidalSystem.

If concentratedsolutionsof sodiumwereusedweobtainedtwo layers,
a densebluesotutionwhichsettled to the bottomlikean oHand a less
densebronze-Muelayer. These latter solutionsarebothstablefor days.

The so-calledsolutionsofalkalimetalswhensaturated,as at the break
in the vaporpressurecurve,are nothomogeneousinappearance,but are
sludge-like.

Thesedata wecannotexplainbythe theoryofFranklinandKraus,and
thereforewe are offeringa colloidalmetaltheory. The colloidaltheory
wasfirstsuggestedby Ostwald(10). Hedidnotproposethéexistenceof
ammoniummetal in the alkali solutionandthereforehe tried to explain
only the bluecolorof the solutions.

THEORETtCALINTERPRETATIONOFTHEDATAtNTHELITERATURE

The authors think that the alkali metalsaredispersedinto colloidal

particleswhenthey comein contactwithliquidammonia. Theyarenot

dispersedto atomicor ioniedimensions. At the timeof peptizationthe
metaldisplacesammoniummetal fromthe liquidammoniaaccordingto
the reaction

M+NH<+~M++NH< (1)

Thismakesthecolloidalparticlea colloidofanalkalimetalandammonium
metal. Thebluesolutionscan be obtainedonlyinalkalinesolution. It
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Jeimpossibletoprepareammoniasopure-that-itwillnotdestroyaparto(
the bluecolorwhena dilutebluesolutionis addedto it. Wedonotthink
that the disappearaneeof the bluecoloris due to reactionwithwater
adsorbedonthe glasscontainer. The extent to whiehreaction1 takes
placedependsuponthé aetivityof the two metals,the temperature,and
the presenceof impurities. The ionwhichMadsorbedin the peptising
processis theamideion. Consequentlythe colloidalmicelleisnegatively
charged. Theammoniumandamideionscomefromthe reaction

2NH,~NH~+NHr (2)

X, thedissociationconstant,ofwhichis reportedto be10" in pureNHa,
but théreactionratecanbeincreasedbyremovingtheproductsastheyare
fonned. ThevalueofK increaaesverylittle withincreasein temperature,
but mayinereasemarkediyin the presenceof alkalimetals. Thealkali
ionsfromequation1 are removedby the amideionsthat are leftfrom
reaction2 to theextentof thesotubitityof sodiumamide. Theréaction

M + M(NH<+,NH,-) KNH4++ C(NH,-)n

(whereCrepreseMtscolloidalmetal)leavesNH~ ionsmthesolution,that
M,this reactionproducesammoniumions in solutionequivalentto the
eolloidin solutionuntil the electricalcharacteristlcsof the solaresuch
that thesystemiastable. Thetheoriesofmetalshavenot beendeveloped
to thepointwheretheywouldpredictthe appearanceofa completelydis-
persedmétal. Thereforewe cannot judge thé colorof the solutions.
On the otherhandalmostaUcolloidalsolutionsare colored,the color
beingdependentuponthe particlesize.

Thereisa pointofapparentsaturationof the metalin liquidammonia.
Thisfactcanbeexplainedusingthecolloidalmétaltheoryif it isassumed
that a certaindefiniteconcentrationof amideionsisnecessaryto peptize
the metal. This typeof fact isknownin the caseof the peptizationof
ironin aqueoussolutionsof sodiumhydroxide(2). The processofsol
formationusesup amideions,andwhenthey are exhaustedto a critical
concentrationthen another typeof colloid,such as the copper-colored
colloid,isformed. Thelessactivethemétalthefeweramideionsrequired,
andconsequentlythéhighcritsaolubility.

Thereis a verysmallchangein the solubilityof the metalwiththe
changein temperature. Thereisobviously,therefore,verylittlehestof
solution. Thisfaet is veryhardto explainusingthe metaldissociation
theory. If this theoryshouldbecompletelyvindicated,the solutionofa
largelyionisedsubstancewithan infinitesimalheatof solutionsuchas
lithiumin liquidammoniawouldremaina remarkablephenomenon,since
thesolvationoftheelectronwouldgiveoffa largeamountofheatenergy.
Thesmallchangeinthesolubilitywithchangein temperatureismuchmore
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plausiblein thélightofthecolloidalmetaltheory;however,Utttei9known
aboutthe energyof peptizationof metals. Théheatof reaction1isalso
an unknownquantity.

Thereisadecreaseinthevaporpressuresofthésolutionswithincreased
concentrationof thé metal, that ia fairly reproducible.Verylittle is
knownoxperimentallyaboutthéeffectofcolloidsuponthevaporpressure
ofsolvents,buttheoreticallytheparticlesshouldserveasionsin thésolu-
tion. Effectivelyweshouldbaveammoniumcolloidin solution. If this
is the case,then the vaporpressuredata at leastdo not disproveour
theory. Conceatratedlithiumsolutionshâveverylowvaporpressures,–
muchlowerthanRaouit'slawcouldpossiblyexplain. If the limitingfac-
tor isnot the concentrationofthe lithiumion,but theadsorptionofNHa
onthemetalatomas NH<and NH< thenonedoesnot hâvetopostulate
a largeratioofadsorbedparticlesper lithiumatomto havea largeper-
centageof the solventmoleculestied up. The enormousincreasein
activitywitha siightdilutioncannotpossiblybedueto metallicdissocia-
tion it mustbedue to adecreasein the percentofsolventadsorbed.

Themolecularweightandactivityofsodiumhavebeencalculatedfrom
the changein the vaporpressurewith concentrationof the métal. The
molecularweightapproachesless than 20 in dilutesolutions. AUof
the calculationsin the past have been carriedout either to find out
whatvalueof molecularweightis approachedat dilutesolutionsor to
determinewhat the activityof the métal is, assumingKraus' theory.
Thé factsmightbe consideredas somesubstantiationof the "dissolved
and dissociatedmetal" theory if more wereknownabout theextentto
whichsaltsdissolvedin liquidammoniaobeyRaoult'alaw. Oneof the
authors(5)bascarriedout the déterminationof theactivitycoefficientof
saltsin liquidammoniaat roomtemperaturesandbasdiscoveredmarked
deviationsfromRaoult'slaw. The facts about thechangeinthe vapor
pressureof the solutionwithchange in metalconcentrationeanbe ao-
countedfor qualitativelyon the basis of the formationof ammonium
colloidelectrolytein solutionand the markeddeparturefrom'Raouit's
law whichwouldbe expectedin solutionsof such electrolytes.The
chargeon thé colloidparticleper atom of sodiumdetermineswhetheror
not Raouit'slawcouldbeconsideredas beingobeyedby thèsesolutions.
By postulatingthe necessarycharge on the colloid(not unreasonable
charges)the data couldbe accountedforassumingRaoult'slaw.

Thedisappearanceof thebluecoloraroundtheanodewhenadiluteme-
tallicsolutioniselectrolyzedweexplainedbytheoxidationofNH.toNH4+,
whichimmediatelyreversesequilibrium2 withan increaseof NHt or
solventin the anodecompartment. Amideionsareplentiful,sincethey
wereadsorbedonthe colloidalmetal. This,ofcourse,removesthesource
ofthe bluecolor,and sineethe ionsare removedthesolutionimmediately
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aroundthé anodewillbecomea verypoorconduetor. Furthcrmore,at
thésametimeNH<+isremovedfromthé anodebyattractionto the cath-
ode. Thisexplainsthéabsenceof visibleproductsof eieetrotysisat the
anode. ThoNH<+wu!be an excellentcarrierof etectricityin its parent
solvent(1). The cathodecompartmentwill becomcricherin the blue
colorbecause

NB<~+ e (furnishedby cathode) NN4

andsecondtybecauseof transferenceof the existing blueparticle. The
ionieatmosphèreof théfast movingammoniumion willcontainthe col-
loidalnegativeparticleC(NHt-),. If the sodium or potassiumion is
presentit willalsoactas a positivecarrier. Thèse ionsarenot tiberated,
however,sincethis wouldrequirea greaterpotential. Byour theoryor
theacceptedtheory,théfreemetat simptywouldionizeagain. Reaction
1willgo to completiononlyat the anode. If thé concentrationof the
solutionis increasedtheconductionshouldbecomcmoreandmoremetal-
tic,owingto thé increasein concentrationof the colloidalparticles. This
willa!soahiftthe fractionofthe currentcarriedby the positiveand nega-
tivecarriers. ThéNH<+willcarrymostofthe current inthe dilutesolu-
tions,sincethe largercolloidparticleis tessmobile,but whenthe concen-
trationreachesa certainlimit,the mobilityof the negativecarrierwit!no
longerbe an importantfactor,as the conductionis by electronictrans-
fer(3). Asa highermetalconcentrationis reachcdonewouldexpectthe
ionicconcentrationto docreaseand consequentlythe apparentmolecular
conductance.The twowillnotnecessaritycounterbatance,andweshould
expecta minimumconductance. Thisminimumhas beenreportedbyaU
investigatorsin the neighborhoodof0.06normal. Our theorywouldpre-
dicta higherconductancethanforasimilarconcentrationofa saltbecause
ofthenatureof the conductors.

Thespecifieconductanceofmercuryisapproximatelytwoand sixtimes,
respectively,the specifieconductanceof a saturated anda 2 Nsolution
ofsodium. Pretiminaryexperimentsin this laboratoryshowedthat the
résistanceoffereda B.c.ourrentby a sodiumsolution isdecreasedroughly
50percentby the additionof sodiumchloride. Thismustbe explained
by an orientationof the conductorsinto a compUcated"bridge-work"
whichfavorsetectronicconduction. Theadditionofa commonionshould
decreasethe concentrationof thé freeelectron,and thereforegreatlyin-
creasetherésistanceof thesolution.

Thereis a largepositivetemperaturecoefficientof the electricalcon-
ductivitythat doesnot decreasein valuewith increasingtemperature.
TMsfactcannotbeexplainedusingthe dissociatedmetaltheory. Ordi-
nary electrolyteshave their conductivitiespass througha maximum.
Metalshavenegativecoefficients.The inereasinglylargepositivetem-
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peraturecoelficientis just what the colloidalmétal theorywouidpredict.
Therewouldbeanincreasingntunberofcollisionsbetweenmetalparticles,
and consequentlyun inereasingpercentageof metatlicconductivitywith
the inereasein temperature.

Theabsorptionspectraof the alkalimetalsolutionsarethesame. This
interestingfactcanbeinterpretedasindicatingthat thecoloredeomponent
of all thèsedilutesolutionsis the solvatedelectron. Thecolloidalmetal
theory postulatesthat the metal eolloid,especiallyin the dilutesot, is
largelyammoniummetalwitha coreofalkalimetal. In theformationof
a dilutecolloidalsolutionthe procedureisquiteuniform. Sincethecom-
positionof the outer part of the colloidalpartiales(nomatterwhatalkali
metal isdispersed)is thesame,sincethemethodeofformationofthevari-
ous colloidsare the same,andsinceall of thecolloidsarequitostable,it
foUowsfrom the principleof Hevesy that the rotational-vibrational-
electron-transitionspectrashouldbequitesimilarforthésoisofthe vari-
ousalkalimetals.

The densitiesof the solutionsof the alkalimetalsin liquidammonia
pass througha maximumdensity with increasingconcentrationof the
metal. The changein densityof thesesolutionsis creditedto the exist-
ence of electronsassociatedwith ammoniamolecules.It seemsto the
authorsthat thisexplanationisespeciallyweak,sincemetalsare ingeneral
very denseand the moredense the metal,the greaterthe possibilityof
havingmorefreeélectronsperatom. It iswellknownthatcolloidsgreatly
changetheinternaienergyofliquideundermostcircumstances.Colloids
lowerthesurfacetensionofa liquid;therebythey decreasethe forcecom-
pressinga liquid,and thedensitywouldbedecreased. Thechargedforces
in the colloidalsolutionwillincreasethe freespacebetweenparticles,so
that the densitywillbe decreased. The densityof the freeammonium
metalis an unknownfactor,but wepredictthat it is lessthan 0.5g. per
cubiccentimeterand that it will thereforedecreasethe densityof the
solution. Thérelativeamountof freeammoniummetalwillchangewith
the concentrationof thedissolvedmetalaswellas theclosenessofpacking
of theadsorbedparticles,sothat the magnitudeof thefinaldensitycannot
be estimated. The closenessof packingshouldbe greaterfor potassium
than forsodium;therefore,onewouldpredicta smallerincreaseinvolume
for potassiumthan for sodiumsolutions. Thispredictionagréeswiththé

experimentaldata. ThemetaUicionicradiiofsodiumandpotassiumare
of thé wrongrelative order to explainit, and the "soivatedelectron"
shouldhavethesamedensityin both solutions.

Metalssuchas platinumwillcatalysethedecompositionofNH<through
the removalofH<.

2NH<= 2NHa+ H,
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Thereforethe rateof formationof sodiumamidefromJiquidammoam
andmeta!ticsodiumwillbe increased. If the metalfurnishesa colloidal
metalaurfaceundertheexperimentalconditions,it willbea bettercatalyst
forthe reaction.

SUMMARy

1. Methodsforproducingammoniummétal in liquidammoniahâve
beendescribed.Its presencein alkalimetal gohttioMbas beenproven.

2. The "dimociatedmet~t" theoryof metaUicammoniasolutionsM
criticaHyd~cu~ed,and acolloidalmetalthcoryis outlinedto explainthe

propertiesof thesesotutiona.
3. TheaHtaMsolutionsareevidentlymixtures,and thereforethe phyai-

catdata arenot capableof interpretationon the basisof the weU-knowa
!aw8ofphysicalchemistry.
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THE FLOCCULATIONOF THE STANNICOXIDESOLS
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INTRODUCTION

Theoharacterofthestannicoxtdesolswas BrststudiedmethodicaUyin
the laboratoryof Zsigmondy,whereFranz (1) comparedthe peptizing
abilityof potassiumand sodiumhydroxidesfor the so-calledalphaand
bêtastannicoxides. Varyingamountsof alkaliwereused to givesols
withstannicoxide atka!iratiosof 2,10,26,SO,and100. It wasfoundthat
potassiumhydroxidewaadeSmitetybetter than sodiumhydroxide,and
that the ~-oxidegelsweremoredtaoult to peptisethan the a-oxidegels.

Heinz(2) investigatedthe flocculationof the solsfromfreshlyprecipi-
tated or a-stanniooxideby certainsalts whoseactionwasfoundto be
dividedinto two groupa. SattaMehas sodium obloride,sodiumnitrate,
sodiumsulfate,andsodiumacidsulfateproducedflocculationat greater
concentrationstban thoseofthe typeof calciumchtorhie,bariumchloride,
aluminumchloride,and sitver nitrate, the concentrationsof the latter
groupin eachcasebeingthe sameas that of the peptizingalkalifor the
standard10-cc.samples. Alao,uponthe additionofwaterthefirstgroup
wasreversiblewMethe secondwasnot. Thesevaluesare sununarized
by Kruyt(vanKtooster)(3).

Fromtheseexperiments,Zsigmondy(8) assumedthat peptizationof
stanniooxideby alkaliformedparticlesof hydrousstannicoxidewith
stannateionsadsorbedto givethedoublelayer. Dischargeofthe double
layerwaaaocomplishedby the mrstgroup of electrolytes,whereaathe
secondgroupproducedinsolublestannates and destroyedthé double
layerto produceprecipitation.

Varga(6)andWintgenand coworkers(7) investigatedthe conductivity
andtransportof the solsto obtainan idea of thestructureofthe miceMe
expressedas the numberof 8n0<atoma associatedwith KtO. ït was
shownthat forsolswitha SnO,:KOHratio of50,about15percentof the
potassiumstannatemoleculesocourredin the mobilepart of the double
layer,wMe85percentwereoutside.

Thisworkwas undertakento prepare similarsols, usingammonium
hydroxideand lithiumhydroxideas peptizing agentsfor thé «stannic
oxidegelin additionto potassiumhydroxideandsodiumhydroxide,and
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todetermineflocculationvaluesforsaltsofpotassium,ammonium,lithium,
and sodium. It basbeenshownthat the a. and jMonnsof théstannic
oxideare not allotropieformabut have thé sameerystalstructure;thé
tenussousedmeanfreshlyformedandagedproducts,respectivety(6).

EXPERIMENTAL

In the preparationof potassiumhydroxide,Kaster's(4) methodwaa
used. Watervapor actedslowlyuponmetalliopotassiumto givea 40
per cent alkali solution,which was diluted to about 1 normaland
standardized.

Thesodiumhydroxidesolutionwasmadeup toabout17normal,when
the carbonatewasprecipitated,and after décantationand nttrathmwaa
dilutedto 1normal. Lithiumhydroxidewaspreparedin likefashion.

Theelectrolytesusedfor flocculationwereofanalyticalpurityandwere
madeup to exactly1normal.

The stannieacid gel was preparedafter Zsigmondyand Heinz (2).
7.300g. of 8nCt<.6H,0(Eimerand Amend)wasdissolvedin about 11.
ofdoublydistutedwaterand allowedto remainina darkplaceat room
températurefora periodof threedays,until the whitegelatinousprecipi-
tate had settled. The supernatant liquidwassiphonedoff and more
waterwaspouredin its place. The oxidewaswashedrepeatedlyuntil
theoff-comingliquidgaieno test forchlorideandtheconductivityreached
4 X 10-*mhos. Thelast washingsweremadewithdisti))edwaterhav.
inga conductivityof1.0X 10" In all,fifteento twentywashingswere
required.

Thegelwaatransferredgraduallytoa 250-cc.volumetricflask,attowing
the waterto sepamteuntil the volumeof ge!atinousoxidewasapproxi-
mately235cc. It wasfoundthat ifthé total volumeofgelwasbelow220
ce., dimcultyin peptizationwas experienced,particularlym solswith
8nO,:KOHratiosof25, 50, and 100.

The calculatedamountof alkalinecessaryforpeptizationwaspipetted
intotheflask,thevolumemadeup toexactly250ce.,andthe fiaskshaken
vigorouslyuntil the peptization wascomplete. Finally,the solutions
weretransferredto Pyrexnasks and tightlyclosedwithstopperacoated
withtin foil.

In thesolsofratio50and 100,heathad to beapplied. Solsof ratio50
requiredheatingforat least an hour,whilethoseof ratio100required
heatingforfivehourson a water bath. The solsofratio100forlithium
hydroxidecouldnot be prepared,andforsodiumhydroxidethestaMity
waslessthan twenty-fourhours. Likewisethe ammoniumhydroxidesol
otthesameratiowasnotanymorestablethan thatof sodiumhydroxide.

Thesolsof ratio2 wereclearand withoutcolor,exceptm thé caseof
lithiumhydroxidewherea deeidedbluewasevident,reminiscentof the
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appearanceof dilutemastio801s.The colloidswithatannicoxide:atkati
ratioof10weretransparentbutpossesseda slighttingeofblue,aotioeabty
moreintenseintheammoniumhydroxidesol. TheTyndalleSectwasmore
evidentin thesolsof ratio26,whilethe solsinwhichthe ratioofstannie
oxideto alkaliwas60and 100wereopalescentandopaque,respect!ve!y.
Thesolsof ratio2 and 10werebasic in reaction,showingthe presence
of freoatkati;in the ammoniumhydroxidesolof ratio2, an odorof am-
moniawaapresent.

Solsofratios2,10, and25werestableafter remainingin a cupboardfor
morethan a year withoutany outward change,exceptthat the SnOr-
NH~OHsolofratio2 becameopalescent. Solsof ratio50forammonium
hydroxideandlithiumhydroxideand aU of ratio 100werefound,after
fourmonths,to have settledintoan opaque layer,belowa transparent
layer. Onshaking,thèsesoisbecameapparentlyhomogeneous,but after
sometimeagainseparatedinto layers.

In performingthe noecutationexperiments,a certaintechniquewaa
alwaysemployed.The soiawerechosenso that twoweekshadelapsed
sincethebeginningofhydrolyslsto the gel form,withthe exceptionofthe
solsofratio100,whichwerousedassoonas peptized.

Thepepttiiedsolswerepipettedinto Pyrextest tubesofdimensions16
x 160mm. Theinitial concentrationsof stannicoxidein thesolswere
adjustedao that 8 ce. of sol contained0.666mi)!iequiva)entof stannio
oxide,whilethealkaliusedforpeptizationwassuchas to givetheproper
ratios.

Eightcubiocentimetersof the solwas pipettedintoa Pyrextest tube
previousiysteamed. The precipitatingelectrolytein varyingamounts
wasaddedtothetest tubesandthe total volumemadeup to 10ce.in each
case. Thetubesweredosedwithtin foil-coveredstoppers,invertedten
times,andset in a rack. Afterexactly1 hour thetubeswereinspeoted
forflocculation.The procedurewascarriedout at approximately26'*C.,
andthecoUoichwereshieldedfromsunlightthroughout. Asolwascon-
sideredas noccutatedwhena clearring wasseenbelowthe wholeof the
meniscus,separatingthe opaquegel.

Usuailyseriesofexperimentswererun withthe intervalbetweenquan-
titiesofaddede!ectro!ytemadeiessuntil théaccuracywasin thévicinity
of6percent. In soisofhigherratios,the accuracywassomewhatbelow
10percent.

Alcoholnumbersweredeterminedwith 6 ce. ofsol as standard. A
quantityofalcohol(purifiedwithsilveroxide)that wouldcauseprecipi-
tationin 1 hourwas the alcoholnumber. Thisprécipitationwasrever-
sibleaswerethosewiththeelectrolytes.

Experimentswereoarriedoutonthe flocculationbyelectrolytesofatco-
ho!-contamingsois. A totalvolumeof 15ce.wasused,exceptingm sots

THB MOMtjHOf MTMCAt.taBttttt))~. WL 40. MO. t
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of ratio2. Fivecubiccentimetersof alcoholwereaddedto 8 ce.ofsot in
thé test tube, ~nd the remaindermadeup with electrolyteand water.
The procédurewasothefwiseidenticalwith the aocouMonawithe!eo.
tro!ytes.

MS~TB

ThetesuMsareshownin t<tMee1 to 4.

TABLE1
F<eeex<o<tMtMt<tM<~tt<MiHcM~de-potoeMttM~dMttd<M~

_MUUeqwvatenta per10ce.(tot~tv~ume)

TABLE 2

f<C<:C«<0<t'0<tMt<M<M!0/ <<<!HMtCozide<o!<
Millioquivalents per 10 ec. (total volume)

*wtWtM~uv& ~tct tv v~< \WMM YVtUtaC~

_B)i0<
KOH NM!0

B~t?
2 M Mt'

NaCt. 1.8 os{, o~ o~ o~
NaNO. 1.99 0.80 0.140 0.0700.088
Na<80< 2.2 0.79 O.t66 0.0?6 0.08S
KCL. >to o.85 0.1S5 0.0800.090
KNO. >to 0.90 0.190 O.OV60.090
LtCt. 0.48 0.30 0.105 0.0760.080
U~tOt. o.50 0.3!: O.tOS 0.0700.085
NH<C! l.& 044 0.1S5 0.0660.080

AtkatiperMeo. 0.333 0.066 0.02660.0t330.006S

C,HtOH(inco.)to6cc.of
3.08 >aoo >soo >aoo

SnOt AHMUKMM

StOt-NaOBtcb BnOt-UOHoob 8nOrNH<OHtob

'0 M te

NaCL. 1.7 0.76 0.85 0.60 1.7 0'M~
NaNO, i.s o.TO 0.8& 0.45 1.16 0.60
NatSO, 2.0 0.66 1.20 0.8S >t0 O.M
KCt. >lo 0.70 >10 0.80 >10 0.80
KNO, >lo 0.80 >10 0.80 >10 0.76
LiCt. o.43 0.90 0.30 0.28 0.52 0.31
Li,SO< 0.42 0.30 0.86 0.80 0.66 0.81
NH,CL. 1.40 0.40 0.80 088 1.5 0.40

AUtattper10ce. 0.333 0.066 0.833 0.066 0.333 0.066

Atcohotmmber. 1.36 >600 1.70 >MO >2M >MO
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DISCUSSION

Fromthe resultsof peptization,it is seen that potassiumhydroxide
produceathesoismosteaaily,whereaslithium hydroxidegivesthe great-
est diNicutty.Sodiumhydroxideand ammoniumhydroxiderank in
between,ia theordernamed. TheorderMevidentif the timeforconver-
sionoftheopaquegelof the hydrousoxideto the soliscomparedqualita-
tively,andthen it is seenthat potassiumhydroxideproducesa clearsol
bymixingthoroughlyfora fewseconds,sodiumhydroxidetakinga longer
time,whileammoniumhydroxiderequiresseveralminutes. Thestannic
oxide-lithiumhydroxidesol ofratio2 bas not beenobtainedwithoutthe
bluishappeamncethat iseharacteristicof the usuatsotsof ratio50. Li!te-
wiseit isseenin thesoisofstannicoxidealkali ratioequalto 100,that the
potassiumhydroxidesol le relativelystable, whilethe lithiumhydroxide
solcouldnotbepreparedat ail.

Fromthe flocculationexperiments,it is seen that the cationsmaybe

TABLE4

MMC~M M<<M<<~««Mme<M~-<t<t<t<t-«Mo<aoh

Milliequivalentsper t5 oc.

TABLE3

M<x:<:«<a<MttMttWM<~«<m)ttec.Md<<aMtMM A~md~-oteo~ Mh

MitMequivatentspor tO ce.

BaO.iKONM.MO

MM M M <e"

_i~"
H

~~°"dJ add s d~
NaCt. o.tg o.)gj; oo~ (,(~
KCt. 0.10 O.t60 0.065 0.009
UCt. 0.12 0.110 0.000 0.008
KH<Ct. 0.82 0.125 0070 0.009
NaNOt. 0.090 0.10S O.WO 0.007

suwmavalum vo IJO~ iV uu.

8n0< *UMU o*Tto

M" SoOrNaOHmb SnOt-UOHtob8tOrMH<OH Mb

10 MT'!HT*

NaCt. Ftoccubtcd 0.!2 Plocculated O.tOO O.t40 O.tM
KCI by O.M by 0.125 0.190 0.136
LiCI. C,HtOH 0.10 C,HtOH 0.100 0.140 O.t25
NH,Ci. 0.12 o.HO O.t56 O.tCO
NaNO. 0.16 O.HO 0.140 O.tM

C,HtOH. 2 5 2 6 6 5
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arrangedin the orderof decreasingSoccutationvalues:K > Na > NHt
> Li. Theorderismostevidentin solswitha stanniocxide:a!kaMratio
of2and10,tesssofor25,andnot at aUforMand100,whoreflocculation
valuesareapproximatotythesame fora singlesoland fordifférentsolsof
likeratio. This orderhowever,is the reverseof thé iyotropicseriesfor
hydrophobieso!asuohas Oden'ssulfurandarsenictrisuiSdesolsand for
the molybdenumpentoxideand vanadiumpentoxideeota(8),but agreea
withtheusualsériesforemulsoidsand isthus interpretedasasalting-out
effect,sothat hydrationlaafactor forconsideration.

It is knownthat lithiumbas the greatestamountofwaterattached to
theion,whilepotassiumbasthe least. A1soit isindicatedthatthestannio
oxidecolloidiscomposedofparticlesofhydrousSnOtandbashydrophile
properties.

In consideringthe mechanismof peptizatmn,the alkalibas the effect
ofbreakingupthegelintosmaUparticlesofSnOt,withtheadsorbedstan-
nate formedby chemicalreaction givingrisoto the doublelayer. As
morealkaliis introduced,thepartictesareexpectedto besmallerand the
opacityofthegelto decreasewith the greaterdispersion.It isseen,how-
ever,that the ion with thegreatest amountofwaterassociatedwith it
peptizesthe stannicoxidegelwith the greatestdifficultyandconversety,
so that thewaterofthe ionmay beviewedas a hindrance. Fromthe ex-
perimentsof ZsigmondyandGlixelli(9),it is foundthat compressingthe
micellesasinultrafiltrationorevenordinaryHtrationincreasestheamount
ofalkalineededforpeptization,probablyowingto the removalof some
waterfromthegel,and thisprocessmayberesponsiblefortheagingofthe
a-oxideintothe ~form.

In thenocculationexperiments,it isnotedthat the ionwiththegreatest
amountofwatercoagulatesthe solwith the greateatease. Possiblyan
equilibriumof the watercarriedwith the ionbas to beconsidered.By
loweringthe hydration,thestabUityfactorinducedinhydrophiliccolloids
is reducedsothat smalleramountsofcationwillbeneededtodischargethe
doublelayer to causecoagulation. If an ion that tends to dehydratea
particlebeusedforpeptization,smallerflocculationvaluesforthèsesols
areexpectedas comparedwith solsof an alkaliionwitha smallerwater
mantle. Thisseemsto beborne out by the solspreparedfromlithium
hydroxide.

Theflocculationvaluesfor the sotsfrompotassiumhydroxideare not
innumericalagreementwiththe valuesofHeinz(2)beeauseofa difference
in technique.

Theaicoholnumbersshowthat solsofratio2 arecoagulatedwhilethe
otheraare not. Sineethe stannates are onlyslightlysolublein ethyl
alcohol,it maybe that thealkali stannatebas its solubilityreducedsoas
tocauseflocculation,whichisreversedwiththeadditionofmorewater.
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It is seenthat the additionofatcohottowerathe amountofe!ectto!yte
neededto bringaboutcoagulation. The lyotropieseriesisévidentin the
presonceof alcohol,but the flocculationvaluesaresmaUer.The values
oftable3 expressthiaclearly. Table4 showsa decreasefor theeobpré-
paredwith sodiumhydroxideandlithiumhydroxide,exceptthat forthese
twosolsnovalueswereobtainedfor the ratio2 becauseofcoagulationby
the alcoholatone. Stannic oxide-ammoniumhydroxidesols are tem
sensitiveto alcohol. Alcoholmay be said to poMCMtwo acttOM.–one
ofreducingthésolubilityoftheadsorbedstannate,theotheradehydrating
action.

BOMMARY

Staonieoxidesolsworemadewith lithium hydroxideand ammonium
hydroxideso that the ratiosof stanniooxideto basevariedfrom2 to 60,
togetherwiththosepeptizedby potassiumhydroxideand sodiumhydrox-
ide,previouslyatudiedby Heinz(2).

Flocoulationvaluesweredeterminedwith sattaof potassium,sodium,
lithium,andammonium,and alsofor the samesoiscontainingalcohol.
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ME8EGANG RINGS 0F MANGANESE 8ULFÏDE. M

OUX F. TOWER

A<o)-<c~C~tMH'cttt~«6ora<<tr~,U'M<erMRc~t'rM(/nft'<'fSt<C<<'tfhttt<~(?<«

J?<'c<')'rfd~ot'cmtfr MM

Somc years ago Chattt'rji and Dhar (1) pubtished an account of a num-
bcr of experiments on thé formation of Liesegang rings in many geiati-
nous média, among them Kitica.ge!. They reportcd that they obtainctt

rings of cadmium and antimony sutftdps in this gel. Howcvcr, (hcy gave
«o detaitod dirt'ctions as to concpntmtiotts and othcr t'onditiooKundcr
which the rings formrd.

For some yfa)-s wp have bcen intercstcd in thé formation of bands of
m<'taUi<'suindes in gck, and havo rcœntty tried to form bands of sm'h
sutMt's m sHit-agel. The cxpemncnts wcrc not tdtogethcr succcsshd, aM

onty faint ringswere obtaincd, and thcse under varying conditionKwhich
coutd not always t-tfrcproduccd. Thc rings so fot'mcdwpt'cthosc of zinc,
cadmium, and antunony sutfidcs. As we had obtaincd cxcrucnt bands of

mangancsc sntndc in gRtatin(4), wp trit'd to forni nngMof this substanct-
in siticagel. Wcfound the bpst prot-cdnre to ))ethe fo))owing:Co<ï)m''rciai
watcr glnsswasdituted to a density of 1.07 and was )nixpdwith an equa)
votump of 0.5 N at't'tip acid. This mixture, which rcaetpd acid toward

titmus, waspoured into tpst tnhc.s 1 in. in diam~ter untit tttcy worc threc-
fourths full, and then thc whok' was ifaturatcd with hydrogcn sutfidcgas.
Thc tubes wercthcn attowodto stand until the contents sot to a gd, aftcr
which thé upper portion of thé tube was fi)i<'(twith asotution ofmHngam'sf
cidoride. The concentrations of mangancsc chtoride giving thc bcst
bands wcrc from 0.5 to 1 motar. Thu bands obtainfd arc .s)townin

figure 1. The rings usuallyobtahtfd wcrc iikc figure 1a and b, but occa-

sionany rings of the type shown in Hgurc 1 c were produfcd. As far as
the concentration of thé manganèse ('Mondeis conccrncd, thern scNncd to
be no differeuccwhcthcr thc Hne )~U)de(tor coarxciybanded oocs wcrc

obtaitx'd, Rothc causpof this dincrt-nec must hâve tain in thé nature of thc
sinca gel or in the concentration of thé Hu)ndeion in it, as it is obvions
from thc mcthod of prcparatio)) that thé !attf'r t'ouid not lie accuratety
controtted. Attempt.s to contro) tho (-onceatration of the suffidcion hy
using definitc concentrations of sodium sutnde wcrc unavaHing,as this
rendcred titc médiumtdkatine and thc nnxturc faitcd to gc).
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APt'UCATIOS0F HUGHE8'MFFUS!OKTKËOMt

H. B. Hughcs (3) bas reccnt!y developed&thcory of the hnnttttou of

Lip~'gang rings, based on diffusion, Thc tht-o['yis cssentiaUyin accurtt
with that origmaMyadvMK-edby Wo. Cstwtdd,but Hughpshns workcd
ont mathpnMtieaUythe conditions for the formation of nc\ band on
the basisuf the uppcr ck'ctr&tyte ditfustngin ftnd buildingup sufHck'nt
<'on<;t'nt)'atMtito nttam the solubility prodm't of the inso!ubk'substance
ttncw. In (M-dt'rto appty the équations it is ncecssaty to dptprnunc thf
distance bptwccn ))andsand the time of the formationof cachband.

t-'K:.t. Lip)i(');)m)!rings ofmMfpmf'tK't)u)Mch)siiiotKf)

As bands of mangancst'sutfidc coutd hcrcprodm'p<)v~'ryrcadityh)gela-
tin, bandii of this matcriat and in this gel wprc uscdto tfst thc thcory.
As sccn in figure 1a amt b, Mhcavy pn'cipit~tc of mangintc~.sutHdcwas

idwayspmdupt'd at thc junctiun of the twodcctrotytcs. Thf thickncss of
titis prf('i))Itttt('<tarfa \'ttric(t greatly in (tiffcrcntcasM,nn([ ingcnt'rat was

grcatcr thc ~rcatt'r thc (tiffprt'nccin concentrationof thc Mn++ion abovf
fron) that of thp 8'" ion in thc éd. Thc thicker this prccipitatcd btmd,
the more iitowtythf Mn~ ion diffused through it and thc longerwas thc
initiât po-iod hcforc th<' nrMtLic.scgangring formed. AnotJK'rdinit-utty
in mcasuring thf timc of formation of the b~nds was thc bng time con-
sumed in conptcting thc fot'tnation of thc ring. vii! ton to t\v<'ntydays.
Natnratty, thcrcforc, some of the ringx woutd fonn in thf midfHt'of the
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nigbt, andthe thneofthetr formation wouidnotbeexacttynxed.How-
ever,sincethé time betweenthé formationofsuccessiveringawaalong,
this errorwassmall. On aecouatof thé varyingthicknessof thé initial
bandedprocipitate,the timewasmeasuredfromtheendoftheformation
of thiaband. Theappearanceof the rings in gelatincanbeobservedin
figure1ofthéformerarticle(6). The résultaobtainedfromtwoauchex-
perimentsare givenin table 1. In the first columnare the distancesof
eachringfromthe pointof beginning,and in the secondcolumnthétime
of the beginningof the formationof each band. ~/A~.)representBthe
distanceof each band dividedby the distanceof thé precedingband.
A/< representathe distanceofeachring dividedbythesquarerootofthe
timeof ita formation.

TABLE1
_M«MM~M<M<a))M<<<onMMcs<~moneoMMfM~Me

Accordingto Hughes'theorythenumbersin thelasttwocolumnsshould
beconstant. Thisisseento bethe caseapproximately.Thenumbersin
the third columnbeingapproximatelyconstantshowthat the ringsare
in geometricalprogression,whiehhas been foundto be the casein most
experimentsof this kind. Many determinationsof thesevalueswere
madein otherexperiments,andthe averagefoundforringsofmanganese
sulfideofvaryingdistancesapartwas 1.21.

Hugheshas derivedan equationtgivingthe valueof this constantin

Equation(H),Kolloid-Z.79,213(tM5). TotHustratehietheoryheusesthe
resultsobtainedbyMorseandPierce(Z.physik.Chem.«, 68&(M03))withb<mde
ofsitverchromateingelatin.Thesebandswerealloompleteinfromonetooneand
three-quarterahoursafterthébeginningofthéexperiment,andconsequentlyresutta
aretobeexpecteddifferingconsideraMyfromthosedescribedhère,wherethetime
takenforthéformationofa eerieawasfromtonto twentydaye.

<t[t:<M<HT.wx7<H' ttKKK t~ rtït~s <~ nMn~tMeM tM~ae

_t~M.C(,!e.ttM(NHt)<8_ t)jtMM.CtKO.MM(t<H<Mt

"–
'r'~r

Aluom. T~wâ° A~
Alnom. ~i~ ~·

A
ho\ll1l "¡¡ hcNre 6. Vi

L46 M O.M75 1.06 U 0.39t5
t85 24 t.2?6 0.8776 t.86 M t.276 03t8S!
2.89 38 1.270 0.38t2 1.72 ?.6 t.27< 0.8280
2.95 M 1.255 0.4014 2.20 39 1.279 0.3623
3.70 82 t.254 0.40M 2.75 ? 1.2SO O.M92
4.46 1M 1.208 0.4132 3.40 90 1.2M 0.3684
6.28 162 1.180 0.4125 4.16 128 1.220 0.3668
6.20 217 1.181 0.4200 5.00 193 1.206 0.3599
7.36 280 1.184 0.4393 6.00 269 !.200 0.36Sa
8.80 400 1.1$7 0.4400 7.28 391 1.208 0.3667

ThiekneMof initial prec:p:tate, 3 cm. Thtckneaeof initiât precipitate,1.9 cm.
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an independentmanner,whichrequiresfor its solution-the valueof the
solubilityproduetof the substanceformingthé bands. The solubility
productofmanganesesulfidein wateria1.4X tO' Its solubilityprod-
uet in gelatinwouldhaveto be about3.6X M-' inorderthat Hughes'
equationit shouldhavea value for K equalto 1.21. Thisof courseia
hightyimprobable. However,fromthé appearanceof the bandswhen
theybeginto form,it isevidentthat thesolutionishightysupersaturated,
fora band appeararapidlyin voluminousquantity and then gradually
increasesin densityand thickness. Thieseemsto showthat the sulfide
ionsbuildup a concentrationconsiderablyin excessof that requiredfor
thesolubilityproduetofmanganesesulfidebeforea bandbeginsto form.
Furthennore,the strongadsorptionof manganese'ions by thé bande
previouslyformed(2)delaysthe formationof a newband. For thèse
reasonsit is somewhatremarkablethat thenmnbetsin thefourthcolumn
in the tableareas constantas they are.

8VMMARY

1. Amethodfor obtainingLiesegangringsinsilicagelis described.
2. ManganeseguindébandBin siiUcaandothergelsarespacedapproxi-

matelyin geometricalprogression,themultiplierhavingtheaveragevalue
of1.21.

3. Althoughin gênera!thebands ofmanganeseBuindeare formedby a
processofdiffusionessentiaUyin accordwithHughes'theory,the timeof
formationof the bandeiaconsiderablyinnuencedbysupersaturationand
adsorption.
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AMtys!aofthemanganeseeutSdeprectpitate,whiehoomposeather!n)t8,ahowe
anexeeasofmMganMeoverauKurof? percentabovethatrequiredforthefor-
mulaMn8.
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ACTIVATION0F REDWOODAND A8H.FREE8UGAR<H
CHARCOALÏNACUBRENTOFAm

r
JAMESW.MoBAÏNMmB. F. SESSIONS

D<)Mtf<mMt<<~Cj~M~O~,.t<<M~M-<<t/tUfertt'ty,C<t«/ent<of

R«~tM<<~OtHMfM?. MM

It is diNcultto ascertainfromthe literature' exactlywhatarethe op-
timumconditionsfor the air activationofoharcoal,or exactlywhathap-
pensduringthe processesof activation. Attemptsat activationin a
currentofair are easityfrustratedby a lackof attentionto detailor to
conditionsin diSerentparts of the mass of the charcoal. SimUarty,so
numërousare the factorsinvolvedthat occasionaUyan exceptionalsuc-
cessisachievedwhichit mayproveimpossibletoduplicate.

Thepresentstudieahavebeencarriedout overa seriesofmanyyears,
firstwithcharcoalderivedfromredwood(SequoiajSemperMreM),asstudied
by Dr. F. CarlyleHarmon,and then by one ofus (R.F.8.)withsugar
charcoal,whichis practicallythe only sourceofhighlyactive,ash-free
charcoal.

It earlyappearedthat theseresultsdiSeredfromthe findingofLamb,
Wilson,andChaneyand their asaociates(6) that the optimumtempera-
tureforairaotivationliesbetween350"and 460''C. Wefindindeedthat
thereiaa peakofactivationat thistemperature,butalsofindthataneven
morepronouncedpeakwithstittbotteractivationoccursbetween920°and
960"C. Abovethis,usuallytheactivity ofcharcoalfaDsoffveryrapidly.
However,theverybest sugarcharcoaleverobtainedwasthatmadebyH.
GrevilleSmith(8)in the chemistrydepartmentatBristolUniversity.He
prepareda largesampleby,heatingKahlbaumaugarcharcoalin a slow
currentofair at 1130"C.,with an intermissionrequiredforrepairingthe
horizontalHereaustube platinumrésistance fumace. Its activity(81
percent)equaHedthat of goodactivatedwoodor commercialcharcoal.
Wefindthattheactivityofcharcoalactivatedat a particulartemperature
maybe improvedor impairedby subsequentlysubmittingit to another

temperature.Generatiyit is muchimprovedbyreactivatingwithair at
thesametemperatureafter an intermediatecoolingto roomtemperature
withexposureto air.

ForaKeentrtsuméofthepatentliteratureseeMterence6. Formodemcoa-
ceptionsofthénatureofaotivatedcharcoal,aeeréférencéeand 1.



<tM JAM8WtMcBAMA~S~aN8M'M!&

EXMMMBttTAt.

Pre~wo~tonofredwoodcAorcco!

Theredwoodcharcoaluaedfor thesedeterminationswasmadeby car-
bonizingredwoodstripa4 cm. wideand0.7cm.thickin anatmosphereof
nitrogenat very low pressure at 450"C. The carbonizedstripa were
cruahedandonlythe piècespassinga 6-meshbut retainedby a lO-mesh
screenwereusedforactivation. Theoriginalactivityofthischarcoalwas
15.1petcent,asdeterminedby the percentageof tadtaotemovedfrom50
ce.of0.2Nsolutionby 1g. of 200.meshcarbonin 3mimutes.' Theslow
distillationofdry redwoodyietdsa hardercharcoalthan therapiddistilla-
tionofwetmaterial. Sapwoodproducedthehardestandlightwoodthe
softestcharcoa!. Carbontetrachloridetestsof activatedredwoodchar-
coal,whetherfrom heartwoodor bark, indicatedthat althoughhighty
satMactoryforsorptionfromsolution,it basbut little retentivevaluefor
gases,beingonlysomewhatbetter than bonechar.

PreparationofsM~orctarcoo!

FivedtSerentgradesofsugar charooatwereusedin theseexperiments.
Thesewillbereferredtohenceforthas Nos.1,2,3,4, and5.

CharcoalaNo. 1 and 2 werepreparedfromBaker'saucrose("c.p.an-
alyzedcrystab"). Fivepoundsofsucrosewerecarbonizedinan 18-quart
aluminumkettte, the highest temperatureattainedbeingabout 200*C.
Thecharredmasswasthen removedto an aluminumpan,placedin an
electricfumace,and the temperature raisedto 400"C.,beingat 360"to
400<'C.for30minutes. Atthe endof this period,the charcoalwascooled
in air, groundto 20-mesh,washed three timesin warmdistiUedwater,
drained,anddriedfor 15hoursat 105'*C.

Thefirstportionof thischarcoal(No. 1)wasnot coveredimmediateiy
uponremovalfromthefurnace,andas a reaultthereoccurreda glowingof
the charcoalthat probablycauaed the temperatureto go muchabove
400"C. Theactivityof this charcoalwas27.02percentbeforewashing
and21.57percentafterwashing. Thesecondportion(No.2)wascovered
immediatelyupon removalfrom the fumaceand then allowedto cool.
Itsactivitywas3.53percentbeforewashingand 8.84percentafter,both
activitiesbeingdeterminedby the iodinemethod.$

SugarcharcoalNo. 3 wasalsoBaker'aBuorose("O.P.cryata)s"). It was
earamelizedor possiblycarbonizedin an aluminumkettleat 200"C.,and

'Standardmethodofdetermining"activity"(Chaney,N. K.,Ray,A.B.,and
St.John,A.:!nd.Eng.Chem.16,t248(t923)).However,webavefoundthatthé
resultahavet hightemperaturecoo(Rctettt;thua,M"activity"determinedas7 percentat 4'C.beconteat5.5percentat 25°C.and27percentat 65°C.Wehâvethete-
toremeasuredat20°C.
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removedto potceiaincruoibiea;tho i&tter werecoveredto keepout as
muchairMpossible,and then placedin a mutnefurnaceandheatedto
900"C.for 16minutes. Uponremoyalfrom the fumace,sampleNo.3
waschiUedrapidlyand storedin g!assbottles. Its activitybeforebeing
heatedto 900'C.was14.6percent,and after heatingwas20.26percent.
Theashcontentofthesethreesugarcharcoabwaatessthan0.00percent.

SampleNo.4 wasKaMbaum'a"charcoatfromsugar"withan original
activityof14.6percent. Ïts temperatureof formationif)unknown. Its
ashcontentwas0.12percent.

SampteNo.6waspreparedby C.I. Glasabrookby droppingpuresugar
throughcrossedelectricarcsoperatingat 400voltsand6amperesandat
100voltsand26amperes,respecttvety. Afterwashing,it wasa spongy,
wet,blaokmass,withan activityof14.7percent. Afterdryingat 105"C.,
thisfeUto 5.8and6.4percent. Uponair activationat 920*C.,twodi6fer.
ontspecimensshowedactivitiesof30percentand20percent,re8pentively.

ACTIVATIONOB'REDWOODCHARCOAL

Theactivitiesof the redwoodcharcoalafter heatingin an ironretort
for &hoursat a fixedtemperaturein a current ofair at lowpressureare
shownin table 1 and figure1. The results in this table indicatetwo
maxima,oneat about368"C.and théother at 800"C.witha markedmini-
mumbetween. Dr. Harmonsuggestedthat the lowermaximummight
beduetocombustiontocarbondioxideand thesecondtocarbonmonoxide.
It appearsmorelikelythat thesetwopeaks are connectedwiththe fact
that at thèsetwotemperaturesdiferent types (3, 12)ofactivecharcoal
are formed,bothas regardssorptionof alkali andas regardsthe orderof
theTraubeséries.

Theseresultawererepeatedby H. W. Hobbieandthenagainby oneof
us(R.F.8.)toasubstantiaUysimilareffect,withtheadditionalinformation
that verylittledifférencewasobservedwhenthé airwasat 14mm.orat
atmosphericpressure. Furthermore,when redwoodcharcoalwhichhad
alreadybeenactivatedat temperatureabetween370"and 770"C.and
cooledinair,washeatedin an atmosphereof nitrogenorhelium,the ac-
tivitywasstUifurtherincreased. A sampleair-activatedat 770"C.with
a valueof33percent, uponheatingto 920"C.in nitrogenshoweda final
activityof64percent. Evencharcoalwhichbasnotbeenactivatedbut
merelyexposedto airat roomtemperaturebecomesmoderateiyactivated
uponheatingto800"orN00*0.in fac~.

Asseenfromtable1,theaetivatedeharcoailosesanappréciablefraction
ofits aotivitymerelyuponstanding.

Threeaampiesof Dr. Harmon'sredwoodcharcoalweresealedin gtass
tubeswithairat atmosphericpressureimmediatelyafteractivation. At
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TABLE 1

Theaeh'~ of redwoodcharcoalheated for ait A<M<f<al o~eet! <<mpero<t<M)'Ka current

of air <t<{Mepreiamw

"tOTtm')r"
'mtttftBAtUM) fB«;Bt<tatt<XB« –-––––––~–––––––––––––––fMCMTtOtCMABB

Hannen &tm!om'

MO 16.5 ao.r M.3 21
3M 22.6 a?.9 ~.8 24
400 32.8 32.8 21.1 17
M4 80.0 24.9 M.7 87
590 27.5 M.7 M.6 M
MO 35.0 20.6 7.6 M
730 266 1&.6 t60 18
MO 36.5 87.6 29.8 23
8M 36.0 39.1 37.6
960 37.5 32.4

thia tune, their acMvMea were 31.7,34.6, <md86.6 per oeat, Mapeetivety.
The Sîat had been activated et 722"C. at 14 mm., the second at 8M'C.
at tttmospheric pressure, and the third at 686"C. ta Mt and then &gain <tt

1

Originalaotivitywasdeterminedby Harmonat the timeot Mtivatton. Ses.
B:ons'detena!)Mt!oMweremadeafter keepingtourmonthein ([taM-stopperedbot-
tles. Onesampleof Httrmon'NredwoodchMOOtdwithan originalaotivityof 17.1t
percentwasteetedbyoneofus (R.F. 8.) after etftndtngfor overtwoyearein a
corkedtubeand foundto havean aotivityoft3.Mpereent,or a decreaseof21per
cent.

1000°C.innitrogen. Twenty-eightmonthslaterthesetubeswereopened
andthecha.TCoa.isagaintested. AHthreesampleaahowedadistinctlosein
activités,whichwere18.06,19.2,and 45.8percent, or a decteaseof43,
44,and19per cent,respectivcty.
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ACfïVATtWOB'MCARCNABeOA~

For temperaturesbelowICOO'C.,platinum-or nichmme.~oundfeeist-
aacefurMceswereused. For thoseabove1000"C.a smallinc!inedhydro-
gen arc inductionfumace,and for the highest temperaturesa large
inductiontenace with verticalgraphite vesselwereetnpbyed. Teni<
peraturesbetow1100'C.weremoasuredwith calibratedthermocouples,
thoMabovewith théstandardizedopticalpyrometer.

SugarcharcoalmaybemadeMhighlyactivatedas anywoodcharcoat.
It alsoexhibttsits optimumactivationat just over600*0.

Theresultsof the airactivationofsugarcharcoab(Nos.t, 2, and 4)
areshowninfigure2. AUexceptfourof these resultswereobtainedtna
stationaryfumaceïncUnedat an angleof 30" at atmosphericpressure.

FM.3. Bugarcharooal.0, charcoalNo.1inincMnedfumMe;A,charcoalNo.2
in incttaedfumace;D,ehatooatNo.4 in inolinedfumMe;X,charcwtNo.4 in
hcriMntatrotaryfumace.

Usuallytheheatinglastedonehour,but ina fewcasesthiswasextendedto
fromtwoto fivehours. Usuallythe charcoaltost from13to 30percent
ofitsweight. FoursamplesofcharcoalNo.4wereactivatedina horizon-
tal rotaryfumace(2),withresultswhichfuUyconfirmtheexistenceofthe
twopeaks. Twootherexperiments,not ehownonthe graphfortackof
space,yielded3.0percentat 2014'C.and 0.5per centactivityat2530"C.,
14percentbeingburnedin eachcaseas in the experimentat 1804'C.

It is ofgreatinterestand somesignificancethat a spécimenofcharcoal
No.1that hadbeenair'activated" by heatingfor16minutesat2187'C.,
whichreducedits activityfrom21.6per cent to only3.0percent,upon
beingair-activatedagainfor 80 minutesat 920"C.wasrestoredto 6.1
percent,witha tossofone-quarterofits weight.
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Asériesufspécimensof charcoatNo.2 worealsoaotivatedin a station-
aryhorizontalfurnaoe,withresultssomewhatlesssatisfaetorythanin the
inclinedandrotarytypes,yet sttUahowinga definitepeakatabout920"C.
Theserésultaareplotted in figure3, whichalsoshowatwoattemptsto
aotivatecharcoalNo.2 inastationaryverticalfurnaoe,withveryme~ocre
success. AUoftherésultashownin thisfigureweroobtainedafterrunaof
approximatelyonehourat atmosphericpressure. r

AVEMOCTEMKMTmC

Fto. 3. Sugar charcoal in horizontal fumace. 0, ohMcoalNo. 1; A, charcoal
No. 2. Short lower curve show8Meuttein vertical farnMe.

TABLE 2

JV<<)-oj~ttactivation o/ <«(?)'charcoal

8!mUa.rheatingin a current of nitrogenmsteadof air alsoactivated
charcoalNo.2 at temperaturesup to 1000*C.,but théactivitiesshownin
table2 liewellbelowthosegiven forair in figure3. Theactivitiesfall
froma peakvalueof28.2percent at 600'C.to 1.6percentat 1600"C.

CharcoalNo.3, originallycarbonizedat 900"C.,whichbas heretofore
beenthoughtto destroythe ability to beactivated,showeda surprising
degreeofactivationat &20"C.whenonesamplereacheda peak of S8.5

.y.o wvww.n ewyw onwrcvuo

tmtpmATom foafMB LCmwwaoar AenvttT
*C pertt«< txrMnt
SOO Honzont~ t4.0 M.6
600 HotMontat 22.0 28.2
6~ Horizontal 27.0 24.2
?? Honzont&t 80.0 M.&
894 Horizontat 29.0 2Z.Z
949 Horizontat 29.0 K.3

10M HotMont&t 28.0 U.5
lt90 Vertical 29.6 8.4
1600 VerMeat ?.0 1.6
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percentafter beingheatedforthreehourain aninolinedfumaee~tatmos-
phericpressure. Otheractivitiesare mentionedin the discussion.

In a fewtestsof the activityof the oharcoabi&figure3, usingpbenot
insteadof iodine,it waafoundthat thé valueswereparallelwith those
shownfor iodine. Krcz!!(4)atateathat sorptionofphenollikewiseruns
parallelwithsorptionofmercuriooblorideandofbenzoicacid,

DI8CU86MN

The exporimentsindicatethat charcoal Mbetter activatedin air at
a.tmo8pheriopressurethan innitrogen. A goodflowofair ridsthe char*
coalof volatilematter andusuallyshortens the time of aotivation. tn
Mmeexperimentsactivecharcoal,activated at over900*C.,onsubséquent
heatingat 366"C.tost fromone-thirdto one-balfof ite activity,wheMM
charcoalgraphitizedat ZISVC.waapartially restoredat 920*'C.Again,
a mixtureof samplesof charcoalNo. 3, activatedat 600"and 920'C.,
whichthenhadan activityof43.6per cent, uponheatingat 310"C.with
10litersofairwith3.0percent iossof weight,iostactivity,beingredured
to only30.5percent. Presumablythe !ossofactivitywhiehoccurson

standingat roomtempératureisgreatlyacceleratedat 210''C.

Températureis apparentiythe most importantdeterminingfactor in
the degreeof activation. It i8 also importantthat the cbarcoalloseat
least10or 12per centof itsweight. Furthertossofweightisdistinctty
advantageous,but does not have so great an effect. PresumaMy,the
shorterthe timeofheating,allotherfactorssuchas percenttossinweight
beingkeptconstant,the betterthe activation,or,ra.ther,theteosthe con-
currentinactivation. At lowtemperatures tossof weightis slowor op-
posedby anotherconcurrentprocess,so that, forexample,in a sériesof

10-g.sarnplesofcharcoalNo.3, oneat 255*0.,overwhiehwaspassed3000
ce. of air in tho courseofonehour, neither gainednor tostweight,but

yieldedan activityof22.4percent; at 450"C.2 percentwasburnedand
theactivitywas26.2percent. When3 percenttossofweightwaabrought
aboutby using10,000ce.ofair in 80 minutesat 210"C.,theactivitybe-
came30.5percent. Fivepercent tossat 695"C.gave26.3percentactiv-

ity andat 980"C.gave35.0per cent, whitethéuseof30,000ce.of airat
600"C.gavea tossofweightof23percent andanactivityof41.0percent.

Here,clearly,the factorofinitiâttossof weightoutweighsalleBectof tem-

perature. Thenat 920"C.lossesof 4, 10, 12,and 28per centin weight
broughtaboutwithsteadilyincreasingsuppliesofair (3000to 28,000ce.)
gaveactivitiesof29, 45,46,and 58.&per cent,althoughtherespective
timeswere17,120,70and190minutes. Atemperatureofapproximately
920"C.fora periodofonehourgaveconsistentlygoodresultsinan inclined
or rotaryfurnace. Themostpromiaingmethodis to heat thecharcoalat
920"C.for twoor oventhreeperiodsof onehoureach,witha periodof
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about twetve h<Mmat toomtempetatare and exp~we toa~ between each
heating.'

Olin,Lykins,and Muro (10)have very recentlydeseribeda sériesof
peatcharcoatsactivated"in dirent gaseouamédia"at temperatureab~
tween460"and 926"C. There isa peakat 860"C.foradsorptionofair or
carbondioxideor for velocity of cataphoretiemigration.This activity
peakat 860"C.isseveraltimesgreaterthan at 460*0.

Roychoudhury(11) found that sugarcharcoalwasmoreactivewhen
activatedinsmallquantitiesat 900"C.for fourhouM,insteadof at MO'C.
Longerheatinggreatly dimiatshedthe aotivity. Shorterpenodawere
not atudied.

Referringto figure1, activatedcharcoalshowsa largelossin activity
merelyon beingkept in a stopperedbottte*or in a sealedtube. Such
unusedsamplesmay losefrom 30to 60per centof theiractivity. This
is in strikingcontrast to the constantactivity preservedby activated
sugarcharcoalwhenit is seatedMpwithsaturatedorganiovapota,ahowing
nochangeevenoverperiodsof manyyeam(9). Thelargeadsorbedor-
ganicmoleculesserveas wedgesto hold openthe structure,whereasin
thecharcoal,merelyexposedto enctosedair, the residualvatenoiesof the
carbonatoms,whichmustremainpartiaUyunsatiefiodonaccountofBteric
hindrance(7),causea shrinkingorcompactingoftheporousstructure.

CONCLUSIONS

1. Therearetwooptimumtemperaturesat whichsugarorredwoodchar-
coalmay boactivatedin a currentofair,oneat 350"to 460°C.,and a stUl
betteroneat 920"to 960"C.

2. Contrarytousuatopinionordescription,it hasbeenfoundthat sugar
charcoalonginaUy"carbonized"at MO"C.maystill beactivated. Activi-
tiesas highas 58.5percent wereobtainedwithsugarcharcoalprepared
ostensiblyat this temperature. Sugarpassedthroughthe electricarc
maythen be air-activated.

3. Whenkeptovera longperiodoftime,eveninsealedtubes,ourchar-
coalsshowa decreasein activity of from 17to 63percent. This is in
greatcontrastto similarcharcoalwhichhas sorbedorganicvaporsand ia
kept in contactwiththe vapor. Thenthe charcoallosesnoneof its ac-
tivity overa periodof many years.

4. Althougha stationary horizontalfumacemaybe uscdto activate
charcoalwitha fairdegreeofsuccess,a stationaryfumaceinclinedat an
angleof60"wasfoundtogiveconsistentlybetterresults,whileatorizontai
rotatingfumaceasusedby DubininwasthemostpromisingofaH.

Fora moredetailedeMmm&tionoftheeffectofdegreeofbumingseeB.Bnma
and0. Zarubina(Kotto:d'Z.64,279(t933)).<BeetheMmHMobservationsofJ.B.Firth(J.Chem.800.119,929(1921)).
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&.Charëoa!attaiM ? much Mgher degree of activity whemactivsttod
in air than whenmereiy heated in nitrogen or helium.

6. Température,iose of weight (eepeciaUythe first fraction), and dura-
tion of heatingare the most important conaiderationain activating char-

coatinamttMntoft~r.

Our ainceMthaoka are due to the CaMforni&and Hawaiien Sugar Re-

finingCorporationLtd., to the Air Reduction Corporationof LosAngeles,
to the WesternPrécipitation Company of LosAngeles,and to Mr. J. C.

Bauor for courtesies and faoiiitiea extended.
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THE MECHANISMOF THE PROTOCHEMICALREACTION
BETWEENBROMINE ANDWATER

H.ARMINPAGELANCWARNERW.CARMON
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The mechanismof the photochemicalreactionbetweenbromineand

water,whiehyietdshydrobromicacid and oxygen,apparentlybasnever
beenstudied. Severalqualitativeexperiments,however,aregivenin the
literature. Balard (1) etates that brominewater exposedto sunlight
s!ow!ydecolorizeswith the formationof hydrobromicand bromicacide.

LSwig(4), however,foundthat tho reactionproductsare hydrobromic
aoidand oxygen. Pebai (S) found that saturatedbrominewater in a
seatedcontainerdoesnot apprecïaMydecolorizeafter threemonthsexpo-
sureto sunlight. Hewasunable tu detectany increaseof gaseouspres-
Hureuponopeitingthe container;howeverthe solutionwasfoundto be

alightlyacid and gavea positivetest for bromide. Joseph(2) showed
that onty 2 per cent of the theoretical amountof hydrobromicacid is
formedifbrominewaterisexposedto sunlightforoveronemonthincolor-
lessglassbottles. Theresultsof thc quantitativeinvestigationcarriedout
in this laboratoryaredescribedbelow.

MATER~LS AND APPARATU8

Waterwaspreparedbydistitlingtap waterfromalkalinepermanganate,
followedby redistillation.To oxidize possiblevolatileorganicmatter,
thé waterwaafurthertreatedwith a smallportionof purebromineand
allowedto stand in sunlightfor severalhours. The brominewasthen

completelyboiledout and the residue distilled,and the distillatefinally
redistitted. A 12-titcr,all Pyrex glass stiUwas used. GrasseUi'sc.p.

hydrocMoricacidwaslikewisetreated withbromine,followedby gentle
boilingandaerationtoremovethe bromine. Mailinckrodt'~c.p. bromine
waspurifiedby agitatingwith potassiumbromidesolutionfor severat

hours,foUowedby fivewashingswith conductivitywaterin a separatory
funne!. To removeamallamountsof insolubleimpuritythebrominewas
thendissotvcdin a largevolumeofconductivitywaterandreelaimedby
distillation,usingthe atiti previouslymentioned. The purificationwas

completedby distittingoncefrorn coneentratedsulfuricacidand finally
redistitiing. Uponevaporation,thé bromineleft no residueand gave
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negativetests for sulfuricacid. Sodiumthiosulfatesolutions,O.MN
and0.12iV,werepreparedfrom Baker'sc.f. analyzodchemicaLMaHin-
ckrodt's"Reagentquality"potassiumiodidewasused. Thisshowedno
traceof iodate. In orderto duplicatetitration conditions,the tempéra-
ture of the iodinesolutionsto be titrated wasconttoticdto 20 ± 2'C.,
anda mechanicalstirreroperatingat constantspeedwasused.

The photochemicalreactions were carried out in Pyrex reaction
chambersresemblinga volumetriepipet. Thesehada capacityofabout
55ce.,and were1Scm.in lecgth by 25mm. in diameter.A4 cm.x 5
mm.tube wassealedon oneend, and a 6 cm. x 11mm.tubewassealed
on the other end. The reaction chamberswerecieanedwith eutturio
actd-dichromatecleaning solution, thoroughly washed,and finally
steamed. Accuratetyweighedamountsofbromineweredispensedinsmall
sealedglassbulbs. A 200-watt,frosted,Mazdaelectriclightbulb was
usedas the light souKe. This wasmountedverticallyandrotatedme.
chanicaUyat about20R.p.M.to provideavcrageuniformilluminationina
horizontalpiane. The photochemicalreactionswerecarriedout in a
photographiedark room,with temperaturesthermostaticallycontrolled
to 25.0=b0.6"C.

PROCEMRE

The smallertube on the reaction ehamberwasfirstsealed. Thé bro-
minebulbwasthen introducedinto thechamberthroughthe largertube,
Mtowedby a solidglassplunger8 cm.longby 6 mm.in diameter. A
measuredamountofwater(15 ce.)wasthonadded. Thelargertubewas
thenheatedwellawayfromthe openendand drawnto a slendereurved
constriction. This wasthen connectcdto an aspiratorpumpforseverat
minutesandsealed,whileevacuated,at theconstrictedpoint. Byquickly
invertingthe reactionchamber thé glassplungerwasallowedto strike
andbreakthe bulb,thusUberatingthebromineintothewater. Ttiere-
action tubes were then mounted vertically,equidistantfromthe light.
source. Theamountof reactionwhichhadtakenplaceduringthevarious
timeintervalswasthenfoundby iodometricallydeterminingthe amount
ofbromineremaining. Thefollowingtechniquewasuscdtoavoidtossof
brominevapor:Afilemarkwaseut about1cm.fromthesealedendofthe
smallertube on the reactionchamber,and a calciumchloridetube was
connectedby meansofa rubbercoupling. Onegramofpotassiumiodide
in 10ce.of0.5Nhydroehtorieacidwasthenaddedinto thecalciumchlo-
ride tube. By applyingtransversepressurethe tubewasbrokenat thé
filemark,therebyforminga valvewithinthe rubbercoupling.Afterthé
iodidesolutionhadbeenintroducedinto the reactionchamber,the latter
wasvigorouslyshakentoextractallof thebrominevaporinthéfreespace.Thereactionchamberwasthen loweredinto a 500-cc.Erknmeycrflask



eaiMMmMïML KMOTMN am~ wAfsa Ot6

contaiMng200eo.of01 Nhydrochtottcaeidftndt g.of potaaatummdtdë.
By applyingSrmdownwardpressurethe cufvedconstrictedend of the
largertubewasthen brokenopenagainst the bottomof théNask. This
nowpormittedfreodrainageandthoroughnnaingofthe reactionchamber.
Theliberatediodinewaatheninunedi&teiytitratedwiththioaulfate. The
latterWMaiwaysatandatdizedimmediatelyaftercompletingtheanalyses
as foUowB:Weighedamountsof brominein the sealedgtaesbulbewere
introducedintoa 600-co.glass-stopperedErlenmeyerHaskcontainingthe
samevolumeofacidsolutionandpotaashuniodtdeasusedin théanalysis.
ThetightlystopperedCaskwasthen vigoroustyshakentobreakthe bro-
minebulbandalsoinsurecompletereactionof thebrominevaporbefore
titration.

TABLE1
Reactionbelweenbromineand<«)(<)'

CdcutatedtomoteaperUterXt0'

EXPERIMENTAL

Threeseriesof experimentswerecarriedout: seriesA,ueing0.0221M
bromineat 50cm.fromthélightsource;seriesB,using0.0221Mbromine
at 71cm.;andseriesC,using0.0469M bromineat 50cm. Thedataand
reactionvetodtyconst&nt8foundare tabulated intable 1.

N8CU68MN

Thereactionappearsto takeplaceas follows:

Br. + H,0 H+ + Br- + HBrO
HBrO+ Af H+ + Br- +

Thereactionvelocityconstantsgiven aboveweredeterminedas follows:
The initialconcentrationsof hypobrornousand hydrobromicacidswere
calculatedfromthé hydrolysisequilibriumequation(3)

[H~rKHBrO!
tBr<]
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Thenumberofmolesofbydrobromicacid formedatany stageof the réac-
tionalwaysequalatwice the motesofbrominereacted,asdetenninedio-

dontetrieaHy.8incethe hydrotysisreactionrapidlyattainsequilibrium
(3),the concentrationsof both hypobromousandhydrobromioacidecan
bec&to<t!&tedbyiaaerting{tHBrtMM.)+ {HB~~mM!intothébydroiyaia
equilibriumequation. By integratingthe curves[HBrO}/[H~{Br"J,it
wasfoundthat the reactionvetocitiescan be expressed:

-dtBr~)/d<~{HBrO!/[H+j[Br-]
Thefollowingmechanismappearslogical:

HBrO+A.Br~+OH-

therefore,

-d[Br+']/d< = 7&[HBrO]

TheBr+'reactssimuttaneousty,

Br+' + OH- H+ + Br- + }0, (a)

and

Br+' + Br- Br, + E (b)

Fromreactiona,

-dtBr~]/d< = f{Br+1[OH-)

Withinthe rangestudied, the bromineconcentrationsremainpractically
constant,owingto the reversaiof thehydrolysisreMtionwithincreasing
hydrobromicacidconcentrations,thereforewemayassume

-d[Br-d< = ~fBr+'UBr-)

for reactionb. ThemolefractionsofBr+' takingpart in thecompeting
reactionsa and b are thus directlyproportionalto A'{OH')and &"{Br''],
respectively.Therate equationmaythen be written

-dtBr,]/d< = ~[HBrO][OH-}/tBr-}

to explainthe observeddecreaseinreactionrate withrespectto the in-

creasingconcentrationsof hydrobromicacid.

NMMABY

1. The photochemicalreactionbetweenbromineand waterbas been
studied.

2. Thereactionvelocityequationwasfound,anda reactionmechanism
shownto be in logicalagreementwithit bas beendiscussed.
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THE DIELECTRICCONSTANTSOP SOLUTIONSOF 80ME
ORGANICACID8 IN ETHYL ALCOHOLANDBENZENE*
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Therearefactorsinnuencmgthéproductionofmobileionsotherthanthé
partialdissipationoftheforcesof interionicattractioninthesolutethrough
the orientationof the polarmoleculesof thé solvent. Thedielectriccon-
stant,however,measuredat the properfrequency,isameasureofthis fac-
tor ofthe ionizingpowerofa solventthat is dueto the dissipationof in-
terionicforcesby the moleculesof the solvent,throughtheirorientation.
In anytheoryproposingto establisha petatioaahtpthat quantitatively
describesthe behaviorof ionicsolutes,thé dielectricconstantcannotbe
neglected,In modemtheoriesit is assumedthat the die1ectricconstant
of thesolventremainsunchangedin the presenceof the intenseelectrical
fieldsurroundingeaohionof the solute. It is doubtfulthat thisaœump-
tionis juetified. It mightbe wcUto considerbrie8ythe effectofetMng
electricfieldsonthe dielectricconstantofa polarsolvent.

Debyebasderivedan expressionthat indtcatesthat the meanmoment
ofa polarmoleculetends to reacha saturationvalueas thefieldintensity
iaincreased(6). If the dietectricconstantofa Uquidisto beconsidered,it
willmakea differencewhetherwehavepresenta mnaUelectricalfieldora
moreintenseone. If wemeasurethe dielectricconstantofa liquidin the
presenceof a strong, constant, superimposedfield,we shouldexpecta
decreasein the dielectricconstant,inaarnuchas the strong,euperhnposed
field,in itse!f,willhavebrought the meanelectricmomentof the liquid
moleculesnearerthe electricalsaturationvalue.

Usuattyweare not concernedwithelectricalsaturationeffectsbecause
of themall fieldintensities. In the presenceof ions,however,the elec-
trioatsaturationeneotsare of importance. In the caseof wateras the
solventcontaininga numberof ionswebavethé equation

B = e/~<

ThiaMtteteiapartofa thenBmbmittedto theG~duateSehootof Indhoa
UniversitybyRobertC. Gorein partialMNttmentof therequirementeforthe
degreeofDoctorofPhMosophy,June,1M3.
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whoreB i9 théfieldintensity, e is the ioniccharge,r ia théionicradius,
and e is thé dielectricconstant. If wetake<- 10- cm.,e =. 80,and e
= 4.77X 10-Mweget

“. 4.77XtO-

~"MXK~r"

or 177,000voltspercentimeter,whichisa greatonoughfieldintensityto
causeappreciablesaturation effect.

If thesolutioncontainsa numberof ions,therewillbea regionaround
eachioncontainingelectricallysaturatedwater. If nowa smaUfieldia
superimposedin order to measurethe dielectricconstantof the solution,
therewillbe, aroundthe ions,régionsofwatermolecu!eswhichcannotbe
orientedbecauseof electrical saturation. Consequently,we may think
of thesolutionas containingcavitiesof dielectricallyinactivematerial.
Theradiiof thèsecavities willdependuponthe extentof the electrical
saturation.

Ifethylalcoholisused as the vivent, owingto its lessabilityto absorb
ordissipateenergyasevidencedbyits lowerdielectricconstant,thesatura-
tioneffecteausedby a singleionisgreater. In thiscase

4.77X t0-"
'°'

Mx 10-" °' voltaper

Providedthat thereare the samenumberof ionsin the atcohoticsolution
as in the water solution,the effectof electricalsaturationwouldbe ap-
proximatelyfourtimesas great inalcoholasinwater.

An approximatepicture of what takes placearound each ion and
throughoutthe solutionbas beendrawnbyDebye. ForsmaUconcentra-
tionsof ionsin aqueoussolutions,experimentsseemto indicatethat the
apparentdielectricconstants of solutionscontainingionsdiminishwith
the increasingconcentrationande*,the apparentdielectricconstant,may
beexpressedby anequationsuchas:

e* = e (1 -yC)

whereeis the dielectricconstantofthe puresolvent,Cis theconcentration
in molesper liter,and -yis a constantdépendentuponthe ionogenandthe
soivent.

Thedecreaseoftheapparent dieiectricconstantofthesolutionfromthat
of the puresolventcan be accountedfor by the introductionof highly
chargedions,whiehelectricallysaturate thesolventandproducecavities
ofdielectricallyinactivesolventthroughoutthemainbodyof thesolution.
As thenumberof ionsincreases,however,a minimumin the apparent,or
macroscopic,dielectricconstant i8reached,and then an increaseis ob-
tained. This increasecan be thought of as due to the formationof
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etectncatdoubletsor ioniedipotesbotweentheiomaa theyincreaseincon"
centrationandthus are foreedinto eloserproximity. 8everatinvestiga-
tors bavemeasuredthe dieteetricconstantsofsolutionsofelectrolytesby
severalmethodaand baveobtainedresultswhich,in general,followthe
theoryonlyqualitatively, There aresomeexceptonsto the theoryeven
in qualitativeagreementof the experimentalresults. The theoryca!b
fora minimumin the apparentdielectricconstant. Carman(4),however,
in checkingthe resultsofBt&h(2) 6nds that ureacontinuoudyincreases
tbe apparentdielectrieconstantof an aqueoussolutionas thé concentra-
tion isincreased. Carmanbasalaostudiedtheeffectofbinarysaltssuch
as bariumchlorideand basfound that theirbehaviorismuchmorecom-
p!oxthan the theory of Debyeand Waldenwouldlead one to believe.
Otherinvestigatorsbavefoundpoints of inflectionin thecurvesof other
electrolytesdissolvedinwater.

It haabeenourpurposetodeterminetheeffectof the concentrationof
variousionogenson the apparent die!ectricconstantof aicohoticand, in
somecases,benzenesolutions. The relativelylowconductivity,as com-

paredwithwatersolutions,ofalcoholiesolutionswasexpectedto decrease
the difficultiesofmeasurementto suchan extentthat commonmethodsof
measuringthe dielectricconstantsof sotutions,withproperprecautions,
couldbeemployed.

EXPBiBtMBNTAï. M)MHOD

At presentimpedancebridge networksand résonanceor heterodyne
circuitsareusedto measurethe dielectrioconstantsof liquids. Weused
bothSystemsto obtainsomeof our measurements,but wemademostof
them withan impedaneebridge. This bridgewasan equal-arm,1000-

cycle,Vreelandoscillator-actuatednetworkconstructedfromLeedsand

Northrup'sparts accordingto the principleslaid downby Jones and
Josephs(7). TheprecautionsmentionedbyBaU(1)wereobservedalso.

Threeceitswereusedforthe measurements. TheceUusedin mostof
the measurement8wasmadeoftwo concentricplatinumcy1inders70x 12
mm.and70x 16mm.enclosedin a Pyrexbulbfittedwith sidearmsfor

fillingandsuitabletnercurycups foreteetricaicontact. Thecapacitanee
ofthisceUwasdeterminedbycalibrationwithbenzene,havinga dielectrie
constantof 2.2725,andwasfound to be 24.3887mmf. ThesecondceU
wasa silver-plated,radio,variablecondensermountedso that no solid
dietectnccameinto contactwith the solutions. The third cell wasa

alightlymodifiedcopyof Bait's (1) best ceU. Duringall measurements,
the ceitswereimmersedin a constant-temperaturebath nitedwith water
or transformeroilat 25"C.

AUreadingsof refractiveindexweremadewitha Putfrichrefractometer
and arefor the Dlineofsodium.
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The absolutealcoholwa8madefromcommercial95percentalcoholby
tbreetreatmentswithtime,whichwasactivatedbyheatingthe hydrated
Urnein anelectriofumace to just belowthé siatedagtemperature. The
aldéhydeswereremovedby leadacétateor bysodiumhydroxideandlead
dioxide. Whenthe alcoholwasreadyto be uoed,it wasBrstdistiUed
thmughafour-bulbfractionatin~columninordertoremovethemajorpor-
tionofMme. ït waathenfractionatedtwicethrougha aixteen-butbYoung
fractionatingcolumn,the Ëratand last fractionsbeingdiscarded. The
purityof the alcoholwasdeterminedthroughtheuseofSchifTareagent,
aluminumethylate,and transformeroil and by the measurementof its
dielectricconstantand refractiveindex. Variousothermethodsofpun-'
ficationweretried,but noneyieldedaspurea productas theoneused.

TheanhydrousbensenewaspreparedfromMallinckrodt'acrystaUizabie
thiophene-freebenzeneby adding20g.of phosphoruspentoxideperliter
and allowingthe mixtureto stand forseveralmonthe. The anhydrous
benzenewasdistilledfrom the phosphorespentoxideand twicefraction-
ated througha sixteen-butbYoungcolumn,onlythemiddlefractionbeing
saved. Theboifingpointswerodeterminedandcheckedsgainstthevaria-
tions of the vaporpressurewith temperatureas givenby Smithand
Menzies(8).

Thevarioussoluteswereeitherfromthe EastmanKodakCompanyor
from Dr. TheodorSchuchardtand werethe purestobtainable. Their
purity was oheckedby determinationsof their meltingpoints. Bach
solutewasdriedoverphosphoruspentoxide,overcalciumchloride,or ina
vacuum. Solidehavinga sumcienttyhighmeltingpointweredriedinan
electricovenat 110*0.for severalhours.

PBEPARATtOM OF SOLUTIONS

A 0.1molarsolutionof eachsolutewas preparedby weight. Other
concentrationswereprepared from thesesolutionsby carefuldilution.
AHsolutionswerekept in desiccatorsuntil they weremeasured,which
wa~assoonas possibleafter preparation.

RE8PMS

Theresultsofthemeasurementof thedielectricconstantsofalcoholand
benzenesolutionsofvariousorganicacidsaregivenintables1and2. The
dielectricconstantsare referredto airasunityandare probablycorrect
to the nrat decimalplace,and in someinstancesaMcorrectto thesecond
decimal. Thedielectricconstantsofsolutionsexhibitingvaluesabove30
arenot as accurateas the lowervalues,owingto errorsintroducedin as-
sumingthat theequivalentshuntcapacitanceofthecellis ita true capaci-
tance whenthe parallelresistancebecomesrelativelysmall,whiehis the



MEït&efNCCMMMNTSWOtMANÏCXCtO& ?3-

TABÏJBt1

Zh'e~ct~c<wMtatt<<<~mt~MM <~organic ec~dt<<te<~ akohol

tomtMNtTMttOfAMnuttM~MM'MtM.MmBHTM
*<!tC

e t t m )t M M )M

Beaooio. 24.47 26.34 ?.67
()r

26.78
M.CMoMbenMio. Zt.31 M'.M 60.W 78.701U.e >!?
o.CMombenMtc. 24.18 M.85 26.29 24.74 26.Z1?.? 84.70
p-CMoTobeMoto. 24.48 M.33 24.72 M.M 24.61 26.97 M.M
p-NitMbeMotc. 24.84 24.81 25.36 Z8.M 26.7228.78 89.04 66.87
e.Nitrob9ozoic. M.37 24.85 25.26 26.37 27.8829.14 42.i6 M.23
m-NitroboMoic. 24.31 24.77 28.84 29.M 82.7237.37 74.22>M6
p'AminobeMeio(impure

ateoho!). 26.39 26.43 26.84 26.8t Z6.6926.72 26.M M.?!!
m-Amlnobenaoio. 24.8t 25.37 26.32 29.18 30.6838.71 6t.76>116
o-AmioobenMio. 26.21 27.43 29.04 31.90 34.7238.91 >116
p-Hydroxybonsoio. 24.79 24.99 27.84 33.12 88.4744.48 96.M>lt6
m-Hydroxybenzoio. 23.91 26.41 26.54 26.90 2606 26.63 28.31 32.98
o.HydmxybeMotc. 24.24 26.73 24.48 24.66 24.7626.09 26.70 30.86
c-TMote. 24.36 Z4.2Z24.60 24.88 24.83 26.06 27.31 30.88
M-Totuio. 24.48 Z4.6831.32 4S.8264.2581.44 >166
p-ToMc. 24.09 Z4.3724.6 24.7926.08 24.81 26.64 29.88
Proptonic. 24.30 24.21 24.40 24.8624.66 24.66 26.N 25.28
tt.Butync. 24.20 24.39 24.28 24.08 24.4624.36 24.67 26.12
Jeobutyde. 24.30 24.34 24.40 24.6824.74 24.66 24.71 26.63
tt.Vatenc. 24.42 M.43 24.82 24.18 24.4624.36 24.79 26.61
lMva!efic. 24.38 24.34 24.26 M.86 24.3424.64 24.78 26.87
tt-CaproM. 24.27 24.48 24.84 24.44 24.4424.44 26.61 27.43
boMpMM. 24.29 24.37 24.08 24.66 24.8326.08 26.86 32.86
Acetie. 24.37 24.36 24.67 24.81 26.1024.99 26.37 M.24

TABLE 2
Dt<<ee<rtcconstants o/ solution ff Ot«b in tMMetM

«)ttOt)nt)'HOM or *<«*
ttttamoRAM.MOtta oMtttMmUttMOMtx n)«)H)toAOtc mocAMMmAcm

fmuDte

0 2.273 2.273 2.2?8
6 2.274

10 2.288 2.281 2.274
16 2.273
M 2.305 2.282 2.273
M 2.283 2.279
68.07 2.877
100 2.289

.t
casewiththé moreMgMyeonductingsolutions. Even in the extreme

cases,withveryhighdielectricconstants,the errorshouldnot begreater
than2or3 percent.
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CONCLUSIONS

Wenndthat tenof thé solutésshow,withiooreaaiagconcentrationsof
their solutions,minimain the valuesof the dMeetricconstants. These
ten solutesalsoshowminima in the valuesof the refractiveindexand
maximain the valuesfor the balancingrésistancesat thé concentrations °

exhibitingthe minimain the dietectrioconstants. Tablesof thesevalues
have not boen includedfor lackof spMe. Fourother solutionsshow a
minimainthedielectricconstantsandrefractiveindicesor résistances,but
not in an three of thesevariables.

f

Tenacidsshownominimain thedielectricconstantsof theirsolutions
withincreasingconcentration. Onesolutionofoneacidinbénigneshows
minimain thedielectricconstant, therefractiveindex,and the résistance.
Threeacidsolutionsin benzeneshowno minimawith increasingcon-
centration. Theseresultsare shownin table3.

Fromtheseresultsour only conclusionconcerningthe validityof the
)

electricalsaturationtheoryforacidsinethylalcoholandbenzenesolutions
is that, althoughthe theory mayholdqualitativelyin someinstances,it
doesnot holdquantitatively.

It isinterestingto note that themeta-substitutedbenzoicacidsolutions
donot showminimain any case. Thevaluesforthedielectricconstants

TABLE3
Dielectric<'<MM<ott<e<~MhtMetM<~organicactdt

s(
~X

~w~DtBLaClRIC COH~iCANT, aa~BA4?lY· INDBX, AND
pON~ONB

on vuus

ttftttBttMCtt fuHCTtONB tOXenOKt

o.Ch)orobent!o:c,D.E.K., R.I., R. BenMtù

p-CMorobenMtc,D.E.K., B.I., B. m-Chlorobenzoio

p.Aminobenzoie,D.E.K., R.I. p-NitrobenzoM
c-HydroxybonMKi,D.E.K., R.I., R. o-NitMbeMOte n
o-Toluio (?), D.E.K., R.L M.N:trobentoic r

p-Totuic, D.E.K., R.Ï., B. M-Am:nobenMic

Propionic, D.E.K., R.I., R. o.Aminobenzo:c

n-Butyrie, D.E.K., R.I., R. p-Hydroxybenzoio
Iaobutyrie, D.E.K., R.I., R. m-Hydroxybensoic
n-Valorie, D.E.K., R. R. m-Totuic B

leovatenc, D.E.K., R.I., R. M

tt-Caproic, D.E.K. (?)

IsootpMio, D.E.K., R.I.

Acetie, D.E.K., R.I., R.
-––––––––––––––––––––––––––––––––––––––––––– d

Benlene eotutioM Benzèneaotut!oM t

iMMproio, D.E.K., R.I., R. m-Nitrobenzoio

M-Totttio

Benzolo
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ofsolutionsof meta-substitutedacids are greaterthan thecorrcsponding
valuesfor the ortho-and para-isomefa.

A!tof the solutionsof the aMphaticacidsshowedminima,evenisoc&-
proieaciddissolvedin benzene. The strongeracids,as determinedby
BrightandBriscoe(3), didnot showminimato any greaterextentthan
did thé weakeracids.

Theo-and M-axninobeMoicaeids showednominima,whilethé para-
iMmershoweda sUghtminimum. In thiscase,however,thesolutionsof
the paraacid woremeasuredby the heterodynemethodand,in viewof
theirconductances,theirdielectricconstantsweresubjectto error. The
changein the diolectrioconstantof thé alcohol,due to the additionof
equivalentquantitiesof the o- and w-aminobenzoicacide,was not the
sameforboth isomers,aswaafoundto be thécasein watersolutionsby
Hedestrand(6),whofaiiedto obtainan increasein thedieiectricconstant
ofwaterbythéadditionofthesethree anunobenzoicacids.

It mustbe rememberedthat the electricalsaturationtheoryisbased
uponthe existencein solutionof free ionscarryingelectricalcharges.
Thetheorybasbeendevelopedfroma physicalviewpointandisadmittedty
bighlyhypothetical. Fromourdata it is obviousthat thephysicalview-
pointis entirelyinadequatein the caseof acidsdissolvedinalcoholand
evenin benzene.

Otherfactorswhichwouldtend to changethépictureaspresentedby
the physicalviewpointwouldbe: the possibilityof the productionof
dipolesmadeup of the hydrogenions fromthe acideandthé hydroxyl
part oftheaicohol;the formationof waterandestermolecules,although
all determinationsweremadeimmediatelyafter the preparationof the
solutions(thisisnot a factorin the caseof benzenesolutionsoftheacids)¡
the productionof dipolesbetween thé C<H.OH~ion and the negative
acidradical;andthe possibuitytbat ionizationis veryslightandisoBset
bythe preponderanceofthe undissociatedmoleculeshavinglargeelectric
moments.

Inasmuchasit isdifficultto findin the literatureaccuratevaluesforthé
dietectricconstantand refractiveindexof ethylalcohol,it is of interest
to reportthe followingfiguresobtainedfromtwenty-foursamplesofalco-
hol:dielcctricconstant 24.331a.t 26''C.,andK~ = 1.3892t.
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THE PHYStCALPROPEHTIE8 0F THE TERNARYSYSTEM
ETHYLALCOHOL-GLYCEMN-WATER'

R. C. BMtST,C.H. WATKINB,ANmH. H. RUWE

CtMttea~Btt~tweWn~Lat<n'o<<)ftM,î/~Mf~o/J~«<<~t<<,L<K«'<'f(K<,KM!<<M~

NM6tMdJ'MM~ MM

INTRODUCTION

Thisanda previousinvestigation(10)wereundertakento obtaindata
to beusedm the studyof distUiationof temarymixtures. Thedensities,
surfacetensions,viscosities,refractiveindices,andapeciCcbeatefor the
ternarysystemethyl alcohol-glycerin-waterare reportedh) thia paper.
A later paper will contain latent béats, boiling points, vaporpres-
sures,and liquid-vaporcompositiondata forthe twotemarysystems.

Densities(4),specifieheats(13), refractiveindices(11),and viscosities

(19)ofthebinarysystemglycerin-waterhâvebeendeterminedpreviously
by variousexperimenters.The binary systemethyl alcohol-waterhas
beeninvestigatedby Bose(6), who determinedspecificheats,and by
Winkier(22)for density. This investigationineludesthe détermination
of densities,surfacetensions,viscosities,refractiveindices,and specifie
heatsofthe temary systemethyl alcohol-glycerin-water.

EXPJBMMNNTAL

Afo~en'ab.Gtycerinof thec.p. gradewaspurifiedby repeateddistiUa-
tionunderreducedpressure, c.p. ethyl alcoholwastreatedsuccessivety
withmetaUiccalcium,sodiumhydroxide,andfinallywithmetauicsodium,
anddistilledaftereach addition. Thewaterwastreatedwithpotassium
permanganateand distilled;then treated with bariumhydroxideand
distiUedrepeatedly. The physicalconetantaof the purifiedmaterialsare
givenin table 1.

Préparai of MMtpi'ea.The sampleswerepreparedon a weightper
centbasisinincrementsof10per cent. Thecompositionofthesesamples
isshownintaMe 2.

~pparattM. DensitiesweredeterminedbyusiagaGeiesterpycnometer.
AnOstwatd-PoiseuiUeviscosimeter(23)wasemployedfor thedétermina-
tionof viscosities.The surfacetensionwasrneasuredby meaneof the

1Preaentedbeforethe Divisionof Phyatcetand InorganioChemistryat the
Mid-WeatRegionalMeetingoftheAmericanChenueatSociety,OetobefSltoNovem-
ber2.1M6.



628 K.C. ~BNSt, < K. WXTKtMS; AN~ H;B
1 11. "n". 1Il 'n,

nso in a capiltarytube (21). An Abbérefractomcterwas used in

obtainingrefractiveindices. Specifieheata (17)weredeterminedby in-

troducinga moasuredquantityofelectricityinto the liquidandrecording
the temperaturerise. A portablewatt-secondmeter (SMgamoElectîio

Co.) and a therntometerwith0.1"graduationsworeusedto determine
thèse values. A carbonrésisterwu usedaa a heatingelement. This

apparatus wasinolosedin a silver-platedg!as8tube surroundedby an
evaouatedjacket.

N8CU8MON

Theresuttsoftheexperimentatworkareshownintable3. Fromthedata

obtained,bothbinoidalandtriangulardiagramshavebeendrawnforeach

physicalproperty. Thebinoidalcurvesareplottedwiththe composition
of the sampleon the absciMaversusthe particularpropertyunder con-
siderationas the ordinate. Theconstantpropertylinesonthe triangular
diagramswerepreparedfromthe binoidalcurves.

RelativeotMMt<ï/.Figure1iaa binoidalgraphof the relativedensities

against composttion. The line representingthe densitiesof the ethyl
alcohol-watersystemcurvesupward,indicatinga decreasein volumeupon
mixing. Thesevalues agreewiththoseof Winkler(22). The densities
of the ethylalcohol-glycerinsystemUebetweenthe valuesfor alcohol
and glycerin,but likewiseshowa docreasein volumeuponmixing. The

water-glycerincurveslopesdownward,denotingaslightincreaseinvolume
whenmixed,agreeingwithBosartandSnoddy(4).

The constantper centglycerincurvesandthe constantper cent ethyl
alcoholcurvesshowacurvaturesimilarto theethylalcohol-waterand the

TABLE1

P&~M~ eMM<ott<<t~ purified mo<e~o<e

MTeNtt. OtttMTt YtKMttT ?SSS? 'SSS" ~<BMTT1NBI01t INUi7t

Ethytat. 0.786l* t.tO* 23O* 1.M96* O.MO*
eohot O.M506(14)t t.Mt?) 22.03(:) l.MMt(2) C.M(t6)

O.MSM(22)

Ctyoerin 1.2680' 9M* 62.6* t.4729* 0.666*
t.?80(4) 946(t9) 03.0(8) 1.4730(U)C.Mt(t3)
t.~SO~M 0.689(t3)

Water 0.9MW 0.893 V2.0 1.8332* 1.00
0.99707(20) 0.884(12) 73.0 (t6) 1.3326(16)
0.99707(7) 0.883(t8) 1.3333(t0)

Author'e experimental vatues.

t The numbeMin parenthesee refer to the bibliography.
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glycerin-watercurvea,respectivety. The ehamctensticcurvatureof thé
tinesonthe triangulardiagram(Sgure2) ia tobcexpectedbecauseof the
changein volumewhenthe différentcoauponeata<tMmixed.

TABLEIl

C<wpo<~enoftheMmp!M

OAMM.B"y"*TW"<M)t.– ..t.mt, WBtoaTWBMaTMttWMftttt
nuraHCRrrr caarmsrL WktmliïNUIÉlisapRRCaNrvaNrsruryrRRCnNs~X :S~J'?~ ~& ~~T~?j"-i~

1 tOO M M )t0 40
3 100 ? 40 10 M
8 100 M ? M 60
4 10 90 ? M M M
6 M M 38 10 M M
6 ? 70 89 70 20 M
7 40 60 40 M M 20
8 ? M 41 M 20 30
9 60 40 42 40 20 40
10 70 80 43 30 20 60
11 80 20 44 M 20 60
M M M M 10 ? M
t3 M 10 46 ou ? M
14 80 20 47 60 30 20
t6 70 30 48 40 30 30
M 60 40 49 30 ? 40
t7 M 60 60 20 30 M
18 40 M 61 t0 ? M
19 ? M 62 M 40 10
20 20 80 63 40 40 20
2t M M M ? 40 ?
22 10 SO 66 20 40 40
23 20 80 69 10 40 60
24 ? ? 67 40 ? 10
2S 40 60 68 ? 60 20
26 60 60 59 20 60 30
27 60 40 60 M 60 40
? ? 30 61 30 60 10
29 80 20 62 20 60 20
M 90 M M M M M
si ? M tO M M M 10
? M 10 20 65 10 M 20
? M 10 M 66 10 M M

Surfacetension. Thecurve (figure3) representingthebinarysystem
ethylalcohol-glycerinis smoothbut rtsesabruptlyfromthe80 percent
glycerincomposition.The constant percentwater tineshavethe same
charMterMttccurvature.

Thé surfacetensionsof the water-glycerinmixturesarebetweenthe
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fANM!3s
P~MtpfejMrh'M

Mm-UKOMMaMtttM-tXMMOBtr~X~S ~SSS** "MtncBMt

1 0.7861 1.10 22.0 1.3690 0.63?
2 1.26Z7 934.0 ?.6 1.4729 0.6M
8 l.OCOO 0.893 72.0 1.33M 1.000
4 0.9833 1.33 46.6 1.3899 l.OM
6 0.9692 t.M 37.7'1 t.MM l.MO
0 0.9636 2.13 ?.3 1.3610 0.9M

7 0.9M2 2.M SC.O l.SBS! 0.964 <

8 0.9t25 2.38 28.3 1.86Kr 0.916 j

9 0.886'S 2.M 20.9 1.8610 0.869

10 0.8660 Z.M 26.1 1.86M 0.7M
11 O.M15 l-M 26.2 1.3630 0.700
12 0.8160 1.41 24.4 1.36M 0.618
13 1.2366 H6.6 64.6 1.3472 0.679
14 1.2089 668 66.7 1.44M O.MO

16 1.1819 18.6 66.6 1.4281 0.666
16 1.1646 9.38 66.9 1.4146 0.716
17 1.1272 6.34 67.4 1.3992 0.770

18 1.100S 3.18 67.9 1.88M 0.810
19 1.0M8 2.14 68.6 1.8M8 0.870
20 1.04M 1.64 69.6 l.SNB 0.93C g
M 1.0237 1.09 70.6 1.3461 0.987
22 0.8199 1.N 22.9 1.3701 0.660 g
23 0.8666 2.23 23.9 1.37M) 0.660
M 0.8947 3.49 24.2 1.3898 0.549
M 0.9368 6.83 26.4 1.4006 0.648
M 0.9806 10.4 26.1 1.4109 0.680
M 1.0288 20.6 27.7 1.4226 0.649 ]
28 1.0787 45.3 29.6 1.43M 0.649 ]
29 1.1366 103.3 ?.7 1.4470 0.661 ]
30 1.1932 264.0 38.9 1.4.N7 0.66S ·
31 1.1724 M.6 40.4 1.4462 0.681
32 1.1484 26.2 ?.9 1.4321 0.622
33 1.1212 14.1 40.4 1.4193 0.676
34 1.1004 7.42 41.3 1.4063 0.741
36 1.0776 4.76 42.7 1.3817 0.790
86 1.0514 3.13 44.0 1.3M9 0.866
N 1.0270 2.22 46.4 1.3639 0.921
38 1.0026 1.99 46.4 1.3611 0.966
39 1.1166 41.1 ?.7 1.4M3 0.688
40 1.0988 16.9 33.6 1.4220 0.636
41 1.0763 9.29 M.6 1.4096 0.681
42 1.0626 6.91 34.9 1.8961 0.736
43 1.0318 4M ?.1 1.3<B7 0.810
44 1.0101 2.92 36.9 1.8M6 0.886
46 0.9882 2.20 37.0 1.3N3 0.963
46 1.0618 19.60 30.4 1.4236 0.691
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_TABÏ<Ë3-C'MMt<
atWU.Nm.Btt.MMM VMCOMtt~~g! '"?~ M'MncHMT

47 1.0460 M.80 w.i i.4iia o.e44
? 1.0373 683 M.: l.ttMO 0.690
? l.MM 4.W 9t.6 .?~1 0.?M
M 0.9S88 8.47 82.0 .37<t9 0.891
H OM90 2.69 82.8 .3681 O.BM
M 1.M49 t3.~ M.8 .4120 0.6M
M 0.9984 7.04 M.9 .4006 0.642
M 0.9821 4.73 ?.9 .S900 0.702
M 0.96M 3.67 29.6 0.776
M 0.9486 2.84 ?.9 .96M 0.800

0.9670 6.63 27.2 .4011 0.691
? 0.9663 4.59 ?.0 .?? 0.648
M 0.9480 S.62 27.5 .38M 0.7M
00 0.9272 2.78 28.8 .8700 0.809
M 0.9282 4.26 26.3 .3911 0.682
? 0.9143 3.26 26.3 .3817 0.660
63 0.9016 2.60 ?.0 .97t7 0.741
M 0.8889 2.88 24.6 .3812 0.610
? 0.8796 2.36 ?.6 .8721 0~7
? 0.86061 2.00 24.6 1.3MO1 0.616
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valuesfor thépure componenta~they lie ona smoothcurvebut not in a

straighUine.
In figure4 the Uneropresentingcompositionshavinga surfacetension

of34.0iaa straight line. Thelineson either8tdeareconvexwithrespect
to thisconstantptoperty lino.

Refractive~~f. The refractiveindicesareehowngraphicaUyin figure
5 and figure?. The valuesof the alcohol-watermixtureslieona smooth
curvereachingamaximumat 80percentalcohol. Théconstantpercent

glycerinlinesshowsimilarmaximumpoints.
Theglycerin-watervaluescurvesHghttybutare intermediatebetween

the refractiveindices of the pure components.The constantper cent
wateruneshave thé samecurvatureas the glycerin-alcoholcurve. Thé
constantpropertylinesin figure0showasimilarcurvaturethroughout.

VMCOM~.Becauseof thehighviscosityofglycerin,namely946centi-

poises(19),whencomparedto that ofalcoholandwater,the curvesshow-

ingviscositiesinciudeonlythosesampleswhoeeglycerinpercentagesare
below40percent. In figure7 the alcohol-watermixtttreshavemaximum

viscosityat 50 per cent alcohol. The constantpercentglycerincurves
showsimilarmaximumpoints. Thesemaximaexptainthe shapoof the
linesin figure8.

<Spec~cheat. Figure9 showsthe specifieheat of the systemplotted
against composition. The specifieheat of the water-alcoholSystem
reachesa maximumat 80 per centwateranddropsonasmoothcurveto

purealcohol. The glycerin-alcohollineisalmoststraight. Theconstant

percent glycerinlinesshowsimilarcurvature,but approachstraightlines
at 60per centglycerin.

TheBlopesof the linesonthe ternarydiagram(figure10)areexplained
by the constantper centglycerinlinesreachinga maximum.

CONCLUSION

Densities,surface tensions,viscosities,refractiveindices,and specifie
heats for the temary systcmglycerin-ethylalcohol-waterhâve beende-
termined. Bothbinoidalcurvesandtemarydiagramshavebeenprepared
foreachpropertyand are ineludedin thispaper.
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MIXED CRYSTALFORMATIONOF ZINC8ULFIDEP08TPRE.

CIPITATEDWITH MERCURICSULFIDE. THE AGtNGOF
MERCURICSULFIDEAND OF ZINCSULFIDE

R. MOLTZAU'*t)DI. M.KOLTHOFF

Set<M<<~CA<Mt<<~t/~tw~y <~~<me<o<o,Mtn!teapc<«,~ot)Me(<t

NM<<<~Oe«Aef/7,MM

ïn anextensivestudyregarding<tepostprecipitationofzincsu!ndewith
mercuric6u!Sd8to bereportedin this journal,it wasfoundthat the zinc
sulfidecouldnot be completelyremovedfromthe mixedprecipitateby
extractionwith3 JVhydroch!onoacidet roomtemperature. Thissug-
gesteda possiblemixedcrystalformationofzinc autndewithmercuric

sulfide. Sucha viewwassupportedby an x-rayinvestigationdescribed
in thispaper.

X-raydiagramswere made by the powdermethod,usinga Siogbahn
(16)metatx-raytube with a coppertargetaathe sourceof the x-rays.
The finelydividedmateriab investigatedwerecoatedon a copperwire

0.6mm.m diameterby meansofcollodion.Thepattern thusobtained

fromthecopperwireprovideda meansofcaubr&tingthephotographiefilm.

The latticeconstant(a) ofcopperwastakentobe3.61A.U.(6),andupon
thisvaluearebasedthe correctionsappliedtoobservedvaluesoftheangles
of reflection. In calculatingJatticeconstants,only lines due to the

K. radiationsof copperwereconsidered.

MERCOMC aULKM

Mellor(13)listefourdigèrentfonnsinwhichmercuricsulfidemayexist.

Threeof theseare cryBta!!ine,whileblackamorphousmercuriosulfideis

givenas thefourth. Ofthé threecryatauineformsreported,théexistence

of two,namely«-HgSor ordinaryredcinnabarand<HgS or blackmeta-

cinnabar,is unquestioned;thesetwo formshavebeenknownfora long
time to oxistin nature. The third crystatunoformlistedby Melloris

thé supposednew form reportedby Allenand Crenshaw(1),whichis

notfoundinnatureand whichisa redhexagonalformdifferingfromcinna-

bar. Allenand Crenshawbasedtheir reportof the existenceofthisnew

modificationon evidence gainedby microscopieexamination.Kolk-

1Thisarticleiabasedupona theaieaubmittedbyR. MottMUtotheGraduate
Sehoo!oftheUn~etaityofMinnesotain partialMNtmentof therequirements
forthédegreeofDoctorofPhilosophy,June,1936.
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meijer,Bi~voet,and Karssen(9),emptoyingthé powdermethodofx-ray
mvestigation,found noneof the modificationsdescribedby Allenand
Crenshawto contain crystalsdifferentfromthe ordinaryblackand red
forma.

Cinnabaris thé mostcommonlyoccurringnaturalform,and waacon-
sideredbyAllenand Crenshaw(1)to bethemoststablemodificationat ati
températuresup to the sublimationtemperature(680"C.). Rinse(14),
however,found that vaporpressuredata indicatedthé existenceof a
transitionpointat about386"C.,abovewhichtheblackformwasthostaMo
modification.The changein colorfromredto black,whichtakesplace
whencinnabaris heatedundercertainconditions,basbeenobservedand
reportedbyother investigators(1,16).

Thestructure of red trigonalcinnabarbas beendeterminedby Mau.
guin(12)usingthe Braggmethodofx.rayanalysis,by whichthe dimen-
sionsofthé unit cellwerefoundto be: a = & 4.15A.U.,c = 9.51A.U.
It wasfoundthat witha stightdeviation,theparticleswerearrangedona
rhombohedrallattice. The work was later connrmedby Kotkmeijer
andcoworkers(9), usingtheDebye-Scherrermethodof x-rayanatysis.

Thestructure and propertiesofnaturaland artificialblackmetacinna-
baritebave been investigatedby variousworhers(7, 9, 10). Thereis
entireagreementthat the bJaokformUBuaUyprecipitatedfromacidsolu-
tion is identicalin structurewith that ofnaturallyoccurringmotacinna-
barite,the atoms ofmercuryandsulfurbeingarrangedona face-centered
cubiclatticeofthe zincblendetype. Theedgeoftheunit cellis tistedby
Wyckofî(18) as 6.84A.U. In agreementwith this value the authors
tikewisedeterminedthe latticeconstantto be5.84A.U.

Mercuricsulfide freshlyprecipitatedfromacidmediumexistaas very
imperfectsubmicroscopiccrystais. WhiteBôhmand Nic!asson(3) re-
port that mercuric sulfideprecipitatedat 0"C.gaveat oncea sharpin.
terferencepattern, it wasfoundin thisworkthat undertheconditionsof
radiographyemployedonlya fewdiffuseinterferencemaximawereob-
tained. The period of agingnecessarybeforethe precipitateachievesa
conditionmakingpossibleaclearpattemwas,however,foundto berather
short. Mercuricsulfideprecipitatedfroma mediumwhichwas quite
stronglyacid (2 N sutfuricacid)and agedin the supematantliquidfor
threedayaat room temperatureyieldeda woU-deBneddiffractionpattern
characteristicof the cubicmetacinnabarform.

In general,black cubicmercuricsulfideundergoesuponaginga trans-
formationto the redcinnabarform. Theobservationbaspreviouslybeen
madethat the red modificationisreadilyformedbydigestionoftheblack
gel with solublealkali sulfides. Accordingto Weiser(17) this process
consistsin the solutionoftheblackform,withsubséquentprecipitationof
the tesssolublered form,althoughno experimentalproofbasbeengiven
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that sucha meohaniwmis thé actuatease. It waefoundinthisworkthat
atkaMnityis not a necessaryconditionfor the formationof the red form,
but that transformationoccursuponagingin the supernatantliquidat
roomtemperatureseven M quitestronglyacidmédium. However,the
speedoftransformationdecreaseswithiaereasingacidity. MthemeMuric
sulfideis precipitatedfrorna neutralsotutionof thé perchlorateand al-
towedto âgein the resuttingsupernatantliquidsaturatedwithhydrogen
sulfide,transformationto thé trigonalformasindicatedbythecolorchange
of the preoipitateis apparentwithina fowhoursand is apparentlycom-
pletewithina dayor two, whereasinmorestronglyacidsolution(2 to 3
N sutturicacid)a weekor so willelapsebeforethe changebecomescon-

vincinglyapparent. Proofof the transformationand of thé Meatityof
the crystalformainvolvedwaaobtainedby x-raymethods,aa wellaa by
viBuaiobservationof the colorchangestaking place. Transformation
in casethé precipitateis suspendedinpurewateror indiluteammonium

hydroxidewasnotdetected. Fromthe observationsmade,it isapparent
that conversionfromthe cuMeto thehexagonalformis bastenedby low

hydrogen-ionconcentration,high concentrationof hydrogensulfide(or
sulfideion),andbyhighertemperaturesof thesupematantliquidinwhich

agingtakesplace. Thepresenceofcertainsubstances,suehaspotassium
iodideandsodiumacetate,wasfoundto retardthe transformation,asdid
tikewisethe presenceofpostprecipitatedzincsulfide. In the lightof thé
provenoccurrenceof mixed crystal formationexhibitedby mercurio
sulfideand postprecipitatedzincsuinde,the fact that the latter iaMbits
the transformationof the formerisconstruedas indicativeof a stabitiza-
tion of the metacinnabarformby virtueof the presenceof inné8nt6de
in the lattice.

Z!NCSUM'!DE

Twodilfferentcrystalmodificationsof zincsulfideareknownto exist in
nature. The regularform, or zincblende,is by far the moreabundant
andis théstable format ordinarytemperatures,passingto thehexagonal
orwurtzitefonnatorabovetheconversionpointof1020*'C.(1). Wyckoif
givesthe lattice constant of thé zincblendeformaa 5.43A.U. Values

reportedin the hteratureshowa considerabledéviationfromthis figure,
rangingfrom5.385(4,5) to 6.437(10). In ourworkan agedprecipitate
ofzincsulfideyieldeda value of6.40A.U.

Bôhmand Niclassen(3) report that zincsulfideprecipitatedat 0"C.
fromsolutionsof zincsulfatewasamorphous,butthat afterbeingdigested
on a waterbath forseveraidays,an x-radiogramof the produetshowed

sharpInterferencemaxima,indicatingthat orystallizationhadtakenplace.
Likewise,in theworkreportedhère,the diffractionpatternobtainedfrom
a productfreshlyprecipitatedat roomtemperaturefroma O.Hf solution
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ofzincaulfat~Maninitialacidityof0.1WaulfurioacidwMbaMtyvMMe,
whilethat obtained employinga productprecipitatedunderhke eon-
ditions,but aged at roomtemperatureforonemonth in thé supernatant
liquidsaturated withhydrogensulSde,wassharplydeaned. A marked
changeinsolubilityaecompaayingagingwasatsoobserved- ïn N aul-
furioacidsaturatedwithhydrogensulfide,thesolubilityof thefreshprod-
uet wasin the neighborhoodof0.036M, in contrast to 0.006M for the
agedproduct. Agingin the dry conditionapparentlydoesnot affeot
the crystaiUnenature of précipitâtesof either zincsulfideor mercuric
sulfide. After existingin a dry conditionat roomtemperaturefor ono
year,précipitâteswhichhadbeenseparatedfromthe motherliquorshortly
afterprecipitationdidnotyieldanydefinitediffractionpattern.

It isgenerallyacceptedthatonlythemorestableblendeformisprecipi-
tated fromaUtatmesolution(1, 17). However,somequestionarisesas
to thé identity of the crystalformassumedby zincsulfideprecipitated
fromacidsolutionby theactionofhydrogensuinde. LeviandFontana
(11)foundonly theblendeformto havebeenprecipitatedfromsolutions
of the sulfateand acetate. AUen,Crenshaw,and Merwin(1) foundby
microscopieexaminationof crystalsfonnedm seaM tubesh thé pres-
enceof thesupernatantliquidat temperatutesbetween200"and400"C.
that,whileonly crystalsoftheblendestructurewerefonnedfromalkaline
solution,fromacidsolutionboththe wurtziteand zincblendefonnswere
produced. From their investigationsconcemingthe crystaUinefonns
andgeneticconditionsofthesuiBdesofzinc,iron,cadmium,andmercury,
they drewthe généralconclusionthat the higher the temperature,the
greaterthe quantity of stableform,whilethe higherthe acidityof the
solutionfromwhichprecipitationtakesplace,the greaterthe quantityof
the unstable form. Fromthis generalizationthey were led to predict
that the acid concentrationrequiredto givepure wurtzitowasprobably
closeto neutralityat ordinarytempératures.&tourworkan x-radiogram
oftheagedproduetpreviouslydescribedyieldedno indicationoftheprés-
enceofanybut thezincblendeform. Thepossibilityof a minorpercent-
ageof the wurtzite formbeingpresentis not, however,excludedon the
basisofthisevidence.

Employingthe values6.84A.U.and 5.40A.U.as therespectivelattice
constantsofmetaeinnabarandzincblende,thedifférenceiafoundtobe7.8
percentof the averagevalue. Onthe basisof the workof Havighurst,
Mack,andBlake (8)and of Barthand Lunde(2) regardingthe limita-
tionsofmiscibilityinsystemsofthealkalihalidesand thehalidesofmono-
valentcopper,silver,and thallium,respectively,weshouldexpectthat at
leasta limitedmixedcrystalformationof thesuIBdesofmercuryandzinc
is possible.The possibilityis furtherstrengthenedby the factthat there
is a mineral,bearingthe nameof guadalcazarite(Hg,Zn) (8, Se)and
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contai!t!n8 aboMtlOmote per cent i~oeutade, wMehtMMordtngto &rtw!g

(7) hMa lattice conetant of &.781 0.006A.U.

TABLEl1
<S()«<y<~tt pMc<p«o<e<~mercuric<M<~Meeen~f~t~ pM<pr<Oy«e<«fj~tMtt<j~M<

(Ht-Zn)Smountedona oopperwireforMpoeure.Copperradiation;80kv. 10ma.
4 houtwexpoewM,Diameterof apecimen(S) 0.7 mm.DiMneterof caméra

67.3nKB.

Re9ecttonappearedonlyononesideotthefilm.

A preoipitateof mercuricsulfidecontainingpostprecipitatedzincsut-
fidewaapreparedbya&turatiNgasolutionwhichwas0.021Mwithrespect
to <inosulfateandmercuricchloride,respectively,at an acidityof 2 N
eutfurioacidwithhydtogensulfideand allowingthe mixtureto stand for
onemonth. It haabeen shown*that in thioprecipitationthé mercuric

~w~ww*

MTMLMtB(M-S)tt'f.MO*MC. MMXNttO.mMt!VBU!)B M MTeOMX-“ ''M <jMUmmno.
ttWtttMTt (BBe~OM)0<tUt))t<""M'Mme non

1 vw* 24.4 23.9 0.04287 J~ 111
2 e 27.0 26.6 0.06263 Kq ni

3 vw 28.8 28.3 O.MM6? Y ?
4 m 31.3 80.9 O.OKM? K. 200
6 m 48.? 43.3 JK'. ïti(Cu)
6 e 44.7 44.3 O.t42t6 X. 220
7 vw 47.7 47.3 0.16092 sil
8 m 60.9 60.6 <r. 200(Cu)
9 )M 62.7 62.8 0.19624 K. 3U

M vw ?8 64.9 0.2t2M A~ Ma
11 vw 66.8 66.3 0.2SSS8 Y ?
12 vw 66.t 64.9 0.28317 K. 400
M vw 66.4 66.9 K~ 220(Cu)
M mw 71.2 70.8 0.33667 Ka ?1
M vw* 73.2 72.8 0.85215 X. 420

M s 14.6 74.2 K. 220 (Cu)
17 vW 799 79.2 K'< 3tl(Cu)
M w 81.77 81.8 0.4M3y X. 422

19 w 87.7 87.3 0.4f646
K.~ Mi

20 ma 90.4 90.0 K. 811(Cu)
21 m 96.4 96.2 K. 222(Cu)
22 vw 97.8 97.2 0.66267 K. 620

? mw 108.7 103.7 O.M842 X. Ml
24 mw 114.1 114.1 O.M417 K. ?0
2s mw 117.0 117.0 K. 400 (Cu)
2o vw H9.1 119.2 420(Cu)
27 s (bt-cad) 137.0 136.6 K. 331 (Cu)
? a(b)-oad) 146.2 1448 K. 420 (Cu)

sin't =' 0.017656(A'+ t* + <'). e 6.79A.U.

Tt-0~t~~ ~~t. ~–t– ~–––- -:J- -t tt~~0~



~2 ? M&M' ~t~ t. M~NN~BO~F

suKide&Srat precipitatedin a pureform,zinosaMdeenteringthe pre-
cipitateupon furtherstanding. At theendofonemonth,thepreapitate
wasfilteredoff, washedwith waterand alcoholin the order named,and
dried over concentratedsutîurioacidat reducedpressure. The compo-
sitionof thé precipttatewas determmedto be39moleper cent~nc sul-
8doand61 moleper centmercuriosulfide. ThespeotmeNhad the usual
blackcolorofmetaoimt&bar.ThédMfacthmpatternobtainedemploying
this produetis representedby thedata In table1. Apreoipitateconsist-
ingof48and 52molepercent re8pectivelyofpostprecipitatedzhMsulfide
and mercurio sulfideprecipitatedfrom an equimolarsolutionof zinc
sulfateand mercuricohlorideat anacidityof0.6N sulfuricacidandaged
for threedays in thésupernatantliquid,yielded&vahtefor the lattice
constant identioal withinexpérimenta!errorwith that determinedem-
ployingthe ntst describedprecipitate. Thednfractionpattern, however,
wasnot as sharplyde6nedin the caseof thesecondprecipitateas in the
caseofthe former.

Referringto the table,ronéotionsNo. 3 and No. 11presentdiSicuMea
in thoirinterpretation, LittéNo.3 assumesa valueof whiphh too
large to allow its identificationas thé roSeotionfrom (200)planes.
Moreoverwith K. asweakas 4 and 12,onewouldnot expectthe corre-
sponding reflectionsto be detectable. Renectionsfrom pure zinc
sulfidepossessingapproximatelythesevalues(No.3 and No. 11)for 2C
arestrong. Considerationof thé total amountofzincsulfideprésent,the
fact that aging in thesenséof inereaslngcrystaHineperfectionmayhave
beengreatly retardedby the presenceof mercuricsulfide,and nnaUythe
fact that many ofthe strongerreflectionsfromzincsulfidefa inpositions
verycloseto those oecupiedby linesdue to the bulkof the preoipitate,
suggestsan explanationasto whynodefiniteevidenceof asecondphasecon-
sistingeitherof purezincsulfideorpossiblyof a verydilutesolidsolution
of mercuricsulfideinzincsulfideleto befoundInthediffractionpattem.

Thedecreasein latticeconstantfrom6.84A.U.to 6.79A.U.isa strong
indicationthat mixedcrystal formationoccurs. By applicationof the
formulationby Havighurst,Mack,and Blake(8) for the gênerairuleof
additivity regardingtherelationbetweencompositionand changein lat-
tice constantas applicableto mixedcrystalsofcubiohabit, it is indicated
that mixedcrystal fonnationtakesplaceto the extentof about 12mole
percent zinc sulfide.

Noindicationwasfoundm thisworkthat mixedctystatsofhexagonal
habitexist.

8UMMABY

1. Agingof the sutMesof zincandmercuryin thesupematantUquidat
roomtemperatureafterprecipitationfromacidsolutionby hydrogensul-
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Me resuite in a perfection of thectystatttnaatate, asevM~eedby htCK'aaed

ctaîtty and Nharpnessof the diffraction patterns obtained.
2. Somoofthe variables aSectutg the transformation of mercurio suMda

from the black eubto form of metactnnabar to thé red trigonal form of
cmnabar upon agmg tn thé supematant liquid have been noted.

3. Evidence bas been obtained by x-ray methods that a limited mixed

crystal formation to thé extent of about 12 mole per cent of zinc sulfide
takes place between fMsMypreoipttated black merouriosulfide and post*
precipitated ztnc sulfide.
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QUANTITATIVEANALYSES0F MESEGANGRINGS

A.T. MNCOLNANCJOHNC.HJLLYER

B<pa~mM<CAe~t~, C<a-hfwCoMt~,Wo'<~M,M<MtM<t«t

~MetK<<J<Mt«Mt<ll, MM

Aspart of a program of carefuiquantitativestudyof the Liesegang
phenomenon,wehave performedanalysesfor the ionsprésent in both
bandsandctearspacesm a copperchromatestructureinsilioicaeidgel.
Byremovingthé bandedstructurefromthe test tubeandsubjectingthe
sectionsto anatyses,we haveshownbothcopperandchromateions to be
presenttogetherin the lowersectionsofthisgelwithouttheformationofa
precipitate.

Veryfewétudiesof this typehavebeenmade. EMtierworkbyHedges
andHeatey(1)onmagaeshunhydroxidemadenoattemptto distinguish
betweenthesolubleportionandthéwidelydispenedprecipitate. Hughes
(2)bas recentlymadea verycarefuland completesurveyof the distribu-
tionof ionsin a large numberof differentsystems. Ourpresentwork
extendaandcorroborateshis recentnndings.

Bandedstructuresof copperchromatewerepreparedby a technique
previouslydescribed(8). Afterformation,thèsewereremovedfromthe
tubes,eutintosections,thesolublesaltsextraoted,andthecopper,sulfate,
and chromateionsdetermined. In att casesthe copperand sulfateions
weredistributedthroughoutthewholetube inamannercompatiblewith
diffusionfromthé top, whitethe chromateionwasexhaustedin aUthe
uppersections. However,in mosttubesbothcopperandchromateions
werefoundtogetherin the lowestc!earspace,belowwhicha bandwasjust
forming. Theconcentrationsweresuchas to causea precipitatein thé
absenceof the gel.

Sincenodenniteinformationcouldbefoundonthésolubilityproductof
thissalt, testsweremade to determinewhetherthe actualconcentrations
founddid causea precipitatein thé absenceof a gel. Solutionswere
madewhichuponmixingyieldedexacttythésameconcentrationsasfound.
Heavyprecipitatesformedin aUcases. Additionalsolutionsweremado
containingthe exactamount of freeacetioacidpresentin the gels,and
also,both the acid and the largeamountof sodiumacétateformedin
precipitatingthe silicicacid. In thèsecasesatsoa precipitateformed,
althoughsomewhatstowly.

For the preparationand analysisof the gelsweare indebtedto Mr.
JohnMain.
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ËXFEMMEMTAL

Thegels weroformedfromequalvolumesof1.06sp. gr.sodiumsilicato
Botutionand 0.66N aceticacid solutionby a techniquepreviouslyde-
scribed(3). Thegelsweremade0.1M and0.2M withrespectto potas.
siumchromate. Concentrationsof0.3 Mand0.4M coppersulfatewere

usedontop.
Afterthe eompletionofthe reactionthe bottomsof the tubeswerefiled

andcrackedoff. Thegelswerethenpushedoutwitha rod,tooseniogfirst

TABLE1
~?et««<of<yp)'CO<0!Mt<y<M

bymomentaryimmemioninhotwaterifnecessary. Thégelwastheneut
intosectionsbymeansofa fMorblade. UsuaUytwoo!e&repacesandone

ringwerean&Jyzed.

.Ana~<M<!<pfMed'Mre

ThéportionsselectedforMalysiswereptacedm weighingbottteBand

carefuUyweighed. ThésotuMesa!tswereextractedwith boiMngwater a
and fittered. Théextractionwu repeated6veor six times.

Chromateionswerenrst reducedby boilingwith dilutehydrochtonc

ftGONi(8 Vj 4(/(/it46 ~l7Wia/3G3

Mmuma wmoaT pBaoiHtfeoctttt MtMttT
NttACTteH N'AO! fMtf Of W 0~ of8RAC'I'IOB 8PAOII

M? M~M SOt– Cu" CfOt-

(M<M t)ran< pt)-Mt)<p<te<ttt pn-emt

let olear A 4 t.3t09 0.89 0.43 Noue

ftpMe { B t.49-t8 0.87 0.46 None
I.K~rOt,0.08M; A 1 1.M48 0.78 0.39 None

CuSO<,0.3M
'MM""

l B 1 t.4998 0.79 0.40 None

2nd clear A H 4.7822 0.68 O.M O.M

opace 1 B t; 3.1824 O.M O.M 0.12

lit clear A t !.<M89 0.69 0.28 Nono

epaee B t 1.M86 0.69 0.27 None

n.K,CtO<,0.2~;
,t. A 1 1.8M6 0.68 0.26 None

CuSO<,0.3M 'MMno B 1.3519 0.57

Zndcleerf A 3.8695 0.28 0.09 0.19

space B 3.4M2 0.29 0.09 0.18

let c!ear/ A 1.7517 0.83 0.89 Nono

epaee B t Ï.M85 0.83 0.39 Nono
m.K,CrO<,0.1M; ,f

A 1 1.3990 0.71 0.36 None

CuSO<,0.4~ Wt)and B

ZndeteMf A H 4.7693 O.M; 0.18 0.10

sp<tee t B H 3.8891 0.68 0.20 0.08
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~r~
MMand ethyt atcohoÏ?. ?? cxpeMngt&ë~xcëBa ~ohot,
wasprecipitatedas bariumsulfateandweighedassueh,accordingtothe
standardprocédure. The nitratefromthisprecipitationwasthen treated
with hydrogensulfideto preeipitatothecopper,whichwasredissoived,and
determinediodomotricaUy.FinaUy,chromiumvas precipitatedas the
hydroxido,taking the usual precautionsto eliminateexcesaammonia,
ignitedto the oxide,and weighed.

The resu!t8of typical analysesareshownin tablet.

PrectptMtoain theabsenceofgel
Twosolutionsweromadecontainingrespectively1.416g. and 0.756g.

of Cu80<-6HtOin 100 ml., and two solutionscontainingrespeetively
0.402g. and0.666g. of K;CtO<.Theseweretwicothe amountsfoundin
thé correspondingsectionsofthé samegels. Whenequalvolumesof the
correspondingsolutions weremixed,the finalsolutionsshouldcontain
exactlythé Mmeconcentrationsas foundin thegeL Heavyprecipitates
formedin bothcases.

The coppersulfatesolutionsof the sameconcentrationwereprepared
containing(1) 3.0 ml. of aceticacid per 100Ni!.and (2) 7.7558g. of
NaCtH,Os.3H<0and the acidas in (1). Addingthèseto thecorrespond-
ingchromatesolutionsproduceda heavyprecipitateofcopperchromate.

8CMMABY

By quantitative analysesof rhythmicallybandedcopper chromate
structuresinsilicicacidgelit basbeenshownthat, whilethe copperand
the sulfateionsare distributedthroughoutthe tube in a mannerto be
expectedfromsimplediffusion,therearepresentin the lowerctearspace
bothcopperand chromateionsinmoderateconcentration.

Copperchromatebas beenfoundto precipitatewhenthé ionsarepres-
ent in the concentrationsfoundin thèseepace~even in the presenceof
thesameamountof freeaceticacidandofsodiumacetatepresentin these
gels. It appearsthat the presenceofsiticicacidinhibitsthéprecipitation
of this compounduntil higherconcentrationsare reached,and soaids in
the formationof bandedstructures.

REFERENCES
(t) HBMBB AND HB~f~T: J. Chem. Soc. MM, ï7t4.

(2)Huorns:Biochem.J. ?, 1086(J934).
(3)LtNcoufANDHtLhYBB:J. Phye.Chom.38,907(t9M).
(4)ScotT:StandardMéthodeofChemicalAnatyM.D. VanNostrandCo.,New

York(1925).
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THE SŒLUBÏLITYAND ACTIVITYCOEFFICIENT0F 8ÏLVER
ACETATEIN MIXEDSOLVENT'

F. H.MAcDOUGALLANCCHARLESEDWARDBARTSCK

.ScM</C<<)M~(~,6~<w~ <~~<m<Me<«,~wMepe~,~<Mt!«o<<t

Be«<M<<~<MtMt~JM,MW

!NTROBUCnON
Theexpérimentâtworkdescribedin thispaperwasundertakenin order

to fumishan additional test of the applicabifityof the theoryof Debye
and HHeket(2)to strongelectrolytesdissolvedinmixedsolvents. With
this purposeinmind, wemeasuredthesolubilityofsilveracetatein vari-
ouemixturesofwater andethylalcoholin thepresenceofvariousamounts
of a solublenitrate. The nitratesusedwerethoseof lithium,sodium,
potassium,calcium,strontium,andbarium.

The sotuMHtyof sUveracetateinwaterat 26"C.basbeendetermined

by a numberof inveetigators. Wegiveherewiththe résultaobtainedin
motesper liter: Haupenstrauch(10),0.0671;Goldschmidt(3), 0.0669
Jaques (5), 0.0663;HiUahd Simmona(4), 0.0667;Knoxand Will (6),
0.0667;MacDougau(7), 0.0664;MacDougaUand Rehner (8), 0.0663.
Thévalueobtainedin thépresentresearchwas0.06634.

MATEBtAM UBZC

The silveracetate, obtainedfromMaUinckrodt,was 64.62per cent
silver(theoretical,64.64percent)andwasusedwithoutfurtherpurifica-
tion. It waskept in black tacqueredbottlesand stored in the dark.
The nitrate sattswere recrystatMzedfrom"conductivity"waterand dried
at 160"C. Théwater was"conductivity"water,preparedby distiUation
of distilledwaterin a tin-linedvesselin thepresenceofsodiumhydroxide
andpotassiumpermanganate. Theethylalcoholusedwasapproximately
95per centby volumeandwastestedaccordingto Murray(9). It was
foundto be free from acetone,aldehyde,otherorganicimpurities,and

heavymetals. It wasusedwithoutfurtherpunRcation.

EXPERIMENTAL PROCEDURE

The mixedsolventwaspreparedbymixingweighedamountsof95per
cent alcoholand conductivitywater,but thé exactalcoholiecontentof

ThispapergivesthoeMentia)portionsofthédtMertationpresentedbyCharles
E.BartsohtotheGraduateFacultyoftheUniversityofMinneaotainpartialM6H-
mentoftherequirementsforthédegreeofDoctorofFhi)oMphy,June,!<?.
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thé
i~ïtw waaoatcu~teS f~mitts denstty. Mixturesoontainmgap*

proximately10, 20,and 30per cent by weightof alcoholwereusedas
solvents.

Weighedamountsof thé solventand of the nitrate salt werobrought
togetherin a gtass-stopperedHask. Whenthe nitratehaddissolved,equal
portionsof thé solutionweretransferredto twoamber~otoredgtass-stop-
peredbottles containingan excessof sUveracetate. The bottleswere
seatedimmediatelywithaheavylayerofparamn. Theyworethenrotated
end over end in a waterbath at 26.00±0.05"C.for at loést fôity-eight
hours. For the purposeofsampling,the bottleswereremovedfromthe
rotatorand elampeduprightand ahnostcompletelyimmersedin thebath.
Afterhatf an hour,the paraffinwasremovedfromthe stopper,a siphon
(containinga mnaUcottonwadin thé "bottle"end) wasmsertedin the
liquid,and about12&ce.of the liquidwasblownby compressedair intoa
260-cc.ErlenmeyerBaak,immersedas completelyas waapennissiMein
théwaterbath. TheEr!enmeyerBaskwasfittedwitharubberstopperto
minimiseevaporation. FromthisnasktwosamplesofoOce. eaohwere
withdrawnby meanaof an accuratelycatibratedpipet and weighedln
gtasa-stopperedweighingbottles. Resuttsfor densityand for analysis
wereaccordinglyobtainedin quadruplicatefor each concentrationof
addednitrate.

Thesolutionscontaining10or 20percentalcoholwereanalysedgravi-
tnetricaMyfor silver;aU other solutionswereanalyzedvotumetncatiy.
Thevolumetrieanalysiswascarriedout by the Volhardmethodforsilver
as suggestedby ProfeesorI. M.KolthofF.Thesamplesweretransferred
to 260~0. Erlenmeyerftasks,acidifiedwith S oc. of concentratednittio
acid,anddilutedto 100ce. Then5ce.offerrienitrate indicatorsolution
wasadded. Thesolutionsweretitratedimmediatelywith0.04N potas-
sium thiocyanate to a reddish-browncoloration. The solutionswere
then shaken until the colordisappeared.The titration with potassium
thiocyanatewascontinueduntil a faint rose colorationremainedafter
vigorousshaking. The thiocyanatesolutionwaa standMdizedwith a
solutioncontaininga knownamountofsilveracétate. The standardisa-
tion wascheckedwith a solutioncontaininga knownweightof silver
nitrate.

METHODSOFBXPBESSOfGCOMPOSITIONOr THESOLUTIONS

If p is the fractionofalcoholin themixedsolvent,the numberofmoles
ofwater,JVtt,and ofethylalcohol,~e,, in 1000g.ofsolventcanbefound
fromtheéquations

w MM (1 P)
"'–18.016

y~~P
46.045
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Thémetarconcentration,c, of asotutesatHsthénumberof Mûtes of~he
salt in a Hierofthésolution. Themotatconcentration,m,is thénumber
ofmolesin 1000g.ofmixedsolvent. In eatcutatingthemolefractionofa
componentof thésolutionwehaveassumedthat thedissolvedsitverace-
tate and addednitrate salt arecompletelyionized. If a: Mthémolefrac-
tionof Ag+orof C<tît0<in a solutionin whichthe molalitiesof silver
Metateand addednitrate are ? and?. respectivety,then

= ro\
+ No,+m2m+ MH.

wheref is the numberof Ionsobtainableon completeionizationof one
moleouleofaddednitrate sait.

Thé densityof the solvent (alcohol-watermixture)is representedby
do,that ofthesolutionsaturatedwithsilveracetateandcontainingvarious
amountsofnitratesalt by d.

ACT!V!TY COEFFICIENTS

If /< T;and r. are thé moie-fraction,motatity,and motarityactivity
coefficientsrespectivelyofanysolutethen

°

~~+~
''N..+~

~1+~+~ (4)'<d 1000

M and M. are thémolecularweightsof silveracetateandaddednitrate
salt,respeotivety.

Accordingto Debyeand HOcket(2),theactivitycoefficientofa univa-
lent ion(orofa uni-univalentsalt)at 2S*C.isgivenbytheequations

IogM/= tog~. !ogMX (5)1+~lo*

B = ?~~
~~T W

2.914X1W_A
= ––~––

a (7)

whereD is thedielectricconstantof thésolventanda is a suitablemean
ionicdiameter. ïn equation 5, x is the molefractionofsilverion in a
givensaturatedsolutionand isthe extrapolatedvalueofx foran ionic
strengthequalto zero; in otherwords,te ie theactivityofsilverionin
any solutioneaturatedwithsilveracétate.
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Th9<Be!ëotiricc~St~htot ~alcoM~ater mixturewaacateubted by

°

HnearinterpolationfromthevaluesgivenbyÂkedSf(t).

EXPENtMENTAL DATA

In table 1 weg!v~theaolubmty~t 28"0.ofaHveraeetat6in alcohol-
watermixturescontaining.from0 to 60per centethylalcohol. In tables

TABLE1

~<«MMya<~C. <~M'<M)-o<-e<<Xeinw~w~ <~~< o<e~o<andwater

TABLE 2

~MMy o< ~"C. silver o~Me in mixtures a<MM «~ M<trc<M<<t~tW
pc<<M«M))ttH<re<e

2 to 7 wegive the solubilityin the presenceofaddednitratesinsolvents
containingapproximateJy10,20,and30percentethylalcohol. Thédata
area!sorepresentedgraphicaUyin figures1,2, and3. Anexaminationof
the tablesand of thefigureswiUshowthat thesolubilityof silveracetate
increaseswith the concentrationofaddednitrate,andthat fora solution

~c<«MMy o< ~*C. <~ M'tMf o<-e<<Xe in w~w~ <~ ~< <Mo< and water

mtCBKT "X
tK'MXCOHOttt.

?,“. MXM-tTOP MOLtBCOttCatt-
*< ~S ~SS 'MMe Ta*T!Ott<~.u.c:oBOL

MUrnM) NtVBBAeXtAM *M.te).
MLOttOtt atMBBAOMM)t

000 1.0048 0.06M 26.06 0.96t6 0.02M
600 0.99M 0.0677 29.82 0.9630 0.0261
762 0.9898 0.0623 30.06 0.9526 O.OM9
9.00 0.9882 0.0506 40.27 0.9323 0.0180

15.03 0.9784 00tt3 S0.t4 0.9t02 0.0124
19.96 0.9696 0.03

pM<MMM))ttUtreM

t.OMacBttT~Moaot. M~mBcon-AMoaot, M.MnMtmtXVAMmmt.
D-M D-M.K D 01.09

K!?0, &t4~ KSo, M~XA~ S.M'n.X~.XNOO~Otd.

0.0 0.98760.96490.0 0.9?090.74M0.0 O.MZOO.SSIt
0.<M!3t0.99091.03UO.OS0060.9742O.StM0.049490.968!0.6488
0.098M0.99391.07100.0994S0.97760.86t20.099960.96160.69M)
0.20041.00101.1333O.t9980.9838O.M9tO.M040.96690.7606
0.3006t.0075 l.tMt 0.29820.98970.96230.30070.97280.7974
0.4067t.0163 1.21900.39680.99620.98920.39900.97740.8298
0.60t2 1.01741.24620.4969t.00091.02710.49840.98380.8691
0.60131.02711.26620.69941.C0701.06670.6S660.99060893!
0.80461.03811.31140.79231.01801.09260.8S131.00280.946Z
Î.00491.04951.36170.98981.02811.12861.03651.01030970&
J.29S71.06651.38681.26391.04221.16M
1.M271.08281.43131.49161.06401.1964

n .L--h .1_--t
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ofa givenionicatrength thoeffeetûf&givennitrateiagivenin generalby
theorderKNO,< N&NO,< B<~0.), < Sr(NO,)<<MNO<< Ca(NO,),.

TABLE8

.S'etMt~tf<"«"C. <t<-e<ott<<tM~(M-Mc/ethylaitc~etand<M«!'Mtt~tt~
M<KttMa«fe<<

'TS~r" M~R tU1 D 4,Qb.T6 19OI.W

~0. M~ N~O.a.td" '"X~ K.NO.B.M~t,.

0.0 0.98790.98150.0 O.M090.?4460.0 0.9SMOMtt
0.047H0.99M1.04860.048160.97360.81410.050S40.966806462
0.096790.99481.08920.096470.9MZ0.86910.10020.969006931
0.1911.0001 1.16480.19370.98M0.92610.20110.966207606
0.2864.0047 1.2009O.8800.98690.96620.30130.970t08060
0.38691.01021.23950.38310.9921.00230.3996O.M460.8S76
0.4702.0147 1.2C600.47760.9971.03660.60010.98000.8M7
0.6822.0200 1.30420.67381.0022.06370.60140.98660.9000
0.7736.0309 1.34640.76261.011611030.80030.99480.9673
0.9679.0406 1.882(t0.96711.0214.16670.99831.00480.9990
1.1903.0622 1.4t23 1.18941.0336.19231.30261.01921.0694
1.4411.0644 1.44661.42681.0437.23271.60161.03431.1034
1.9096.0861 1.49341.89361.0640.29202.00471.06091.1683
2.38761.10771.62922.37641.0861.3363
2.87321.1284t.Ma6 2.80611.1047.3669

TABLE4

Solubilitye<~"C. ff M~«-oM<«<ein ot~«rM e<tt;<olcoholand<M«ftc~t'M'~
bariumttt<fa<<

t.tTMBMttT~eonOt. M~MMCBKTAMOaot.N.MFBBOBMTMeOtKH.D-M.M D-M.M D-e).M

B.(S<~).6.M~t.. ")'XA** B<.(So~,S.td~).. B.(So.ha.t~M). "~XA<*

0.0 0.98M 0.98M 0.0 0.9722 0.74M 0.0 0.&6a0O.B8H
0.02M1 0.6Mt .08?7 O.OKM60.9749 0.8013O.OMM80.9668 0.6328
0.06(MO0.9991 .t4t2 O.OM63O.MSO0.8S060.01978 0.9680 0.66M
O.lOtZ L0!07 .2326 O.OMM0.9M2 0.9N6 0.04002 0.9628 0.7!!29
O.t454 t.0t98 .2824 O.tMt 0.9986 t.02M 0.06038 0.9669 O.M43
O.ZOZt t.03t4 .34B2 0.08023 0.97tt 0.?979
0.2343 1.0381 .3?98 0.09930 0.9748 O.MM
0.2978 1.04M .4t87

APPLICATION 0F THE CBBYB-HCCKEL THBORY

Valuesof and of equation5wereobtainedforeachseriesofsolutions
by substitutingin the equationthe observedvaluesof x and S. for two



?84 'HA~ppOABt,&Qa~&m:BBWM&:i~~ `.

'MM~6

~ttMMs <tt~O'C.o/ ~<w).<K<<a«ttt ttH~xt-M«/ o!eote!Md!<M<<ft<Mt<t<a<~
<<)'<M<t«mM<M<e

TABLE66

<Se<MMKf!f<t<~*C. <~<t~ero<<a<<in m<z<tn'e<t~ <~<alcoholand tMter containing
lithium <n<re<e

e.MMttmMtTAttoaoL M.MfMemrwoaM. M.MMttCNf~Moaot.
B-nm 0-MM D~.W.M

8t<~0.hS.td~t..M~<A,'a,(tM,hB.~).. 'X~ ~~j, St~~ WX~

0.0 O.M660.9BM0.0 0.9?t20.07420.0 O.MM0.678t
O.OMTZO.CMZ1.08M003?30O.W68O.M05O.OtBM0.9M70.6426
0.06MO0.99Ml.t!M8O.OM390.9M8O.MMO.OMM0.96810.98M
0.09MS1.00461.81160.09M9O.MOS1.00740.04M60.9CMO.VM&
0.1991t.(?06 .3441 0.19W1.C0411.13480.070720.98M0.'r&M
0.29861.03M.4881 0.29971.02101.23460099700.97000.8409
0.40t8 1.06301.61890.39731.0W21.31620.20190.98M0.9M6
0.49951.0686.S898 0.49861.06141.39180.39981.00071.0711
O-e~S 1.0832.6486 0.69651.C6881.46200.40181.01631.1691
0.80131.1136.T71T 0.79741.09SO1.6890O.eOM1.0M31.3073
1.00211.14251.88440.98961.12141.69680.?9991.07Mt.4638
1.34631.17642.00161.2403l.t66t 1.84140.99641.0994l.~M
1.48661.Z0882.09691.63771.19601.99611.48881.16611.8837
2.006~l.ZMa2.30121.97681.24972.1990

7bibi uço

<.<t MBCBMTAMONOLM.McmCZKtAMOMt. MjMM«CBtfttMOHOt-D-T3.X B-M.M D-6t.M

LiSo, 8.t<t~).X~ s.WXA~ ~0. a.td"~).XA<'

00 0.98830.aM70.0 O.MT20.74M0.0 0.9S20O.S8H
O.OSt770.9B09l.<Mt2O.OSZ260.~460.8M 0.048900.96600.6667
O.tOtS0.9C3t1.08770.097<7O.C7670.8M30.106220.96720.7097
0.20170.9977l.t626 O.Z<800.98130.94790.198900.96060.7712
0.29911.00191.21920.29730.93660.99610.29790.96600.8217
C.40821.00621.27180.40690.98941.04330.38810.96860.8621
0.60M 1.01031.31030.61140.9936.08610.49690.97280.9047
0.61911.01451.36070.69810.9M9.11910.69770.97640.9417
0.80421.0219.4178 0.7966.0042.18300.79690.98861.0086
1.02141.0303.4781 0.9913.0117.24220.99740.99121.0721
1.32291.0416.6662 1.2629.0213.31111.30721.00311.1662
1.6M61.0636.6310 1.S749.0328.39161.67361.01191.2284
2.10241.0693.7288 l~M .0492.49111.99701.02571.3294
2.61961.0836.8260 2.60011.06M.6226
3.09301.1027.9643 3.00M1.08091.7467
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fto. 1. Solubilityof Bilveraoetatein about10percentalooholin thé presenceot
variouanittatee. I. KNO<;eotvent,9.41per eent alcohol. II. NaNO,;aetvent,
9.17percentalcohol. 111.Ba(NO,),;solvent,9.Hpercent~cohot. IV. 8r(NO,),;
solvent,9.W per cent aloohol. V. UNOt; 8olvent,9.41per cent alcohol. VI.
Ca(NOt)t:solvent,9.COpercentalcohol.

solutions, oneof which was always the solutionthat contained no added
nitrate satt. FFôtn the two simuttaneoua equationsso obtained, a value
of Aand a value of ~ewere catcutated. Wehave summanzed in table 8

"T~7~r"

M«MK<tf al M'C. of «<M!- <K-e<a<e m<~«)~ <~ «A~ o<MAe<<Htd««.«r «M~~
e<tt<!<wnnt«fe(e

t.MMaoaMjM~atetM.Mm~eMtt.w!owh0~tMaeB~~t~M)o~~o~lJ 79.Bg Dd67.os lJ 00.81

Ct(~. S.Mt~ C.(S<M, C.(S<),8tt<~M).. E

0.0 0.98670.96660.0 O.MtZO.?<200.0 0.96MO.SfM
0.0268t0.99M.?? O.OZ4<MO.MM0.8648O.Ot3WO.MMO.eMS
0.<M9t80.9Mt .t466 0.04880O.M890.93MO.OZ64CO.CNre0.7040
0.098911.00004.2610 O.OMOO0.98481.04110.040MO.CM20.?NM
0.19661.01M.4229 O.aOMO.MM1.2199O.OM090.9M60.8M8
0.30281.0246.6420 0.80081.00861.88490.101M0.96040.8929
O.M~ 1.0964.6396 0.39381.01901.44180.199?O.M761.0M1
0.49M1.0M6.M66 0.4M!!1.0191.63610.39MO.MMl.M4a
0.6006!.(?? .8219 0.69191.040?1.6Z410.40100.99971.2M6
0.80131.0798.?79 0.79141.06161.80380.69941.02031.48M
0.0916I.IQM3.13860.09681.08281.97120.79901.0409l.OMT
1.2W61.12N3.30901.Z4M1.10742.17420.99911.06061.8486
1.68881.16443.62021.46871.12862.84281.48691.10662.2760
2.0M41.19942.83941.98281.176C2.7682
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theresulteof thesec~cuMons. Onetnightiaforftomth!stablethat thé

Debye-Hûcketéquationi9 in gcnet&tvalidupta approximately?0 same

Fto. 2. Sohtbttity ot silver Metate in about 20per eent &teoholin thé presenoeof

various nitratea. I. KNO<; solvent, 20~7 per cent alcohol. II. NaNO,; sol-

vent, 20~? per cent alcohol. III. Ba(NO.)<;solvent, M.39 per cent alcobol. IV.

8t(NOt)); sotvent, t9.9&per cent ateohot. V. LiNOs;soient, M.38per cent alcobol.

VI. Ca(NO<)t: Botvent,19.95per cent alcohol.

?'

FM. 3. Sotubility of silver aoetate in about 30 per cent alcohol in the présence of

varioua nitrates. I. KNO<; solvent, 30.02 per cent alcohol. Il. NaNOt; sol-

vent, 30.02 per cent alcohol. III. B<t(NOt)t:Mtvent, 30.02 per cent alcohol. IV.

Sr(NOt)t; solvent, 30.4Sper cent atcohot. V. UNOt; aotvent, 30.02per cent alcohol.

VI. Ca(NOt)t; solvent,30.46percent alcohol.

ionic atrength, irmpective of the nature of the added lutrate. For higher

ionic atrengths, there are marked differenees in thé effects of different
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nitrates. ta thé caseof théîessaotubtebariumnitrate,thé vaKdityof the
Debye-BMcke!equationextendsup to solutionssaturatedwith this salt.
For aUothernitrates investigated(exeeptsodiumnitratein9.17percent
alcobol)thereisa MUngoNin the calculatedvaluesof Awhenwegoto

8ohtio!tBofhigherioaioBtK)ngthBthfmthose~venintaMe8,butwherea8
this decreasein A is relativelyslowwhensodiumnitrateand potassium
nitrateamthe addedsalte,it la morerapidin thecaseofstrontiumnitrate
andlithiumnitrate and atiMmoreseforcalciumnitrate. It wouldthere<
forebemorecorrectto saythat thé rangeofappn)Mma(evalidityofequa*
tion 6 is greatestfor sodiumnitrate and potassiumnitrate,iessforstron-
tiumnitrateandUthiumnitrate,and leastforcalcium.nitrate.

Aswillbepointedout in a later publicationfromthis laboratory,the
great increasein solubilityof sitveracetatein the presenceof calcium
nitrate is probablydue to theformationof the intermediateionCaOAc+.

Sincethesolventsreferredtoasapproximately10percentalcoholvaried
appreciablyincomposition(e.g.,9.17,9.41,and9.90percentalcohol)the
calculatedvaluesof 10'a;.in table8 forthèsesolventsarenot expectedto
be identical. Moreovertheextrapolatedvalueofxodependssomewhaton
the valueof Aused in equation6. If weassumethat the valueof xo
and thévalueofthe solubility,x, ofsilveracetatein a mixedsolventvary
relativelyin the samewaywiththe per centofalcohol,andif wetakeas
most reliablethe valuesofxoobtainedin the presenceofsodiumnitrate,
potassiumnitrate, and bariumnitrate, wereadilyfindthe foUowingrela-
tionfor thevalueof~eas a functionof the percent,p, ofalcoholwhenp
is in the neighborhoodof 10percent;vis.,

lO~Ee= 0.760+ 0.026(10 p)

TABLE 8

Co<et<<e<«<«ohMa<~A <Mx<

ta.MMnemm w.MMNexHr c*.MmaMM
CtKtOH OtHtOB CtNtOH

~r

MOBCttttMTt
~.g~ ~a~

A A 1<~

KNO, 1.48 O.'n'SO.S t~7 0.697 t.O 1.3& 0.4060.9
NaNO, t.28 0.7832.66 1.31 0.5980.9 t.34 0.4660.8
Ba(NO,)t. t.t4 O.V780.9 t.08 0.6930.8 I.ZO 0.4640.76
S)-(NO,), 1.08 0.768 0.9 t.02 0.6880.88 1.08 0.4690.76
Li(NO,), 1.14 0.7060.8 l.tO 0.6990.86 1.23 0.4640.76
Ca(NO,), 0.86 0.7600.9 0.76 0.6820.98 0.80 0.4660.76
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ThisteMongtvea

10'.c<,= 0.783,forp = 9.17(NaNO,,Ba(NO,)~

M'K, 0.776,forp 9.41(KNO,,LtNO<)

t0~, = 0.767,forp = 9.90(8r(NO~ C&(NO,)t)

Thégotventsricherin alcoholdifferrelativelysôlittle fromexactly20

percent and 30 per cent,respeotively,thatwe mttytnferfromtable 8

(Kivmggreatest we!ghtto théreaultewithsodiumnitrateand potassium

nitrate)that

10~ = 0.89o,forp e. 20percentalcohol

M*~= 0.466,fory 30percentalcohol

TABLE9

V«<MM«/a in

MttIC Dt&METEBa

ThevaluesofAobtainedbyapplicationofequation6eanbeinterpreted

in termsof averageionicdiameters,a, bymeansofequation7. In table

9 wegive the valuesof a soobtainedforsolutionscontainingpotassium

nitrateand sodiumnitrate,respectivety.The valuesof a for 0 percent

alcoholare taken fromthe papersby MacDougall(7) and MaeDougatt

andRehner (8).

ACnVtnr COBMtCtENTS

Themean activitycoefficient,f, ofsilveracetateis givenby thé ratio

The aetivitycoefficients,-yand-y.,maybe ealculatedby meansof

equations3 or 4 or fromthe equations

vu-ome~o
maCBMfCtHtOH –––––-–––––––––––––––––––––––––

KNO. _MO.

00 4.S6 3.09

100 4.21 886

20.0 386 907

30.0 391 ~62

TABLE10

~e<MfyeoejtMM<M!<w<!«<<!<<!<o<Mro<~toMtOM<t<M°C.

Mt-YNT tO'e) C.

~TTT~ 0.960 0.06S8O.OMt 0.800

10pM'.Mt~.oh. OT60 0.09M 0.0388 O.W

MMr<!ent~coh.t. 0.699 0.0291 0.0281 0.803

M~c~t~oh. 0.4W O.Mtl 0.0201 0.802
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TM Moaxt). or mimeAt. cHBMWrM,vot~<a,Mo.t

whereNto (JV~ JVo,). (seeéquation11)andCe=t~Me; is thé don.
sityof thosolvent. ït willb6observedthat wehaveassigaeda valueof
unity to thé activity coefficientofan ionin any of oursolvents(water,
10per cent,20per cent, or 30percentalcohol)whenthe ioniestrength
approacheszéro. Wegivein table10valuesofthemeanactivitycoeSct-
entsofsUveracétatein saturatedsolutionsofthat saitwhenthosoiventis
water, 10per cent, 20 per cent, and 30 per cent tdcohot,respect~oty.
For thodatain aqueoussolutionseontainingnoalcohol,secthepapersby
MacDougall(7)and MacDougaUandRehner(8). Forthesolutionslisted
in table 10the valuesof 'y andofTr.donot differappreciablyfromthé
eorrespondingvaluesof/.

8CMMANT

Thispapergivesthe solubitityofsilveracetateat 25*0.in 10,20,and
30 per cent ethyl alcohol in the presenceof the nitratesof potassium,
sodium,lithium,calcium,strontium,andbarium.

TheDebye-Huckelequationseemsto bevalidfor thesolutionsinvesti-
gatedup tovaluesof the ionicstrengthlistedin table8.

Valuesof themean ioniediameterarecalculatedforthe solutionscon-
tainingpotassiumnitrate or sodiumnitrate.

Data are presentedwhichwiUenableoneto detenninethe activity
coemcientofsilveracetate in anyof thesolutionsinvestigated.

Theactivitycoefficientof silveracetateinsolventssaturatedwith that
sait but notcontainingany nitrateisgivenintable10.
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Depa~MtXofC~~tt~, t/tt<Mfo,<yof~e:to«n)e,Wf~cMrM,A<M<ro<~

~M~Mt!J<MtM~W,~CM

Solutionsof trilnethylcetylammoniumbromidepossess,to an unusual
extent,certainsurfaceproperticsthat influencethe Cotationof minorals.
Fiimsthin enoughto exhibitbeautifulinterferencecoloramaypersistfor
weeks,andsolutionscanbeusedfor suchexpertmentswithbubblesasare
describedby Boys(1). Thecompoundisoneof the bestfrothingagents
known,evena 10mg. per litersotutiong}vinga verystablefroth. The
stabiaty of the bubbles is notdueto the formationof a thicksemingid
Stmofthe typeproducedbyeaponin,for,indUutesolutions,thesubstance
doesnot seemto be presentincolloidalform. Fromaqueoussolutions
the salt is adsorbedby a widevarietyof minerais,and sinceit possesses
the polar-nonpolarstructure characteristicof coflectors,it is almosta
univeraalnotationreagent of thecoUectorctass. The angleof contact,
determinedasdescribedin previouscontributions(11,9), is 60"for chai-
copyriteand antimonite. Thiemaximumanglebas not beenobtained
forgalenaandpyrite, however,nor for the oxidizedand silicateminerais.
Forthèsemineraisthe angleisusuallywithina fewdegreesof60".

It is ofinterestthat silverbromideisnotprecipitatedfromsolutionsof
the compoundimmediatelyuponthe additionofsilvernitrate,but upon
boilinga precipitateslowiyforma. For theworkto bedescribedthe com-
poundwaspurifiedby recrystaltizingtwicefromalcoholandwashingwith
ether.

TR!METHTrLCBTYLAMMONICM BROMIDE A8 A COLLECTOB

DUutesolutionsof tnmethyicetytatnmoniumbromideinduceflotationof
chalcopyrite,pyrite, sphalerite,galena,andothersulfideminerais. Sev-
eratsilicatemineraisaisorespondto it, quartz,forexampte,respondingto
acid,neutral,and alkaline solutions,and rhodoniteto neutralsolutions.
Tinstoncrespondsto alkalinesolutions,but calcitedoesnot floatin acid,
neutral,oralkalinesolutions. Captivebubbletestswithpolishedminéral
speohnensconnrmthèse observations.Thecompoundmodifiesthe sur-
faceofglassinsucha waythatanangleofcontactofabout40°isobtained;
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it is thereforeimpossibleto keepglassware"ctean"whenin contactwith

dilutesolutions.
Solutionsof thé compoundpossessa propertythat ieunusuatamong

collectors,a propertymoteoverthat isgénéralfor a!lthemineraisnoated

byit. As the concentrationis increasedfrom0 to about50mg.per titer,
the floatability inereasessteadity. Further increasesin concentration

decreasethe floatabitity,until somewherebelowSOOmg.per titer, not a

singleparticle floats. Meanwhilethefrothingpowerofthesolutionshas

steadityinereased. Parallelresultsare obtainedwhenpotiabedrnineral

specimensare testedby a captivebubbleof air, contactceasingto be

possibleat a concentrationofabout100Htg.perliter. Themechanismof

theprocesspreventingcontactwassuggestedby testswithgalenain a 50

mg. per liter solution. A newlyformedbubbleeffectedcontact with

thecenter of the galenasurface,but a bubblethirty secondsolddid not.

Whateverthe ageof the bubble,contactcouldbe effectedwiththe sharp

edgesof the specimen,and whenonceestabMahed,the contactcouldbe

retainedas the bubblewasmovedacrossthe planesurface,–evento the

central area withwhichcontactcouldnot be estabushedwith an aged
bubble. Thegalenaspecimen,whentransferredto purewaterexhibited,
fora tune, anairavidity;thisindicatesthat a n!mofthecoUeotorhadbeen

adsorbed. It ispresumedthat thegalenawasin a suitableconditionfor

contactwith air, but thé surfaceof the bubble,as it aged,passedinto a

conditionthat hinderedcontact;neverthetess,the aharpedgesof the ga-
lenacould still rupturethebubblesurface. Inslightlymoreconcentrated

solutions,contactwiththe centercouldbeestablishedonlyby startingat

anedge,whileina600mg.per litersolutioncontactat theedgescouldnot

beestablished.

Theserésultawerenot unexpected.It basatreadybeensuggested(11)
that the difficultyof rupturingan orientatedadsorbedfilmof frotherat

the surface of a bubblewouldhinderits contact witha coUector-con-

ditioned mineralsurface. But it is onlywhenthe filmis particularly

stable,as here,that its presencecanbedemonatratedbythe bubbletest.

Supportfor this interpretationisgivenby a test in whicha chalcopyrite

specimen,previouslyconditionedbyamylxanthate,wasplacedin a 500

mg. per liter solutionof trimethyleetylammoniumbromide. Contact

withair couldnot be eSected,thoughthe specimen,whenreplacedin

water,atill carriedan air-avidfilmwiththe characteristicamylxanthate

contactangle.
Reagents of the type of trunethy!cety!anunoniumbromide-that is,

substituted ammoniumsalts and amineseontaininga targe nonpolar

group-may be of valuefor the Rotationof sincateand other oxygen-

bearingminerais. They possessthé advantageoversoapsolutionsthat

theydo not forminsolublesaltswithsuchcationsas calcium,copper,and
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iron. Vory)owconcentrationaof the coUecto!'shoM!dauMce,sincethere
wouldbeno wastedue to précipitationbycationsderivedfromthé oreor
presentin the water used.

BBntBMANTS

Becausea reagentis a deptessantfora mineralwhenMinga eoUectofof
thexanthatotype, it doesnot followthat it willbea depreasantalaowhen
usinga NitrogenouacoUector.Thus1 g. ofNa<8.9Hj)0perMter,whichis
muchmorethan sufficientto preventcontactwiththésulfidemineralein
the presenceof xanthates,doesnot preventcontactin the presenceof60
mg.perliterof tnmethytcetytanunoniumbromide. Neitherdoesit innu.
encecontactwith or notationofquartz. Simitarly,a smaMconcentration
of sodiumcyanide, thoughan excellentdeactivatorand depressaotfor

TABLE1

C<w!t'«MM~c~o<oep~t<e<«M<u<tOtMe/ <W<tM~<t«~<amt!MttMM&rom<<~

ForthisdeterminationcontacthadSMtto boMtaMtebedwithanedge.

sphateriteandpyrite respectivelyinxanthateCotation,isnot a depressant
withthis reagent. The reagentcausesflotationofsomanyminerabthat
ita applicationin practicewilldependuponthediscoveryofsuitablede-
pressants,which must be differentiatin their action. Depressantsfor
somemineraiabave beenfound. Thus,galenais depressedby aUtatis;
in a solutioncontaining10mg.per titer ofthe compoundand 20mg.per
liter of lime,a partial séparationof aphaleritefromgalena is possible.
Whenthe separationwas attemptedin a test tube, a little of the fine

galenafloatedwith the sphaterite. Coppersulfateand sodiumcyanide
whenused together-but not singty–preventthe flotationof tinstone,
sphaterite,andpyrite, but it haenot beenascertainedwhetherthis action
is differentialbetweenaphaleriteand pyrite. PresumaMythe cupricya-
nideion is the depresaant. Acideandalkalisbothproventthe Notationof
rhodonite. In acid solutionsquartzcanbefloatedawayfromtinstone.
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Sometesta nowto bedescribedhâve bearingontheexplanationof the
"induction period"for thé establishmentof contact. Sven-Nitsson(8)
bas observedthat true contact (spreading)does not usuallytake place
until sometime after a bubblehascorneinto opp<t)'eM<contactwith a
suitably conditionedmineral surface. The time that otapsesbefore
spreadingcommences,he termsthe inductionperiod. Ït increaseswith
the 9Meofthebubble,but the mannerofitadependenceuponothervari-
ables has not yet been established.Usinga stopwatch,the induction
periodbasbeendeterminedfora chalcopyritespecimenina sériesofsoht-
tions of ttimethylcetylammoniumbromideof din'erentconcentrations
(seetable 1). To ensurethat thésurfaceconditionwasasnearlyaspos-
sibleidenticalin aUtests, the newlypoMshedspécimenwasconditionedin
a 500 mg.perliter solutionandnnsedinwaterbeforeit wasplacedin the

TABLE2
OepMKtMceo/angleofcontactal a «thmef~p<f<~Msurfaceonconcentrationof

<ntnet~<M<ty!nmttt<M~Mmbromide

COMCNMtBATtOttOfAMtO)AHQUXWMMTAO' tttBCCTtOttMMOB

m~.pwMtr
Nil !07,1M,1M°
M tOO tTooBmaUto bemeasured
25 M.6 ( byaatopwateh
M 8Z )
MO 80,79 UptoZMoondB
2SO M VetyirKguiM
600 Nil

test solution. Evidentlythe inductionperiodis dépendentuponthécon-
centrationofthe compound. ThisMpresumablybecauseat highconcen-
trations theadsorbedfilmis difficultto rupture.

CONTACT AT A PARAMTN MBPACt)

The conditionof the surfaceof thé bubblecannotaccountcompletoly
for the influence,recordedin table2, of the concentrationof trimethyl-
cety!ammoniumbromideon theangleofcontactat thesurfaceofparaffin
wax. The waxwas purifiedfirstby heatingwith a strongsulfurieacid
solution andthen with a strongcausticsodasolution. The test surface
was formedon a glassbaseby allowingmoltenwaxto solidifyin contact
with the air;thehystérésiseffectwasalmostabsentbecauseofthesmooth-
ness of thissurface. Sincetheangleofcontactchangedstowlywithtime
even in disti!ledwater,the recordedanglesweremeasuredimmediately
after immersionof the waxinthe solution.
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VariatiOi~in the-surfacetensionof the solution,nom&tterhowlarge,
couldnot account fora reductionin the angle to below90",eincein the
Youngequationfor the cosineof the contactangle,the surfacetension
oceursonly as the soleterm ofthé denominatorandthereforechangesin
it couldnot alter thesignofthé cosineofthe angleofcontact,as happées
whentheangle passestbrough90"(10). The résulteprovethat thesur-
faceenergyat thé paramn-waterinterfacebas changedin sucha wayas
to renderthe paraffinmorewater-avidor tessMr~avtd.Sucha change
maybea ohemiadaorptionof the amine,with the paraNnwaxattraoting
the alkylgroupsof thé substitutedammoniumsalt and the polargroup
orientatedoutwards,or it maybe a kindof Gibbs*adsorptionat thisin-
terface. If a filmisformed,it canhavenoveryBtrongbindingfoKeB,for
onplaoingthé paraffinin purewaterthe usualcontactangle(107.6")waa
obtained.

MNFACB TENSION MEAaUBEMZNTS

Perhapsthe bestmethodofstudyingadsorptionis to attempt to apply
theGibbs'equationto measurementsofthechangeinsurfacetensionofa
solutionwith concentration. Most of the methodsof measurementof
surfacetensionare inapplicableif, ashère,thesolutionfonnsa finitecon-
tactanglewith glass. The"maximumbubblepressure"method,whichis
stated to be applicablewhenthe contactangleis finite,waatherefore

adopted(7). It wasfound,however,that the finitecontactanglesthat
dilutesolutionsof trimethylcetylammoniumbromidoform with glass,
thoughthey maynotdirectlyinfluencethemaximumbubblepressure,do

prevent the apparatus from func~oningsmoothly. Consequentlyre-
sultscouldnot be obtainedfor solutionsof concentrationlowerthan 50

mg.per liter.
Thereis an unexplainedlackof agreementbetweenthe resultsof those

whohavemeasuredsurfacetensionsofaqueoussolutionsofsurface-active

compounds. The workof Harkinsand Brown(4)suggeststhat insum-
cientattentionbasbeenpaidto the timenecessaryfortheestablishmentof
the equilibriumor static valueof surfacetension. Schmidtand Steyer
(6)claimthat equilibriumis not immediatelyestablishedeven in pure
water.

Thesurfacetensionsof solutionsoftrimethylcetylammoniumbromide,
measuredby the bubblepressuremethod,vary with the time interval
betweenthe formationof successivebubblesin the manner shownin

figure1. For each strengthof solutionthe measuredsurfacetension

approachesa steadyminimumvalueas the rate of bubbleformationis
decreased. Thissteadyvalueis presumablythe ataticvaluecorrespond-
ingto the attainmentofan adsorptionequilibrium. Thedynamicvalue,
i.e.,the valuecorrespondingto a surfaceconcentrationequalto thebulk
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concentration,wasnottaëaauted,but–whatpvefthe cohcentra~ea'–His
evidentlyverymucheloserto, andmaynotdiEfergteattyfrom,the value

Ï!MorMMM~TMttOfeUM).t<MtOttMt

Fto. 1. Re~tioMhip between thé value of the surhee tension of solutions of tri-
methyteetytammoMUmbromide of various eoneentrattoM and the "age" of their
Burfaces. Température, 25 :h l'C.

<tt

C«t<t<XYMTtet)OfTm.M<THm.e<Ttt.MMtetttW<ttM)M)tt tM.«))tt.)TM.

Fia.2. RetationaMpbetweenconcentrationofsolutionsoftnmethytcetytammon-tumbromideandthetratatiesurfacetensions.Temper~tMe,26 ±l'C.

for pure water. Theindicatedslowattainmentof equilibriumis dueto
the slow diffusionto the surfaceof sucha largemoleculeas tnmethyl-
cetylammoniumbromide. It is evident,moreover,that equilibriumis
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most rapidiyestabtishedin thé mostcôncohtratedsbiutiona. This is
becausoof thegreaterconcentrationofsolutémoléculesthat are availaMe
doseto thesurfacefortheformationoftheadsorbedlayer.

Figure2,oonstructedfromfigure1,showstherelationsbipbetweenthe
concentrationof trimethytcetylammoniumbromidoandthestatic surface
tension. Upto a concentrationof1g. perliter,the higherthe concentra-
tionthe loweris the static surfacetensionand,presumably,the moreof
thédissolvedcollectorisadsorbedat thesurface,but alreadyin a MOmg.
perlitersolutionthe surfacemustconsistlargelyoforientatedsolutemole-
cules. It is apparent that if thé adsorbedlayer arounda bubbleiBa
hindranceto contact witha suitablyconditionedsolidsurface,contact
willbemostreadilyestablishedindilutesotutions.

NtormNO

In figure2a conditionbasbeenreachedatwhichanincreasein concen-
trationnolongerlowersthesurfacetension. H. M. Cassel(2) in discus-
singa similarcase, states that at a pointofzeroslopein thesurfaceten-
sion-concentrationeurve for sodiumpalmitate, the Gibbs' theorem
indioatesthat no adsorptionat aUtakesplace. The applicationof the
Gibbs'theoremis inadmissible,however,whencomplete,or almostcom-
pleteorientatedfilmsof polar-nonpolarcompoundsare present. Lang-
muir (5)states that suchfilmsat the surfaceof aqueoussolutionsmay
possessthe propertiesofliquideorsolids.

Correspondingto the largediSerencebetweenthe staticand dynamic
valuesof the surface tension,eventhe strongersolutionsfroth strongly
(compareFoulk(3)). Thiscertainlyindicatesthat thereisan adsorption
filmat thé interface,despitethehorizontalnatureof theconcentration-
surfacetensioncurvebeyond1g.perliter.

Thewritergratefullyacknowtedgeshis indebtednessto the companies
for whichthe work was carriedout, namely,BrokenHm South Ltd.,
NorthBrokenHill Ltd., ZincCorporationLtd.,ElectrolyticZincCo.of
AustralaaiaLtd., Mt. LyellMining&RaitwayCo. Ltd., and the Burma
CorporationLtd.; to Mr. H.Hey,underwhosegênera!directionthework
wascarriedout; and to ProfesserE. J. Hartungforprovidinglaboratory
accommodation.
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THE REACTIVITYOF HALOGENCOMPOUNDS.H

THBRATBB0F BBACTÏONANDTHEENERO!Ea0F ACTIVATION0F 2,4-
DtNtTBOCHMBOBBNZBNBWITHAROMAT!CPBtMABYAMINES

ATTARS!NGHANDD.H. PEACOCK

~M<t)M't«yCeH~,Ban~oottand7tM&MtCe«< Rangoon,/o

N«!~M<<~of~tterM,~M

In earlierpapers (8, 9)it waapointedeut that a relationexistedbetween
constitutionand energyof activationfor the reactionbetweenbenzyl
chlorideand!?- and p4otuidineandthecorrespondingdimethyltoluidines.
Therelationobservedwasthat wMchwouldbeexpectedonthe Lapworth-
Robinsonhypothesis,asaumingthat reactivityin thisreactionishetpedby
electronaccessionto, or availabilityat, the nitrogenatomof theamino

group;thep-methylgrouploweredthe energyofactivationas compared
with them-methylgroup. The correspondencebetweenthé behaviorof
the tertiarybases,whereonlythé additionreactiontookplace,andthat of
theprimarybaseswastakenasevidencethat thestepwhiehgovemedthe
rateofreactionfor primaryamineswasakotheadditionreactionandnot
the reactivityof the hydrogenatomoftheprimaryaminogroup. These
conclusionsaresupportedbythé behaviorofM-andp-nitrobenzylchlorides
witharomaticprimaryandtertiarybases(7,10).

Furtherconfimationoftheconnectionbetweenconstitutionandenergy
ofactivationbas beenobtainedbya studyof the reactionbetween2,4-
dinitrochtorobenzeneandcertainaromaticprimaryamines. Thisreaction
basbeenstudied by Rbeinlander(11)foranilineat onetemperatureand
differentconcentrations,andby VanOptall(13)fora seriesofaromatic
amines. In addition to theresultsat twotemperaturesgivenin table 2
VanOptallatsomeasuredtherate of reactionat onetemperatureof 2,4-
dinitrocblorobenzenewiththe following:o-toluidine,o*,t~ p-chloroani-
line, o-, m-, p-nitroaniline,o-anisidine,o-phenetidine,p-aminoaceto-
phenone,o- and p-aminodiphenyl.a- and jS-naphthytamino,and the

secondarybasesmethylanilineand piperidine.Webavedeterminedthe

velocityof reaction in ethylalcoholsolutionat two températures;from
theseresultsthe valueof theenergyofactivation,E, andthe quantitylog
A, in the equation k = ~e' havebeendetermined. In table 1 are
collectedthé results of ourexpérimente.

Thevelocityconstantsgivenaboverepresentin nearlyeverycasethe
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meanet &tleasttwohtdepeadeatexpérimentabut thé énervesof activa-
tion calcut&tedfromthem cannotberegardedas aecurateto withintess
than about300caL Theextremeerrorfora diCerenceinenergyofacttva-
tion is thereforeabout 600 cal. Théerrorof 300cal. in the energyof
activationwou!dcausean errorofmtherlesethan 0.3unit in the valueof

TABI.E1

Ve:oet(~CMM<<M<a.M<fj~M<~activation,andactioneoM«t)KafortheM<M«w&ehMMt
~M'wMo)'c6<MeneandsomepftoxtfyOfotMMctutt~wain<'<A~<

e<eeMM<«M<m

tDtnttMoMombenzene)0.1Af. Unitoftime,minutes

logA anda maximumerreroftwicethisamountin différences.Thiscan
be lookedat inanotherway:iftworeactjonshave thesamevaluefor Aand
if the ratio ofthevelodtiesis2.7orless,thenthe diSerencein E necess&ry
to givethia ratioiswithinthe limitaofexperimentalerror. In sucha case
reliableevidenceca.nonlybeobtainedbya largenumberofdéterminations.

SAIIII-_n.m WIICIIIft'IIA. 1(pA, 10' g~j~éVA910-LOOA'< 'c. c. ~S.~

Aniline. 0.4 6.91 12.3 11180 6.8
Anlline. 0.8 6.49 11.8 11620 6.9
o-Toluidine 0.4 0.384 0.786 13890 6.4
o-Toluidine. 0.8 0.333 0.726 16080 7.2
m-Toluidine. 0.4 9.76 17.7 11660 6.3
M'Toiutdine. 0.8 8.76 16.8 12620 6.9
p-Toluidine. 0.4 21.8 36.7 10060 6.4
p-Toluidine. 0.8 19.0 33.2 10810 6.9
o-CMoroaomne. 0.8 0.01(appM]t.)
m-ChtoroMUme. 0.4 0.44 0.86 13010 6.9
M-CMoroanUtne. 0.8 0.396 0.770 12940 6.8
p-Chloroanilfne. 0.4 1.49 2.81 12300 6.9
p-CMMCtmHtne. 0.8 1.84 2.67 12620 0.1
o-BromoMmne. 0.8 0.01(approx.)
m-BromoMitine. 0.4 0.419 0.912 16080 7.8
m-BromoanUine. 0.8 0.374 0.842 16730 7.7
p-Bromoaniline. 0.4 1.08 2.29 14670. 7.4
p-Bromoaniline. 0.8 0.976 2.11 14990 7.6
e-Aniaidine. 0.4 2.63 4.72 11330 6.6
o-Anlaidine. 0.8 2.17 4.40 13'?00 7.1
m-Anisidine. 0.4 6.00 8.31 9860 4.7
M-AnisMine. 0.8 3.99 6.98 10840 6.8
p-Anleidine. 0.4 67.4 111.0 9670 6.7
p-Anieidine. 0.8 58.1 98.6 10250 6.0
a-Naphthylamine. 0.4 0.2Z2(?) 0.363 9630
a-Naphthylamine. 0.8 0.149 0.2M 12160

~-NaphthytfHtMne. 0.4 2.73 6.03 11850

~Naphthytamine. 0.8 3.92
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When metf~substituted derivatives are empared with para, it ia seen

that in overy case tho faster réaction has thé lower energy of activation.

Forthereaetionoonatdered:

E,-E.-Br(tog.ht&&)

In tables1and 2 E~isalwaysofthesamesignMlog. Onthe
other handthe signof log.AIA. varies,poseiMythroughexperimental
error,andthereforethevalueoflog.~&, appearstobe govemedmainly
by the changesin JS*.Forthèsereaotions,therefore,the changein energy
ofactivationappearsto bethe chieffactorintheattentionofthevelooity
constant. Secondly,the changein energyofactivationia of the nature

expectedonthe basisof the Lapworth-Robinsonhypotheaa. The argu-
ment for this needonlybe brieflyreviewed,as it haealreadybeendealt

withetsewhere(1,4, 5). The reactivityoftheseaminesiBdeterminedby
electronavailabilityat thenitrogenatomof théaminogroup,andthis in

tum dependsuponelectronavailabilityat,oraccessionto,the carbonatom

TABLE2

EMet~teaofactivationcalculatedfromtheresultsofVottOptall(M)

to whichit t8attached;thegreatertheelectronavailabilityat this carbon

atom,thegreatertheavailabilityat the attaohednitrogenatom. Thiscan

be lookedat in anotherway. The dipolemomentof aniline,its lower

reactivityand basicityascomparedwithfattyamines,aHsuggestthat the

phenylgroupis ableto, anddoes,makea demanduponthe twounshared

electronsofthé aminogroup,reducingtheirmobility. Increaseofelectron

availabilityat the carbonatomto whichthenitrogenatomis attached–

i.e., reductionin the demandmadeby the phenylgroup–increasesthe

mobilityof these unsharedelectronsof the nitrogenatom. This effect,

relayedfromthe carbonatomto thenitrogenatom,wouldbeexpectedto

be teasin the nitrogenatomthan in the carbonatomfromwhichit is re-

layed,aspointedoutbyWaters(14). Increasedreactivitydue to a sub-

C-C

X-C C.-NH,

~c-c~

-U' -1 1--l

B*m tMtft'c. kuo E'(nfeMmnzt)

Aniline. 8.5 O.iBN 10360
p-Toiuidine. 21.22 0.7057 10330
M-Totuidine. 10.C 0.4M8 10800
p-Anisidine 81.9 0.0718 MM
p-Phenetidine. 85.7 2.0M 9320
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~uentXwouMthete&Mbeo~otedt~ be-arëatërai,ë~thânâtih6"
nitrogenatom. ln otherwords,thé reactivityof thèseamineswouldbe
expectedtoresemblethat ofthecorrespondingbenzenederivativestowards
electron-seeldngreagents,but thedifferenceswouldbe lessmarkedin the
aminesthanin theoriginatingbenzenederivative.

It follows(1, 5) that a substituentwhiohleads to increasedelectron
availabilityat the paracarbonatom,ehouldlowerthe energyofactivation
of theaminein theparacompoundas comparedwiththé meta,andraise jthe réactionvelocityof the para compoundas comparedwith thé meta. r
Ortho-paradirectingsubstituentsin the para-positionin theamineshould
raise théreactionvelocityandlowertheenergyofactivation,aecompared )
with theeffectof thésamesubstituentin the meta-position.Metadirect-
ing oubstituentsshouldhâve theoppositeeffect. For reactionvebcities
thèse conclusionsaresupportedby VanOptall'sresultsand ours forthé
toluidinesandcMoroamunes,byVanOptall'sfornitManiBnee,andbyour
resultsforthebromoanitinesandanisidine.

For the energiesofactivationthe evidenceisnot sodécisive. In every
case,however,the differencebetweenthe energyof activationof thepara
compoundandthat ofthe metacompoundi9of the signpMdictedbythe
Lapworth-Robinaonhypothesis. In onecase-the aaiMdines–thodiffer-
enceforbothconcentrationsusediswithinthe iimitsofexperimentalerror. <If theenergiesofactivationforthèsemetaandparacompoundswerereatty
equal, then experimentalerrorshouldgive an equal numberof values
aboveand belowequality. That aUvaluesfor the meta compoundare
abovethosefor thepara-in manycasesoutsidethérangeofexperimental
error–suggeststhat the meta compoundsexaminedreallyhave higher
énergiesofactivationthan thepara. Thecaseoftheanisidinesis interest-
ing. IfthevaluesofAwerethesameforthemetaandtheparacompounds
the differencem requiredto producethe observeddifferenceinvelocity
wouldbe about 1400cal.,outsidethe rangeof experimentalerror. The
observeddifferencesaremuchsmaller,and it maybe that hèrethediffer-
enceinreactivityispartiaUydueto differencesinA.

Theseresultsagréewith thoseof VanOptall(13)in showingmarkedly
the effectofparasubstituents. Theorderofreactivityis OCHt> CH,>
H > Cl> Br. Theorderis reversedfor the energiesof activation;thé
lower the energyofactivationthegreaterthe velocityofreaction. The
effecton energyof activationis to a largeextent that whiehwouldbe
expectedfromthe Lapworth-Robinsonhypothesis. The electron-repelling
methylgrouplowerstheenergyofactivation. Chlorineandbrominehave
an inductiveeffectgreaterthan theirelectromenoeffectandbothraisethe
energyofactivation,brominemorethanchlorine. Betti hasaisoobserved
that brominein somecasesbasa greaternegativeactionthan chlorine.
The methoxylgroupoccupiesa somewhatanomalouspositionwhichcan
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posstMybe ascribedto !t8largoelectromeriee~ect~andwMchagreeswith
its markedortho-paradirectiveeffeot. Baker(~ hasatsoobservedhigh
ve!ocitie8for substancescontainingthe methoxylgroupin the para-posi-
tionto the reactinggroup.

Nathanand Watson(6)andWilliamsandHinshelwood(4)haveshown
that forsevéral reactionsthe differencestn thé anergiesof activationof
substitutedbenzenederivativesare nearlyproportionedto the dipole
momentsof CtHtX. For the reactionbetweenbenzoylchlorideand
aromaticaminesof the typeXCeUNHt,Williamsand Hinshelwoodtook
the mean moleculardiameteras constantand used thé approximate
equat~on~–

&= const.X (l/~)t X <r~'

Whence:

3.303!ogtM* = const. E/BT

TABLE8
Vo<!<eaof B,logiHMt,pC<HtX,<m<<<oe/<~poyoAn'poMfM

andthedifferencesin E werefoundtorunparallelwiththé differencesin

logMf~. In table 3 are collectedthe valuesof E, calculatedfromthe

temperaturecoefficients,oflogAAf',of andoflogA.
Fromtable3 it is seenthat, apart fromp-anisidine,theresultsconfim

thé relationshipestablishedearlier(4, 6). p-Anisidineie anomalousin
that it shouldhave an energyof activationbetweenthat of anilineand
chIomaniMneto correspondwithits dipolemoment. Theresultsof Van

Optall(table2) confirmthis abnormalityandshowthat it is true aJsoof

p-phenetidine.
Forthemeta compounds(seetable5)theorderof velocityconstanteis

CHt> H > OCH<> CI > Br,andtheorderof energiesof activationis
Br > CI> CH<> H > OCU. Theelectromerieeffectsare usuaUyre-

gardedas negligiblein metacompounds,so that the effectsheremay be
ascribedmainlyto the inductiveeffect. Bromineand chlorine,electron-
attractinggroupa,raisethe energyof activationas wouldbe expected.
ThemethylgroupshouldlowerthevalueofB;thé elightrisemaybedue
to a stericeffect exertedfromthe meta-position.Themethoxylgroup

J'oSm) 'c. b~tMM< A

p-AnMdine. 96'ro 67.4 1.7706 -1.2 5.7227
p.ToMdine. 10060 2t.3 1.2510 +0.4 5.4994
AaiUne. 11180 6.91 0.74M 0 5.8085
p-Chloroeniline. 12300 1.49 0.1199 -1.6 6.9402
p-Bromosniline. 14:70 1.08 0.0177 -1.5 7.4234
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isagain anon)a!ou8;it wiUbenoticedthat the groupoccupiesits correct
positionmthe orderofvelocityconstants,and this caseobviotMiyneeds
further ehecMog.

Theeffect oforthosubstitueMtsonthe energyofactivationhas already
beendisoussed(9)forthe teaottonbetweenbenzylcMo~deand<~tolu;dine
(cf. von Braun (2)). With dinitrochlorobenzonesimilar resulte were
observed. The energyof aotivationfor o-toluidineia markedlygreater
than that fortheothertoluidinesandforaniline. Thevalueofthé action
constant,althoughliableto experimentalerror,auggeststhat theprobabil-
ity of reactionis greaterthanforthe para compound. The effectof the
orthosubstituentisthusnottohindera reactionina complexraisedto thé

TABLE4
BwffttMofacHM~Mtanddipolemoment(W~'(K<MMandH<TMMwocd«))

_Reaet:on:benaoyloblorideandamine,X.C.H,NH,

activatedstatebut toincreasetheenergyofactivation. Themethylgroup
as an etectron-repettinggroupought to exert in the ortho-positionan
effectsimilarto thatwhichit exertsin thepara-position,that is,it should
makeeasierthedisplacementnecessaryforactivation,andwhenthe methyl
groupis direetlyattachedto thenitrogenatom as in monomethylaniline,
then the rateof reactionwithbenzylbalidesis faster than withaniline,
althoughonemightexpectatetichindrancetoopetatehère. Theo-methyl
groupthereforeexertssomespecialinfluenceon the aminogroup,which
maybe exertedin two ways. It hasalreadybeensuggested(9) that this
influenceisofthenatureofa coordinationsimuartothatsuggestedbySidg-
wickfor o-nitrophenoland similarcompounds. MorerecentlySidgwick
(12)has pointedout that hydrogenshowslittle tendencyto coordinate
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withnitrogento formchelaterings,andthéeffeetobservedhèremaybe,
ashesuggestsforothercases,dueto resonance.Theeffectof the methyl
groupis hère exertedonthe moleculecontainingit (cf.Von Braun(2».
ThereManother possibility,an intermoleculareSect. Thé processof
activationbas been picturedby Eyriagand Polanyi(3) as involving
approachof two moleculea,and comtequentdisplament of etectrone
and nueleiuntil tho complexis broughtto state in whichthe réactive

groupscanberegardedaeattachedtoeithermoleculeindifferentlyandthe

complexmay then réarrangeitsetf to formthé reactionproducts. The

energyofactivationis thusanenGrgybarnerthat bastobeovercome. An
orthosubstituentgroup,irrespectiveofanydipoleeffect,willtendtoMnder

.thecloseapproachofanothermolecule,thetwo electronctoudswiUrepel
oneanother,and so tend to raisethe energyof activation. Oo-Anisidine
atsobasahighenergyofactivation.

Referenceto table 1 showsthat increaseM concentrationof the base
lowersthevelocityconstant,raies theenergyofactivation,andincreases
thévalueof Rheinlander(11)foundthat increadngtheconcentration
ofaniiinelowersthe velocityconstantofthereaction. Thechangesin E

and Aareforthe mostpartwithinthe limitaofexperimentalerror,butit is

perhapsnoteworthythat, withthe exceptionof m-chloroaniline,theyare
in onosense.

Theexperimentswereattcarriedout inabsolutealcoholsolution. The

ethylalcoholusedwasdriedoverquicklimefor twenty-fourhours,boiled
underrefluxwith freshquicMimefor onehour,fractionaUydistilted,and

thé middlefractionused. Thé2,4--dinitrochlorobenzenewascrystallized
fromalcoholand meltedat 81"C. The~.form,m.p.43°C.,wasatsoob-
tainedand gave the samevaluesfor thevelocityconstant. The bases,
aniiine,o-toluidine,M-toiuidine,m-cMomaniline,m-bromoaniline,o-anisi-

dine, andm-anisidinewerepurifiedby conversionto their acetylcom-

pounds,whosemeltingpointswereas follows:aftercrystailizationfrom

wateror aqueousalcoholacetaniMde,114'C.;acet-o-toluidide,110"C.;¡
acot-m-toluidide,6o"C.;acet-o-chioroamMe,73"C.;acet-m-bromoanilide,
87"C.acet-o-anisidide,84'C. acetw-anisidide,79°C. Theacetylderiva-
tives werethen hydrolyzed. The steam-distittedbasesweredriedand

distilledunderreducedpressureorat ordinarypressureforanilineandthe

toluidines.The solidbasesweregenerallypurifiedbycrystaiiizationfrom

suitablesolvents:p-toiuidine,44"C.(petroleumether);p-chloroaniline,
70.&C.(absolutealcohol);p-bromo&nitine,63*'C.(absoluteatcohot);p-

anisidine,57"C. (distilledunder reducedpressure);~naphthytamine,
111.6"C.(absolutealcohol).

Solutionsof known strengthof dinitrochlorobenseneand the base in

absolutealcoholwerepreparedand broughtto thermostattemperature.
Theca!cu!atedvolumesofeachsolutionwerethen mixedina 60-cc.giass-
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stopperedflaskandthovolumemadeupto60 ce.withabsolutea!odho!at
the thotmoatat température;theUrneof mndngwaatakenas zerotime.
Fromtime to time10ce.of thereactionmixturewaswithdrawnand run
intoa separatingfunnelcontaining10oc.ofstandardsilvernitratesolution,
dilutemtnc acid,and 30ce. ofbensene. The excessMlvetnitrate was
titrated with standardammoniumsulfocyanide,as describedby Rhein-
tander(11). In somecasesthécrystallineproductmadedifficultthewith-
dïa.waio! samples,andm thèsecasesthe reactionwascarriedout in test
tubesinto whichwasput 10ce.ofa solutionofeachreactantoftheproper
etrengthand the tube then sealedup. In the caseof the aniBidineathe
colorof the solutioninterferedwiththeendpointinthe voiumettioestima-
tion, and the chlorinewas thereforeestimatedgravimetricaUy.The

TABLE6
~MMtteofsom<MX'ea~ezpenmen~<!<~'C.

*12.Û1means12minutes1second.

resultsof sometypioalexperimentsare givenin table 6; in ait casesthe
concentrationofthe2,4-dinitroehlorobenzeneWM0.1M. Thereaotionis

ZXCJ~NH, + C~[,(NO~C1= XC~NHC~H,(NO,),+ XC.H<NH,a

henceif [base] = andt2, 4-dinitrocMorobenzene]= B

= k(A 2x)(B x)âa

whence

1 9 ont t~ ~/2 B
= 2(Z/Z~B ~1.

-g~-
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Thereactionwasvot~Ben~tivetothe putityofthc basesused. Thé

so-caUedpure,distilledanilinegavea diatinct!yhighervetocityconstant

than that givenby the baseproparedfromthe pureacetylcompound.

The boat commercialc-totuidinogave interestingrésulta~the velocity

constantM offduringtheprogMBsofthe réaction. Whenthe basewaa

purifiedthroughthe acetylcompound,a muchlowerinitialvalueof the

velocityconstantwasobtainedandnofaMiog-oSd<mngthe reactionwas

observed,indicating that the eommeteiatproduct containeda amaU

amountof a more rapidlyreactingimpurity. Thisreactionmay, there-

fore,beusedasa test ofthépurityofaromatioamines. ~Naphthytamine
wastoo sparinglysolubleinalcoholat 35"C.forresultsto beobtainedat

0.8M concentration. Thefigurefora-naphtbylamineat 0.4Mand35*0.

isonlyapptoxitaate. DimtrocMorobenzenehadnoactiononethylalcobol

underthé conditionsof theseexperiments.

8UMMABY

1. Thé velocityof reactionof 2,4-dinitrochlombenzeneat 36"C.and

45"C.withthe followingbasesat 0.4and 0.8M concentrationhas been

found aniUne,o-, m-, andp4otuidino,m-andp-chloroanitine,w- and p-

bromoaniline,o-,w-,andp-anisidine.anda-and~-naphthytatmme.
2. The energiesof activationfor thesereactionshave beencatcu!ated.

3. The effecton the energyof activationof transferringa substituent

fromthe meta- to the parft-positionis that predictedby the Lapworth-

Robinsonhypothesis.
4. The changesin energyof activationfor the meta and para com-

poundshavebeen comparedwith the dipolemoments;the positionof

p-anisidineis anomalous. In the metaseriesboth m-toluidineand !?*

anisidineoccupyanomalouspositions.
5. The lowrate of reactionofo-toluidineseemsdueto a highenergyof

activation. Thestericeffectisthusanenergybarrier.

6. In general,energyofactivationseemsthechieffactorin determining

velocityof reaction,but thereactionprobabilitiesarenot constantandthe

resultsare notdecisive.

Wethankthe UniversityofRangoonfora granttowardsthe costofthis

investigation,whichis beingcontinued.
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The followinginvestigationwasundertakenwith a viewto studying
the anomalousbehaviorof sutfurmonochloridein connectionwith its

boiling-pointelevation as contrastedwith its depressionof the freezing
point.

Raoult (13),near the endof the last century,measuredthe freezing-
pointloweringof glacialaceticacidand ofbenzenedue to thé additionof
sulfurmonochloride. Themolecularweightof the monochlorideas cal-
cutatedfromthèsedata was136,whichcorrespondeto the formulaStC~.
Thisvalueagréeswith thoseDumas(9) and Marchand(9) foundinde-

pendentlyby vapor densitymeasurements.Beckmannand Geib (3)
and Beckmannand Junker(4)obtainedsimUarresultaby the cryoscopic
method,usinga numberoflow-boilingsolvents,e.g.,ethylchloride,sulfur
dioxide,and phosgene.

Théearliestmentionofaninvestigationbya boiling-pointmethodcame
in 1899. Oddo and Serra(12),usingthe Beckmannboiling-pointap-
paratus,found the molecularweightof sulfurmonochloridein benzene
andcarbontetrachlorideto beabnormal,i.e., 190and 173,respectivety.
Twoyearslater, however,Oddo(11)repeatedtheworkmorecarefutiyand
at thé sametime useda morerigorousmethodofcalculation. Thistime
he foundthe molecularweightin the sametwosolventsto be about160,
showingthereforeno effectdue to the solvent. However,he did finda

stightincreasein this valuewithincreaseinconcentration.
Fromthat time on thesystemsutfur-chtorinehasbeenstudiedinmore

or tessdetail,but it wasnotuntilrecentlythat moreworkwasdoneonthe
motecutarweight of sulfurmonochloridein solution. Jones (6), by an

ebu!!ioscopicmethod, obtaineda valuein excessof160for the molecular

weightof sulfurmonochloridein oarbontetrachloride. His experiments
atsoindicatethat there isactuallyan affectdueto the nature of the sol-
vent. Theseresults whentakenin conjunctionwiththoseof Oddoindi-

Baaedona dissertationsubmittedJune,1935,to thé Boardof University
StudiesofthéJohMHopMMUniversityinpartialfu)6Mmentof therequiremeate
forthedegreeof DoctorofPMtoMphy.
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c&testrongtythat thereia Mineonstancyia thé moteeuitar compoNtionof
sulfurmonoeModde.

!n viewof the votatitityofsulfurmonochloride,withthé resultantun-
certaintyin the compositionofthe solutions,it becamenecessaryto limit
thé iavesti~tion to verydilutesolutions. Thislimitationwaaadvanta-
geousfromtwostandpoints. In theSrstptace.changeintheoompositionof
the solutionduringebuUitionwasmadenegligible,and inthesecondplace,
no reasonabledoubtcouldbe entertainedin regardto theapplicationof
Raoult'slaw.

Raoult'slawmaybeappliedin thefollowingformifwetakethevapor
pressureofthesolutionat theboilingpointto boequalto thesumof the
partial pressuresof thetwocompooents,

t760+ (dPA/dTA)Ar]~ + tP~+ (dEB/d~) ~?']~ = 760

The secondtermon the leftis thé correctiondue to the volatilityof the
solute,wherePg iathevaporpressureofthesoluteat the boilingpointof
the solutionand dEB/dTais theslopeof thevaporpressurecurveat that
temperature. Whenthesoluteisnon-volatileboth of thesetermaequal
zeroandthefamiliarrelationshipAT= Bxnremaina.

EXPERIMENTAL

JMQterMs

In orderto get someinformationonthe effectof temperature,solvents
with boilingpointsas far apart as possiblewereused. Becauseof the
reaetivity of thé sulfurmonochloride,it wasrather difficultto obtaina
large numberof inert solvents. The liquidafinallyusedwerebenzene,
earbon tetrachloride,chloroform,cyctohoxane,and toluene.

Benzenethat hadbeenpurifiedbythe methoddescribedby Gréer(5)
was avaHaMe.Sinceit wasknownto be freeof thiopheneandcarbon
disulfideit was usedwithoutfurther treatment. Baker'sc.p. carbon
tetrachloridewas distilledon the 11-foot,modifiedPodbieiniakstiUde.
scribedbyZinc(14). Thefractionwhiohhadthevaluefor of 1.4675
was used. The cyclohexanewasof KaUbaum's"reagent"grade,andit
was deemedunnecessaryto purifyit further. Baker'sc.p. chloroform,
whichcontains0.5percentofalcohol,wastreatedin thefollowingmanner.
Severalhundredcubiocentimeteraof the chloroformwasrefluxedwith
1 to 2 per cent of sulfurmonochloridefor aboutthirty hours. There-
sultingsolutionwaswashedseveraltimeswitha solutionofpuresodium
hydroxideand Snallywithdistilledwater. The chloroformwasstored
over calciumchlorideforaevaraldays,and waathen distilledin a ctosed
System. Baker'so.p.toluenewas treated in the samemanneras that
describedforehloroform.
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Merok'~''teehn!o~ grade suMUtmon~Son~ewaâ diaM~
percentofsulfur and1parcentofactiva~dcharcoalh the mannerindi-
catedby Mann,Vernon,andPope(8). Thefinaldistillationwasmadein
an tdl-gtasssttU, ustnga 3-footre8ux!ngcolumnntledwith gtasNbeads.
Inorderto preventcontactwith théairon transferringthe sulfurmono-
chloridefromthe Mceiverto tha flaskwhichwas to holdit, the stlllwas
6Uedwith dried nitrogen. The nitrogenwasrun througha threo-way
stopcockplacedjust in frontof thépump. Thesulfurmonocbloridewas

kept in a glass-stopperedErlenmeyerflaskfromwhichthe air bad been

displacedby dried nitrogen. The naskwasthen ptacedin a desiccator
overcalciumchloride.

Apparatus

Manytypes of ebullioscopearedescribedin the literature,but it was

thoughtbest to designonemodelledalongthelinesofthe originalCottreU

flask,whichwouldbe bestadaptedto the presentpurposes. The flask,
consistingof threeparts,isshowninfigure1. The lowerbody,a, ismerely
apieceofglasstubing4.6cm.indiameter,ciosedoSat oneendandground
at the other as thé femaleof a ground-glassjoint. The upperbody,B,
carries,besidesthé mateof the groundjoint,a shieldand thermocouple
wellsealedinto the topbya doubleringseal. Acondenseris sealedinto
the top on the outsideat an angleofabout500. The pump, C, is of a

typeusedby Mair (7),themaindinerencebeingin theuseofshorterarma
andthé absenceof thé heatingélémentwhichhe hassealedinthebottom.
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Thé pumpisHatedat thébottomt&oovera widerareawhichwasa consé-
quenceof the useofexternatheating. Twoidenticataasks,onecontain-
ing puresolventand theother the solution,wetousedaideby side inait
the experimentsin orderto overcomethe elfectsdueto the fluctuationof
the atmosphericpressure.

Becauseof thecorrosivecharacterofsulfurmonochlorideit wasimpos-
sibleto usethe moreemeientmethodofinternaiheating. Theheat was
suppliedfromthe outsideby twosm&U,identical,eleotrioheatere. The
coresofthe ovenswerecopperroda,shapedas tackswithconcaveheads.
Thesewerewoundwith8feet ofNo.24B &8nichromewire,eachoven
havinga resistanceof 18.6ohms. The ovenswereconneotedin series
with eachother, so that voltagechangesin thé Unewouldaffectboth
similarly. A variablerésistancewas abc placedin thé heatingcircuit,
in séries,to controlthecurrentinput.

A diSerentiatmethodofmeasuringthé boiling-pointrise,whichis fuMy
describedbyJones(8)andZinc(14),wasused. It consistedmerelyof a
galvanometerusedas a deflectionmstrumentand a simpletwo-junction
thermocouple.Thé thermocoupleconsistedofNo.38B &8 doublesilk-
coveredcopperwireandNo. 30B & S doublesilk-covcredconstantan,
both ofwhichworeobtainedfromthe Driver,HarrisCo.

Procedure

The apparatuswascalibratedbymeasuringthé differencein tempera-
ture betweenboilingcarbontetrachlorideanda solutionof naphthalene
in carbontetrachlorideofknowncomposition.Baker'sc.p.naphthalene,
whichcontainsonly0.002per centof non-volatilematter,was sublimed
three timesbeforebeingusedin thecalibration.

The actualmcasurementaweremadeby firstobtainingthegalvanome-
ter readingwithno currentflowing,merelyas a referencepoint. Then
withpuresolventboilingineachflaskan initialreadingwastaken. After
the flaskshadcooledsufficientlytheonewhichwasto containthe solution
wasopenedanda weighedamountofsulfurmonochlorideadded. During
the introductionof the solutea slowatreamof dried nitrogenflowed
throughtheflaskcontinuoualy.Theflaskwasthenclosedandboth ves-
selswereconnectedbypiecesofrubbertubing,fromthe endoftheircon-
densera,to a largecopperboxcontainingcalciumchloride. Theboxwas
open, at the far end, to the air. Theheatingcurrentwasstartedagain,
and afterthe liquidin bothflaakswasboilingeveniyanotherreadingwas
taken. Thedifferencein the twopositionsonthescalegavethe boiling-
point risedirectiy. Severaiadditionsofsoluteweremadein eachexperi-
ment until the galvanometermirrorhad swungoveralmostthe whole
scale.
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TABLE 2

-Sttt/ttfMMMeMonde<m<tc~teiMMM (Me ~xre 9)

TABLE3
N«~!tr m<MocMon<<<and cMefo/Mw(Me~t~e ~)

BESTI/TS

CaHbra.tMnsweremadeat variousintervab throughoutthe seriesof

experimentsand an averageofaUthe vatueswasobtfuned. Using31.9

f ?

O.OZOO& 140.0 0.01240 136.6
O.OS733 148.S 0.02470 14S.6
0.04674 162.4 0.08704 1484
0.<M(M.7 1M.6 0.04M3 163.7
0.06017 165.3 0.08946 163.9

0.06646 1644

+ (inCgUfe2) repfeMntovatueeofzand Ot (in BgureZ)tepMMtttevêtuesof z
WobtainedFebruMy27, M36 and WobtainedMaroh21,1936

)f ? ?

000491 149.6 0.01376 162.9 0.01694 155.2
0.02SMS t63.? O.OM40 168.2 0.034M 161.2
0.08M7 100.3 0.04335 165.7 0.04715 167.6
0.04M3 165.0 0.06078 167.8 0.05670 168.1
O.OSM6 168.7 0.06126 168.8 0.06840 172.2
0.06S01 169.5

0 (in figure 8) MpMMttte + (in Spire 8) represente W(in agure 3) représenta
values of a: and W ob- values of and W ob- values of and W ob-
tained March 4,1B35 tained March 6,1935 tained March 15,1M5

W )~

0.008Z4 193.4 0.00943 187.9
0.02332 167.2 0.021M 169.0
0.03373 t65.8 0.029M 166.2

001540 163.9 0.04030 164.7

0.06386 164.4 0.05685 165.4

0 (in figure4) représentevalues ofa: and + (in figure 4) Mpreeenta values of a:
Wobtained March <3,1935 and W obtained March 14,1935
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SH~wMMt~Mon~and<p<«MM(WM~are ~)

TABLE 6

Stt~MrMMtoeMon~and caftxw «troe~on~ (M</~«-e ?)
h

FM. 2. Sutfur monochlorideand benzène. 0, February Z2, M35;+, February M,
1935;~,M&Mh 21,1935

Fio. 3. Sulfur monochlorideand cyclohexane. 0, Mttrch4,1936; +, March 0,1M6;
<t,MMehl&,1936

?

0.01642 ?.4 0.018S7 M6
O.QNM 102.5 O.M7W m.?
O.tMSSI 1M.1 O.OM99 112.9
0.09338 H2.6 O.CM31 W.o
O.tMMO n3.6 o.noM 101.9
009a35 t09.6
O.HZf? 99.8

0 (infigure5)repKMntevatueaof!Band + (in a~M 5) MpteeeetevatueBof B
~obtfdMdMaKh?. 1938 and ? obtainedMarch29, tMS

f ? w

0.01749 143.8 0.01519 146.8 0.01438 167.1 O.OM18 1888
0.02817 M7.2 0.02346 161.4 O.OMZ6 169.7 0.02SW 1821
0.04M6 163.9 0.03649 167.4 0.03988 170.2 0.09M1 180.9
O.OM43 1M.8 0.04730 162.6 0.04677 169.& 0.04S60 1808
0.06334 168.0 0.05716 166. 0.06089 172.6 0.06013 188.0

0.00099 183.0

Values obtained Values obt~ned Values tained Vatnesobtained
February 20, 1936 March 1,1936 Maroh M, 1935 Apdl 8, 1938
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FtG.4. SulfurmonocModdeandohlototorm.0, Maroh13,1986:+, MatchM,1986
Fie. 6. SutfurmonocMorMeand totuene. 0, MarchZ7,Î9M;+, Match2C,t6S6

FM. 6.Sutfurmonochlorideandcarbontetrachloride.I, Fobruary20,M35,11,
Marcht, 1985;III, Maroh12,tM6;IV,April8,ICM

Fto.?. EBectoftemporatureonthémoleoularweightofaulfurmonoeMortde

as théboiling-pointconstant,it wasfoundthat eachdivMonwasequtv~
!entto0.03C3"C.

In tables1 to 5 xisthémolefractionofthesoluteand Wis thé molecu-
lar weightcalculatedfromthe boiling-pointrise. Twoor moreseriesof
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meaauMnentsweremadewithcach soiventin orderto aSorda oheck.
The vatuesof all thé expérimentein the samedoiventare plottedon a
singlecurve.

In theexperimentslistedthéage of the sulfurmonochloridewaaabout
thé samewitheachmeaaurementinany onesolventandat notimewaa!t <
more thanfifteendays old. In table 6 is listedan experimentin whieh
sulfurmonochloridewhiehhad beendietitledon February19, 1935wae
usedthroughout.

Oneobservationmaybenotedherein connectionwiththeexperiments
in toluene. As the measurementprogressed,the solutionwhichbadhad
the normalgoMen-yeKowcolorofsulfurmonochlorideduringthenrsthour
of boiling,becamegradwHydarkeruntil at the conclusionof the oxperi-
ment the liquidwasa verydefinitepink. Therewasno indicationof a
colorchangein any of theothersolutions.

DISCUSSION

We are forcedto the conclusionthat the molecularweightof sulfur
monochlorideexhibitaa ratherpuzzlingseriesofchanges. It is obviously
necessaryto considerthemethodofpreparationand the agaof the com-
pound,as wellas the concentrationand temperatureof the solutionin
which the molecularweightis beingdeterndned. It might be wetito
mentionhere that the tolueneexperimentsdo not properlyforma part
of thisstudy,sinceit isobviousthat the high temperaturesbroughtabout
the formationof sulfurdicMonde,asevidenoedby the pinkcolorof the
solutions. This causescomplicationsof a naturewhichthedata at hand
are inadequatein solving. Moreover,thé regionpast the maximumin
Sgure5 is somewhatoutsidethé realm of dilutesolutionsand Raoult's
lawcannotbejustlyexpectedtoapply.

Twosimpleconclusionsmaybedrawnfromthe remainingexperiments.
First, weare dealingwith a potymerizedmoleculewhiehdissociatesat
higher temperatures. Figure7 showsthe molecularweightof sulfur
monochloride,whenz isapproximately0.02in thevatioussolvents,plotted
as ordinateagainsttheboilingpointofthe solventasabsoiesa. Although
the cyclohexanevalueisnotinverygoodagreement,theeffectoftempera-
ture iss~tlunmiatakable.

Second,the carbontetrachlorideexperimentsindicatethat a progres-
sivepolymerizationis takingplacein the puresuifurmonochloride.Frotn
theserésultait wouldappearthat thérealequilibriumisnotbcingmeasured
in the boilingliquids,but that the true equilibriumrestsontheaideofthe
polymerisedmolecule(notethe carbontetrachlorideexperimentofApril
8, 1935). It thenbecomesnecessaryto diseoverthé causeofthe stuggish-
nessandtheanomalousbehaviorof the reaction.

Furthermorethe conditionsofageand temperatureare msufBcientin
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exptainiagN!lof thé faets.. For exampte,whonusimgcMorofonnas the
w~

solvent weCndthat the molecularwetghtinpteaseswithdilution. Sueh
behavioris bardlyconsistentwiththe lawofmassaction. If

(AB),~2(AB)

dilutionwillcertainlycauseanincreaMin the right-handrnember.
In theoh~orofortnexperimentsoneBndsthemo!ecu!atweightapproach-

ing200in the mostdilutesolutionsandfaUingto 194at a molefractionof
0.044. Adoublemoleculeofsulfurmonochlorideshooldexhibitamotec-
ular weight of 270,but sucha conditionshou!dresult in an incfeawin
motocu!arweightwithincfeasingconcentration. The foUowingassump-
tion,however,offerseomcintereatiogpossibititiM:

28,Ci, S.Ct4 8~L + S,

Se

Webave herea seriesofchangeawherebysulfurmonochloridebreaks
up to form StC!<and Bs. Fromonemoleof sulfurmonocMoridethere
wouldbe formeda/S molesof S<and e/2 molesof S.C!4,wherea is thé
fractiontransformed. Thetotalnumberofmole8at equilibriumwouldbe

1 « + «/2 + «/8 = 1 3~/8

Ifa( = 1 thémolecularweightis 216,andif a = 0 it is 13&. Bysucha
mechanismit is possibleto accountfora variationin molecularweights
from136to 216,whichis approximatelythé rangecoveredin thé ex-

perimeats.
Theeffectofconcentrationbeforethefinalstageofequiiibriumisreached

isprobablybestexplainedbythé effectof the solventandtemperatureon
sulfuritself. If weassumea reactionsuch aa that just abovewe are

permittedto postulatea greatmanyformsof sulfur. Mellor(10)cites

examplesof thémanydînèrentformsofsulfure)dstinginvarioussolvents
and at differenttemperatures. Furthermorethe presenceof the sulfur
monochloridemayalter thé formof thé sulfurmarkedly. Aten(2), for

example,reportedthat in a solutionofsutfurinsulfurmonochloridethere
existeda temarymixtureofSiCt<,Sx,andwhathecalledS,, ïn a previ-
ouspaper (1)heshowedthat the molecule8~is 8<and that of8, is 84.
Thélatter formalonemaybesufficientto explainthe apparentchangein
molecutarweightwithconcentration,but if it isnot adequate,certainly
withail the possibleramificationsofsulfurtheremay wellexist,to some
extent at least, thé moleculeS;. In this connectionit is importantto
rememberthat thénatureofthé solventmaybeprofoundlyalteredby the
présenceof thesutfurmonochloride.
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1. A modified Cottrell ebuUiosoope has been described.
2. The molecular weight of sulfur monochloride haa been meaaured in

various inert solvents at different concentrations.
3. It has been shown that the molecular weight of the sulfur moMoUo-

ride Mems to be aSected by 4t8 age, the temperatute, the nature of the
solvent, and the concentration.

4. It bas been postulated that the &bnonn~ motecutar weight is due to
the presence of a polymer (S~CM,, which bM~ up into B, and 8,C1<;
abo that the change in weight with eoneentration is due to an equUibttUtn
between large and MMMmoleeules of sulfur.
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FERRIC SULFATEÏN AQUEOU880HJTION8 0F
OTHERSULFATES

F.K.CAMERON

Dep<a-<meH(o/C~tM'«fy,t/M<f~<t'~ofNorthCm'oKtM,ChapelN<H, C.

N<ee<M<<DeeomttM-C,1986

INTRODUCTION

Ferriesulfate, Fet(SO<)<,withaqueoushydrogensulfateformsa three-
componentsystem,but it is onlyin highconcentrationsof the acidthat
ferriesulfateis truly a component.At lowerconcentrationsit iahydro-
!yi!ed,andthe stablesoMincontactwiththe liquidiseithera basiosulfate
or a solidsolutionofbasicohamcter. Furthormore,at ordinarytempera-
tures no ferno sulfateof de&utecompositioncanexistas stablesolidin
contactwithan aqueoussolutionunlessthératioof80, to FetOtbegreater
in the liquidphase than in the solid(1). Conaequentty,it wouldbe ex-
pectedthat the additionofferriesulfateto tneaqueoussolutionofanother
su!fatemust necessarityproducea four-componentsystem.

However,alums,pseudoalums,andother doublesaJtahavebeen re-
ported as ctyataUizingfromclearsolutions. Similarobservationshâve
beenmade on analogousaluminumcompounds.The otyataUiza,tionof
ordinarypotassiumor ammoniumalumis commonplace.Dobbinsand
hiecoworkershaveshownin this laboratorythat sodiumalumia stable
overwiderangesof concentrationanda fairlywiderangeof temperature
(2). Ocdeshawbas reportedthe pseudoalum FeS04.A!<(80<),.24HtO
related to the minéralhalotriohite(3); the manganesecompound
Mn80<.Alt(80<);.24H~)and othersare known. The possibitityexists,
therefore,under someconditionsof temperatureand concentration,of
consideringan aqueoussolutionof ferriesulfateand anothersulfateasa
three-componentsystem.

Frompreliminaryexperimentsit appeareddifficultto obtainsolutions
from whichsomeindefiniteferruginousmaterialwouldnot precipitate.
It wasattempted to addsumoientexcessof sulfuricacid to prevent the
indeonitesolidfromprecipitatingandtomaintaina constantratiobetween
the excessacid and water. This latter conditionwas impracticableof
complotereatization. But thé indefiniteferruginousmaterialbeingap-
parentlybut slightlysoluble,it wasdécidedto ignoreit with the atight

d.
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1.4 44& +0.?
1.6 44.2 rl.t

<NH~O..Pe,(80.)..MH<0 Md inde.

1.9 43.1 0-08 0.7 41.9 0.
$nite mixture

(~M~J.O

3.ô
SSS::X:i:S4.8 28.r
(NHas$o,·Fes(~Ot)a.24H,0

s;

0.9
s~ss:s14.8 18,0 14.2 41.1
(NH,jtBO,·Fbs(go,)a·24Hs~D

S~S:

9H tt an (NH.),80<

(NH<)~0<

2~ 1.444.2
0.8 (NH~SO,

g
Pf «n<Xtr«n< ptr omt M~p~ ““( ~'em7

0.4 2K~O..Fe,(80,),.t4H~

X' S M 1 ~0.(80J .14HX

~M ~1
2.8 ~S 2K,80..Fe,(80,),.14H~)

4~ P'~ ~SO.SoX.14HX

13.1
~'Xt'~

b.43 11.2 1.4
2Ks80,· Fcy(8U,)a· 14Ha0

9-02 1.9
33.8

~S:

2K~O<.F~(80<)..14H,0

lî! 2K~.F.,(SO,),.14H,0

SX ~(80<)..MH.O~K~11.9 0,09o~68 x~o,tt.8 0.310.66 K~O'11.5 0.100.26 ifo(\
11.3 0.02 O.U gX

12.2t ~~0<.F~(SO<),.t4H~MdK~O,

'S 2K,80<.Fe,(80<),.14H,0.ndK,80.

S 2K,80<.F.,(80,),.14H,0.ndK~O,

3~ 2K~Fe,(SO.),.14H~~dK~O.
2K~O,.F~(SO<)..14H~ and K.80.
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TABLEt-CoMMsi'

MWffthUtB MNtue

i

g
?

J ¡

<3 ? MuemAm

w

t~ t0t<tw «Mttptf «))<))o-««<pertmt ttr tmt

0.38 44.78 1.48 O.Ot48.!4-4.43BMicfen-ieBu!tate
0.82 44.16 t.63 O.M 48.61-4.09 BaaiofeMicmttfate
1.36 43.79 3.19 0.08 47.40-4.08 BM:o ferrie Butfate
2.01 49.33 2.98 BMtcfeMioeuthtte
2.M 42.2B 2.47 1.63 44.74-4.44 BMiofeMieautfate
2.81 48.25 !.t2 BMtcfet-tieauHate
S.Oft 42.60 1.56 4.10 44.25 -4.06 Fe80<-7H~Mdabas:efe~icMtf6te
S.Mt 41.71 1.M 7.90 40.10 -2.99 Fe80..7H~MdttbMtoferdcsotfate
4.90t 39.80 2.86 10.36 41.64 -3.95 Fe80t-7H/)MdabM!eteMicBtttfate
&.30t 38.42 3.61 6.91 43.41 -4.47 FeSO,7H,0<M)d a basic ferrio eulfate
8.16 36.60 1.90 Fe80t.7H,0<mdfernoM)fat<)

10.47 28.36 0.25 49.89 6.26 -O.S5 Fe80<-7H<0
11.29 23.88 1.16 Fe80<.7H,0
16.23 16.64 0.04 53.1S 2.86 0.45 FeSOt-7H,0
18.39 9.69 0.21 Fe804-7HtO
19.04 8.70 0.18 FeBO<-7HtO
t9.23 7.62 !.73 Fe804.7H,0
20.24 6.73-0.21 22.96 1.07 0.20 FeSO<-7H,0
21.30 3.02-0.63 Fe80<-7HtO
22.06 2.60 0.31 Fe80<-7H.O
22.80 1.36 0.63 49.70 0.60 0.46 Fe80,.7H,0

SolutionobtainedbydiesolvingthealumK~O.Fe,(80<)t-MH<0inwateralone.
t Probably,pointsona boundaryourveotafour-oomponentsystem.
t Probably,pointaonaboundaryourveofafour-componentsystem.

excessof acidandproccedas if deaUngwitha three-componentsystem,
meanwhileacquiringthe datanecessaryto treat the severatayatemsas of
fourcomponents.

Seriesweremadeofaqueoussolutionsofferricsulfateand eitherammo-
niumsulfate,potassiumsulfate,or ferroussutfate,and agitatedcontinu-
ousty in thermostatsforupwardsoffourmonths. Fromtimeto timethe
tiquid phaseswereanalyzed,untiltheyhadreacheda steadystate. The
final results for26"C.are givenin table1. Recatcutatedto thé basisof
molesper 100gramsof solutiontheyareplottedon theright-angledisos-
celestriangle,in figure1,asofferingthe bestcomparisonsof them. Thé
data are ineludedfor ferriesulfatein aqueoussolutionsofsulfuricacid,
recalculatedfromanalysesbyConstable(3).

'ma JMMMt. or MTNCtt. CX)!tttn«T, Y<H..40, wo. <
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Thesystemwasstudiedat 8&"C.byJ. E. Hunter (5). Muohdimculty
wasencounteredinpreparingsolutionsfromwhiehbasioferrugmotMsotids
wouldnot preaipitateonstanding. In contactwithsolutionscontaining
from1.7percentammoniumsulfateandabout44.8percentferriesulfate
to 17.3per cent ammoniumsulfate and 16.3per cent ferriesulfate,the
stablesoUdMthe alum(NH~S04.Fe,(80~.24HtO. At lowerconcen-
trationsofammoniumsulfatethe soUdis a morebasicpreclpitateof iton
sulfates,whileat higherconcentrationsthe solid is ammoniumsulfate.
Thetie linesforsolutionsandcorrespondingresiduesdonotgivea perfeotly
uniquecrossutgfor thé alum,but onesreasonablycloseto oneanother.
Analysisofa dryresiduegave41.6percent ferriesulfateand13.6per cent

ammoniumsulfateagainst41.5per cent ferrie sulfateand 13.9per cent
ammoniumsulfateas requiredby the alumformula.

TheammoniumsulfateprecipitateswereaUmoreor teBscontaminated
byyellowferruginoussolids. Afewonlyin whichthe contaminationwaa
slightare recordedhere. To prevent this contaminationwouldrequire
théadditionofmuchsulfuricacidand wouldmarkedlyaffectthesolubility
of the ammoniumsulfate,thesystem wouldthen become,inevitably,a
four-componentone. To provethe solidphasewas ammoniumsulfate,
the carefullyfiltered,clear,mother tiquomwereplacedin contactwith
solidammoniumsulfatefor aevera!days. Analysisof the liquidphase
thenahowingno changein composition,it wasconcludedtheywereal-
readysaturated withrespectto ammoniumsulfatewhenfiltered,and the
residueswereessentiallythat sait.
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ït wssshownbydi!atometeFmeasuromeatsthatammoN)umfeEnoa~
isstable below36"C.,abovewhiehtemperatureit decomposes.

POTAS9tUMBULfATN-FERBMSCLFATB-WATBB

This systembas beenstudiedby D. A.Picklot(9). Aecordingto thé
InternationalCritioatTables,potassiumferriealum, KtSOt.Fe~SO~.
24Ha0,isstableto 33"C.(7). ïn contactwithits aqueoussolution,Pickler
has foundthat it décomposesabove17*C.to formanotherdoublesulfate
of potassiumandiron with the simultaneousformationof a very basic
iron complexof lowsolubility. Satisfaetorycryetab of the alum were
obtainedby crystaHtzingfromsolutionsat 0"C.and removingadhenng
mother liquorandbasicferruginousmaterialwithfilterpaper. Asériesof
solutionswasprepared,fromalum,ferriesulfate,potassiumsulfate,and

appropriateamountsof sulfuricacid andwater, and agitated for four
months at 25"C.,whena steadystate hadbeenreaMzed.The data in
table 1 are resultsof the finalanalyses. In contactwith solutionsfrom
2.83per centpotassiumsulfateand27.8percentfeme sulfateto 11.7per
cent potassiumsulfateand 0.8percentferrie.sulfatethe sotidphaseis a
double sulfate. At lowerconcentrationof potassiumsulfatethe ferrie
sulfate hydro!yzeswith précipitationof a morebasic complex,and at
higher concentrationsthesolidphaseispotassiumsulfate,K~0<.

A plotof the tie linesbetweensolutionandcorreapondingresiduedata
indicateswithreasonablecertaintythat thedoublesalt containstworeact-
ing weightsof potassiumsulfateto oneof ferrie sulfate. On the tine
through the originand correspondingto aUmixturesin this proportion,
points wereselectedcorrespondingto differentproportionsof water of

crystallisation. Tieunesfromthepointcorrespondingto 14moleculesof
water of crystaUizationto the solutionpointspassedmorecloselyto the

points for correspondingresiduesthan tie lines from any other point.
Consequentty,and beyondreasonabledoubt,the formulafor the double
salt is 3Kt80<.Fe,(804)t.l4H,0.The solutionand residuedesignated
by an asteriakin table1 weremadefrompotassiumferriealumand water
alone. Theplottedtie linepassesverydoseto the pointrepreseotingthe
doublesait.

The solutionsdesignatedbya dagger(t) in table 1wereobtainedinan
effortto reatizea conditionwherepurepotassiumsulfatewouldaloneexist
in the solidphase. The solubilityof thissait evidentlyincreasesmuch
more rapidlywithadditionof sulfuricacidthan do the ferrie complexes
present. Aboundarycurve,inpart, wasreaiizedwherethe solidphases
&Mpotassiumsulfateand the doublesaltjust described. In the three-
componentsystemobtainedbykeepingexcesssulfuricacidat a minimum,
the range ofconcentrationsis veryshortoverwhichpotassiumsulfate
alone is the solid.
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The literaturecoveringthe eNectsofothersulfatesonthe solubilltyof
ferroussulfatebasbeensummarizedrecently(8). In général,the sdu-
bilityof ferroussulfateMdepressedin the présenceof anothersulfate.
The formationof doublesatts is common. Athightempératuresonlyia
thé hydrolysisof seriausmoment.

The effectsproducedby the addition of ferriesulfateto solutionsof
ferroussulfatehavebeenstudiedby C. C. Hudson(6). Tha data for
solutionsagitatedat 25"C. for sevenmonths are includedin table1.
Thereisa transitionpointor "constantsolution"containing8.16percent
ferroussulfateand36.6per cent feme sulfate. Withhigherconcentra-
tionsof the ferroussalt, the stablesolidphasein contactwiththe solu-
tionsis FeSO,.7H~).With eoncentratioMkss than8.MpercentferMUB
sulfate,thenatureofthe solidphasesisuneertain.

Examinationof the data shows,at very lowconcenttationa&fferrous
sulfateandhydrogensulfatein the liquidphase,thesolidphaseapproxi-
mates in compositionthe basicsulfateFe,0,. 2.380,. 7~0recentlyde.
scribedora morebasicferriecomplex(sotidsolution)(1). Astheconcen-
tration offerrousironincreasesin the liquidphasewithmorehydrogen
sulfatetheformerincreasesinthe solidphase,i.e.,ferrouasulfateisa com-
ponentofthe solidphase. Oneis deatingwitha four-componentsystem
and twophasesarepresentina mixtureofsolids. Caleulatedas oxides,
for treatmentas a four-componentsystem,wefindthe solutionsvarying
fromonecontainingFeO,0.18per cent,Fe~O,,17.9percent, 80a,28.26
percent,and H,0, 53.64percent, to onecontainingFeO,2.51per cent,
Fe,0,, 15.37percent,80a,28.94per cent,andH,0, 53.18percent. The
rangeof concentrationscoveredis sonarrowthat graphicaltreatmentis
dimcutt,andthedataare insumcienttojustifydefinitestatementsregard-
ingthe compositionof thé solidferriecomplexencountered.In table2
are the resultsfor a serieskept at 50"C.forsevenmonths. Again,at
high concentrationsof ferroussulfate the heptahydrate,Fe80<.7H<0,
is the stablesolid. The constantsolutionat thetransitionpointcontains
14.74percentferroussulfateand32.94per centferriesulfate. Withvcry
lowconcentrationof ferroussulfatein the liquid,the compositionofthé
sotidapproaehesthebasicsulfateFetO,.2.5SO,.7HtO,but as theconcen-
trationofferrousironincreasesin thé liquidit becomesan essentialcon-
stituentof the solidphaseor phasesin contactwith the liquid. Ferrie
hydroxidoisveryslightlysolublein solutionsofferroussulfateat ordinary
temperatures. In table 3 are the resultsof agitatingthe hydroxidein
contactwithsolutionsof varyingcompositionat 50*C.forsevenmonths.
Thoughsmall,the solubilityis appreciableandincreasesrelativelymore
as the concentratonofthe ferroussulfateincreases. Theanalysisofthe
residuesshowsa relativelygreaterabsorptionof80~thanofferrousiron
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inthe soM. ConBequeattyit wou!dseem~eoessarytoa~u~ ao o
ferrouBautfatesare presentin theeotidaaaweHasbasicferriecompounds.
The data for liquidsappeariofallona boundarycurvefor a four~compo-
nettt system,butthonatureofthé twocoexiattngsolidphasesia indefinite.

TABLE2

Fo~'tM<ya<~<?e~MeatM<o{M«<HM<efrMMtM~eteo<WC.

Mam~FtMM) n MMDM

?
g 3 MMOPMM

14 i
rai

¡

tXteenttxrMtttptf<ttttp~ ««(ptr «Ht p<r<tttt

0.19 48.73 ().? BMicferficsHtfate
0.67 46.M 2.69 0.49 ?.<? -6.82 Baste forrie sulfate
8.67 44.60 L93 BMteferrtcBU)f&te
6.18 41.03 8.!0 H.2t 48.33 -6.Zt BM!eî<~icauthH.etmdFeSO<?H,0
6.28 40.M8.W ll.ZO 47.69-6.t7 Bas!c(errieBaMateandFe80<.7H~)
8.02 88.8? 6.20 BMicf<Mtic9ttMeteMdFe80,TH.O

10.65 39.61 2.60 82.17 46.43 -6.10 Baato fwrio sulfate and FeSO,.7H,0
14.74 82.M 1.09 Fe80<-7H<0
19.40 M.M 0.96 64.96 10.74 0.80 Fe60<-7H,0
21.76 19.86 1.01 66.20 4.61 0.20 Pe80<.Hï,0
27.88 9.67 0.22 Fe80<-7H,0
30.35 6.40 O.M 58.97 2.80 0.61 Pe80<-7H,0
81.9$ St.79 0.67 Fe80<7HtO

TABLE 3

CMttp<M««Mt<~<t;Mtd<and fMtthM o6te~)M<tby <fM<tM(fM<«MoMe//<'WMM<ay«<<with

/<MTt'c~(<f<t(e

unme en~wr i d..e.eIAQUlDPII" -1:810l1li

fe Fe 80< F. F. 80t
p<f«x< twemt )«rt<t)t jMfMtt pn-tttt< tXfem<
3.60 O.tS 6.34 O.M 40.03 &.96
4.2? O.M y.6t O.t4 88.t8 6.80
5.15 0.22 9.55 0.14 38.18 6.80
6.7Z 0.26 tZ.OO Z.tO 45.00 8.43
8.38 0.36 t6.47

In dilutesolutionsof ferroussulfate,thé systemis alwaysa.four-com-
ponentone.

No doublesalt,norpseudoalumanatogousto that describedby Occle-
shaw, existabetween26"C.and SO"C.at any concentrationof ferrous
sulfate.
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It isshownthat, generally,the additionof ferriesulfateto an aqueous
solutionlowersthe solubilityof anothersulfate. At extrêmedilutions
whenhydrolysisis nearlycomplete,auKateswhiehformdiaulfateswith
sulfurieacid,suchM ammoniumsulfateand potassiumsulfate,maybe-
comemoresoluble,butovera verysmaUrangeofconcentration.

Withferroussulfate,nodoublesait is formedbetween25*C.and60"C.
at any concentrationoffeme sulfate.

Withammoniumsulfate,an alumisformedbelow36"C.,and thérange
ofconcentrationsoverwhichit existaat ?"0. Mshown,withapproximate
accuracy.

Withpotassiumsulfateanalumexistabelow16"C.overa widerangeof
concentration.It is not stableabove t6"C.,but a douMeeatt,2K<80<.
Fe<(SO<)<.14H;0iBstableoverat!butvetyhighorvery lowconcentrations
of ferriesulfate. TheconcentrationHmitsare shownwith approximate
accuracy.

At verylowconcentrationsand at rather highconcentrationsof feme
sulfatein the présenceof anothersulfate,the systemmuetbe tteatedaa
composedof fourcomponents.But over widerangesof concentration
andtemperaturethesystemmaybe consideredascomposedofthreecom-
ponents,and so treated,praotically,with the additionof smallexeeeses
of su!furicacid.
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The We« N«tt<f)-e<freoM; the ~~M J8tMH<)M<<~jSe<MM.By C. C. FmofAS
434pp. Ba!timore:WiMia)<N&WHMMCo.,M36.Mee:$3.00.
Since the death et StoMonhowotten have we heard the lament that no one haa

risen to take bis plaoein the poputarbtng of ehemi~try. ïn reading the present book
the reviewer beeameconvlnoed that thia eomptaint need no longer be ooMideted
valid, although chemistryooMtituteaonly a Imall part of the work. A freehoeMof
viewpoint, an originality ot treatment, a readinees of wit ohailenglng our moBt
oheriehed beH6f6,eo!entiao and otherwi~–breadth of outtook and wide Mopeof
aubjecta, aH controUed by sound commonMnM,have been united with maeterty
?"!<))!.

Although thé workmakes no etahnof especiallydrawing upon or contrtbutteg to
the field of phyeteet ehemhttfy, yet frequettt use made of its méthode in dealing
with the Mbjeots treated, and sny phyeica!chemintwill profit from and be enter-
tained by this keenanatyciaof thepteaontstatue and future problemeof science.

The toplce are divided betweenthe fieldsof biology,chemiatry,phystM, engineer-
ing, and BoeMogy. Oneoannot fall to be impMMedby the widerange of know1edge
dteptayed and the variety of problemsdieouseed. The opeciatMtwill probably be
moet inieMBted by the BubjeateremotefromhMownfieldwith whichhe doeanot 80
otten have contact.

The UMMneMand tnatruetive featureBmighthavebeenenhaneedby the introduc.
tion of some tables, foroxampte,of thévitamineandhormonesand their funetione.

In aptte of the caution and prevailingBkopticismof the author, he ooeMionaMy
diaptays aurprMnt degreeof confidenoein hie predictions. Probably few, if any,
biologiste will ahowhis optimism as to thé poM:b:<:tyof unMnMtedextension of the
apan of human lits, nor many engineersor scientistefollowhim in balieving that the
utilisation ofsunlight aaa powersourceia imminent.

The book la not only thoughttully written and instructive but le pervaded by an
atmoepheM of conviction and a sprighttinesa of présentation that make it a most
readabte work whiehean be recommendedto any reader whotook):to thé future with
an open mind.

S. C. Lan).

JK<c<f<~McO~f~tott otM<Roduction:/tKM-~tt<eand Or~~e. By 8. GLAMTom
and A. HtCKMM. Vol. IX of a Séries of Monographaon AppUed Chemietry
edited by E. Howard Tripp. ? x 14 cm.; x + 420 pp. New York: D. Van
Noatrand Company, Inc., 1936. Priée: ?.00. London: Chapman and Hall,
Ltd., ÏM5. Prioe: 25s.
This is a wett-batancedmonographon the preparation of inorganic and organic

eompounde by eleotrolytio oxidation and réduction, in which thé basic theory ie
presented adequatety and a wealthofpractical information Mto be found. Experi-
mental methods are not diMUMedin détail, although the various faetoM affecting
yfelda are treated ayateMaticaUy. Whorever possible the authors try to give an
unbiaaed interprétation of the reaction mechanismsinvotved. They tutty reatize
the Umitationa of our present knowledgeof the subject. Although many proMems

6M
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are Mt UMotved,thé di<cuN'ionsgivenehoutdaMmuIatefurtherreMarchtt) thb
intriguinRaeM.

The nret threeohaptere(oinety-nvepagea)deal with "RevereiMeEieotrode
Potentlals,""PolarisationandOvervoltage,"and"DiemionPheaomenainEteetre).
ysift." The theoryundetlyingpolarisationh treatedmoreexteaBiveiythaninother
texte,andiaup-to~ate. ïthnotquiteeieatwhytheMtùratedeatomeieteetrodeie
!eMadvantaeee~than the0.1 or 1 N calomeleteotrodeson accountofa high
temperatureeoeBcient(p. 13). The oxidationpotentialsof o-phenanthroMne
ferroasiron,anddiphenylamineare not knownat pH T;thé datatabutatedoa
p.31ehoutdreferto aeidmedium. tn theeatcutattone(eleotrodepotenttahduring
eteetroty~M(p. 7&)thé migrationof ionaehouldhâvebeenconstdared.Thb h )
mentionedlater,but it wouldhâvebeenmoreioeieatto mentiontMeonp.73. t

The followingohaptemdeal with reversible{norgantooxidationand reduetten
proceMea,irreveraibleortjanteandinorganioreduotionproeMMa,"polymerisationof
antone,"oxidationotfatty Mtdaand theireatta,IrrevemtNeinofganieandorgento
oxidationproeeeMa,and "anodiosubstitution." An exteMtveliât ot MteratUM
referencesis givenat the endof eachchapter; the patent titeratureh oonaldered
throughoutthétext. It ie regrettablethat no attentioniBpaidto thé important
InvestigationsofConantand coworkereon the "apparentoxidationpotentM"of
varlousorgeniecompounds.

Theaboveremarkedonotdetractfrotnthévalueofthistimetymonograph,whtch
4erecommendedtoattthèsewhofortheoreticalorpraotioalreaMMareinterestedm n
eteotrotyticprepMatioM,andinelectrodereactionain générât. [

ï. M.KOMHOFF.
t

~~ottM ColloidCAemM<f~.7/. TheN~rew O~dMand~fo~dM. By H. B.
Wataca. 15.Sx23.8em.;vu+429pp. NewYork:JohnWiteyandSoM.Inc.,
1935. Price:84.75.
Theaecondvolumein this aortesby ProfeMorWeisermaintainathe samehigh

standardas VotumeI. Asthe subtltleindtoatea,this workeovereabouttheaame
fieldsa waeeoveredby the author in hia book,The ~<<retMOMdM,whlchhe
publishedabouttenyeareago. HoweverthepreftentworkiainnoMnMa revMon
of the proviousone. 80muchbasbeenaceempUehedin this fieldin thé ten year
periodthat thé workhMbeenalmostcompletelyrewritten. X.ray anatyeifthae
provedthat manyoftheeubotancesconaideredto behydroueoxidesat that timeare
inrealityhydrouahydroxidesorhydrousoxidehydrates. TheMresuttabavemade
exteMivechangesin theaubjeotmatterneoeMary.

Aftera générâtintroductoryohapterwhichconeiderathepréparation,proporties,
andnatureofhydroueMddeeotsandgela,théauthorin thenaxtthreeehapteradeal8
withthe hydroueoxidesofiron,thealuminumfamily,andchromium.Thehydrom
oxideaof theotheretementaaretakenup,wherepractioaMe,in thé orderin which
theycomeinthéperiodietable. Thelast fourchaptersdealwithteohnicatapptMa-
tioMof theseimportanttypes of substancesand are titled "Mordanta";"Color
Lakeaof thé HydrouaOxides";"MinorâtTanning";and "Coagulantein Water
Purification."ThèselastohaptersaddcoMideraMytothé valueofthe bookfrom
the technicatpointofview. Likethé Bratvolumeof thé sériée,thia oneMwM
illuetratedandacompteteMatofreferencestooriginalworklegiven.

ThoeewhobaveusedProfeeeorWoiaer'Bpreviottsworkon tbia subjectwillwet-
comethie newbook. It i8 verycomplèteandup-to-date. Colloidchemistewill
welcomothiaaecondmemberof theaerieson ïnorgenieColloidChemistryandwill
awaitthéappearanceofthethirdvolumewithintereat.

L. H. RBYBMOt).
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andC<MMBNAT.8NEM..xxiti +ve0pp. NewYork:D.~anNoatrandCo.,
M36 Pdee:M.M.
OfthéphysicoehemicatmethodaindaityMminanatyticaitaboratories,thecolori-

motriedoubtlesshotd&wtplace, Théa!zeof théprésentwork,oomparedwiththat
ef F. D.Bnett'a(MortmefneAM~<, pubUshedin 1921,attestathé rapiddevelop.
ment ofth!ebranchofanalysis.Théfirstvolumeof thé secondediMonembracesa
briefaccountoftheprlnciplesofeotorimetry,a ratherf ulldescriptionoteotorimettic
apparatus,andaeomprehentdvecoMeeMonot methodsforthecetwimetrtcdetefmt-
nationofboththecommonandthéMMfetements;a fewturbidimetrieandnopholu.
tnetrtométhodeaMincludedtnetdentaHy.A sectionofsomeSftypageB!adevoted
to the deteirntintttionof hydMgea-ionconcentration. Fhotoe!ectnccotorimetera
are deserthed,andtheir appMeationh dieotMmd;the PulfrichphotometerMcetves
mention.

The bookgtvesevldenceo( catefu!préparation,and there are onlya Main~
numberof typograpbloalerrom;onpageM, in a footnote,thenamesofEmiehand
Donauareineorreotty~ven. Onemightwiehthat thé authorehadgivena fuller
diacuMionof théprincipleaofeotofhnetry.ThevolumeBhoutdprovea uaeMone
for thoaemakinguseofcolorimetrieméthode. Sincethe authorsbaveintentionally
confinedthemMivestothepraoticalaideof thesubject,thebookis otHtitevalueto
thoeeinterestedinthetheoreticalaspectsofco!oHmetry.

E. B. 8ANMH..

<7eem'te<<t<~cAeVo'M)'«MAttt~tMKoto~MAMtÛMeteAM.(OnCatatyticCa<matton
in BMoghtatPhenomena.)ByAt.wmMtM'Asca.14.5x N om.: x + t26 pp.
Bertin:JutiuaSpringer,1935.Pr;ee:6.70RM.
Thisie the publicationln anextendedformot an articlewhichthé authorcon.

tributed to thé pertodieatDte~atM'MtwetMeAa/tettwith the subtitle "Auchein
BerzeUtM-Gedenken,"asa tributetothémemoryofBerMUtMonthe occasionofthe
con~enaryof the ori~tnattonbyBeraeliusof the conceptofcatalysiein t836. The
preMntauthorlea ohemistwhourgesmanyyearsexperiencein technicatcatalysis
as an excuseforenteringthe fieldofMotogtcatcatalysis,whileadmittingthat thé
last wordmuetrestwithbiologiste.!n the coume~ofhisreviewof theproblemhe
dealswitha largevarietyofeubjectasuchasimmunity,hormones,growthsubstances,
vitamine,genes,andstimuliofvartouBkinds. Thetreatmentlelargelyphilosophi.
cal andln thécourseofthéargumentsuchsubjectsaehoHem,causality,vitalforoe,
and metaphysicsare tntroduced.A teatureof the bookMthe liberalcitationof
literature référencesandoflisteofbocksfor furtherreading. Thepostscriptenda
with aquotationfromOoethe:"Allesist einfacher,aismandenkenkann;zugteich
versohrankter,atsmanbegreifenkann"(Allthin~ aresimplerthanonemaythink;
at the sametime moreittter!ockedthan onecan eonceive),–astatementwhloh
wouldseemquiteappropriatetytoMmupthe author'swrMng.

P. HAA8.

~<Se<M<<oMConeettt)'~)).Théorieet~ppM<M<t<MMauxMélangesBinairesdeCoM-
p<M<ftO)-c<Mt9)<«t.ByjBAttTfMMBHMANB.647pp.; 540figures. Paris: :MaMon
&Cie,t935.
It isdiBicuttto givethereaderanadequateideaof the weatthofmaterialto be

foundin thisbookofTimmermans.Notonlydoeshepresentthe theoryofvarioua
types of binarymixturesof organicsubstancesbut hoatsoMprodaoes,in a very
comprehensivemanner,experimontaldata dealingwith suchpropertiesof the
mixture8as denaity,ffeezingpoint,boilingpoint, criticalsolutiontemperature,
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refraotiveindex,viMoeity,surfaceteMiOn,.te. Th& data areoometimmg!~ in
tables,butUMaHybymeanaofaocurateiydrawngraphe.

The bookindudMa M-pagebibliotraphyand a 49-pegeformulaindexot the
MnaryayatejMdMOMBedinthetext.

The useMnemoftho bookia eomewhatimpairedby the veryindividuaihtie
aywtemofaymbohusedby the authorand by thé very ~naMtype employedfor
ietteraandnumbersinthe graphieaifigures.

P. H. M~oCouoAM.

~ttMK<ye/Wm-e<M<M~<«.Secondedition. ByJoBLH.Htu)BBR*Nt).Ameri.
can ChemieatSooietyMonographSeries. ?3 pp. NewYorkCity: Reinhold
PuMiahingCorporation,tMS. Price:M.60.
The appearanceofa secondedition of Dr. Hildebrand'awett-knownbookon

solubilitywillbeweleomedby thoaewhoare familiarwiththe nratedition. Theywillbegladto haveavailablea portrayalin moderatocompawofthe pro~teMthat
haabeenmadeduringthe tMtdozenyearsin the atudyofBotutions.Dr.Hilde.
brand monographeanbeheartilyrecommendedto théattentionofaHatudentsof
the propertief)ofsolutiona.It ieto benotedthat onlynon~tectrotyteaaretreated
by the author.

F. H. M~cDocoAt.

Die fen!Mtt<e«~ ihre tftrtttt~ott. SupplementBd I: SpeciellerTeU:HauptteilVII-XV. By CARLOppBMMMBB.The Hague, Hottand:W. Junk Verlag,
ScheveningMheWeg74, t935-36. Appearingin Lieferungof «.. t60pp.eaeh,20.5x 28cm. PricedatM-SOperMeferung.
The chemMtinveetigatingenzymereaotioneie deatingwithorganicoatalystselaboratedby,andcontrollingthe reactionain, livingcellaand tbaueB. NaturaUythefloodofpapersappearinginthianeidiaenormous. Duringt9M-t9Z9thémamive

fourvolumesof thefiftheditionofOppenheimer'sDie ft~M~ und t~e Wt~~
appearedand bavebeenacceptedas the standardreferenceworkin the fieldof
enzymeehemiatry.

Thepresentvolumedealewiththé literaturewhicbbasappearedaincethemain
MnMof volumesWMpubUshed.Lieferung1 to 6 are aireadypubliehed.Theymamtainthe highstandardswhiehcharacterisedthe parentvolumes. Noother
workofequivalentgradeisavaitaNein this field. It iaeneyeiopedioinacopeandle
invaiuabtetostudentsofenzymephenomena.

ROMAtMNGOBTNBB.

fttn<&toMtt<<t~o/ BMeAotMtreM Be<a«'<Mt<o~MOMMPA~o(< Fifth édition.
ByT. R. PAMOtta.xii + 463pp. Baltimore:WilliamWoodandCompany1M6
Priée:$3.00.
In 1923the author,a memberof the faculty ot the Universityof Cambridge,

publiahedthe 6retéditionof this f)tM<~M<t)t<<tho/ Bice~MM~. Thebookrepre.Mntedan "attempttodescribein a continuouestorythe moreimportantgenerally-
acceptedprincipteewhichbavebeenderivedfromtheatudyofthechangeaoeeurringin thé humanbody." Theauthor'apurposethat "any meritmybookmaypoBBeM
mayreButtfromitBcontaining!eMofinformationrather thanmorethanotherbooka
contain"hasbeenMeeemMiyachievedand basmadethisbookaweieemenoveityin thesedayswhenmanyelementarytexteappearto bedeaignedratherto impreM
feltowscientistewiththe eruditionof the authorthan to presentan "introduction
suitableforreadersnewtotheeub}eet."

Deapitethé largenumberof important recent advaneesin bioohemistry,the
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author hatumooeeded~dmiraMyla mataMatngMaortginat obteoti~ in tS<,
afth,editioB. Thenewmdevetopmentein theaeidaofpigments(oavins),hormone
eteMts,andvitaminsarepreeentedina satisfaotorymannerwithexcellentcitations
oftheUteratureferthoMwhowoutdreadhMther.

The Mviwer&noweof M etementarytext ln wMchthe relationsof phyeicat
chmnistryte UfearepMsentedmoresimpiyand moreeneotivetythan in the.two
ehepteMnnderthé headingsofgastensions,osmotiepremuM,eoHotde,adsorption,
the feMtionofbodyNu!<b,andthe(tmctionaHmpOftanceofeteetMtyte*.

WM!ethematerf~ptMentedtenettketdeeiptednoradequate!n amountforthe
COUM99inMoehemistryofourpMfeMioMtBehoobinthiecountry,it aNordeaworthy
introductionto themoMeompteheMivetexteandaaa<MhahouldbereadilyavatlaMe
for th6MettdentB. ît canataoberecommendedasan excellentgênera!présentation
for the laymanwhowiNheato beinformedin moderndevetopmenteofohemietryae
retatedto vitalaotivity.

HowABO B. t<awta.

fhtme. By0. C. MC. Et.Msaad W. A. KntMY. Methuen'aMonographeon
ChemieaiSubjeote. 11x11cm.;vi +106pp. London:MethuenandCo.,Ltd.,
1986. Mee:a/Mt.
Thé studyof the initiationandpropagationofnamein gaMouamixtureebasnot

only becomeincteaeingtyimportantin recentyearaby reMonof ita relationto the
internai combustionengine,but basaieorecoivedmuchattentionln the teMMeh
laboratory. Theaathorf)dealnotonlywiththe phyeteaiaapeotaofcombuationbut
atso withmontnattereaatheetfeetof temperatureand pressureonCameequilibrla,
chainreaotione,andfreeradicab. TheygiveMOMfeMoceatotiteratUM,inetuding
very récentwork,andin the apaeeat their diapoBatthey presenta reviewof the
aubjeotwhiehla bothauthoritaUveend interesting. TheHtustrationBcomprisea
plate andfcurteendiagrams.

J. R. PABTtttOTON.

~<t<tM<<mtnt.~c<'enx)ew.Teil zugleiohAnhangau AluminiumTeil Ain Gmetina
HandbuohderanorganiaohenChemie. 8Aunage. HerauegegebenvonderDeut-
MhenChenMBehenOeM))echaft.By A. GMTNtBBand G. Aptt! 26 x 18cm.;
342 pp. Bertin:VerlagChemie,1936.Price:26.25marks (in Germany,85
marks).
The bookgivesa MatofatuminumattoysctaseMedaecotdittgtoa system,withthé

composition,properties,andapplioations,andreferencesto literatureand patente.
To the metallurglstandtechnicianit willbeofgreatutility.

J. R. PAttïMOTON.

GtMeMtMHa!)<<ouc&der(MtOfc<MM<cA<HChemie. 8 Auflage. HerausgegebBnvonder
DeutschenChemlsohenGeseHschatt.8ystem-NuMuner4:Stickatoft.Lieferung8.
26 x 18cm.; pp. 6W-8M.Bertin:VerlagChemie,t986. Price:4t.25 marks
(in Germany,Mmarks).
Thepresentseotiondealswiththé oxidesofnitrogen. It inctudesa verydetaUed

diecussionofthe teohnicalformationof nitriooxidein the electrioarcand by the
oxidationofMMnonia.Thelatter, aa thé mostimportantmodemproeessfor the
manufactureof nitrioacid,receivesspécialattention, aad this sectionis porbape
the bestandfuUestaccountof thésubjectwhichbaByet appeared. Therestof thé
volumeis ttso of highstandardand inctndesmanydiscuMionsof physieoehetnieai
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and teehnteai interest. Aa an exampte, the account of the réaction 2NO + 0.

2NO<,wîth a wealthof numericaldata, may bementioned.

J. R. PAttTtNQTON.

OtMMtMJfo~ttoA der <ttM<'c'e<tt<cAtMChmie. 8 Aunage.HoratMgegebenvon der
Deutschen Chemiaehen GeM!)schaft. System-Ntunmer !5: Atuminium. Tait

A, Lieferung3. 26 x 18cm.; pp. 451-534. Ber)in:Ver)aKChemio,1930. Priée:

)0.60marks (in Gennany, t4 marke).
This sectiondeats solelywith the surfaco treatment of alumlnum and aluminum

alloye, ineluding oxide layers aad motallie surfaces. It givea full referencMto

literature and patents and eontaiM materlal of phyetcochemieatintereet 118wellas
much on thé techniea!aide.

J. R. PAtn'tNQTON.

NMc<<o!Mo/Oryon(cCompotfttd<.ByW.J.HtCHNBOrroM. Z2.6xt6cm.;xand

449pp. London;I<ongtnaM,GreenaMdCo.,Ï936. Pfiee:M/–.
For ite priéeand B!Mthis bookMunique. The author haa set out to desertbethé

/oe<~of organicchemietryby referenceto laboratory praotieerather than to ctaNioat

theory, and in consequencethé arrangement of the eubjectmatter presente unusual

features. ThemostobviouaMsimplicity ofclassification. OnlyelevenchapteMare

taken to descrtbethe reactioneofthe commonergrouphgs and radicalein thé varioue

types ofstructurât eituation in which they oocur. The'consHenttionof benzanewtth

mothane, phmota and alcoholewith enote, etc., in this way avoida repetition and

enaMeathe ground to be coveredmuchmore neatty than isdone in many textbooke
where thé conventionalorder is followed.

As a typical example the chapter headed "Atdehydeaand Ketonea" oan bemen-

tioned. Hereare Cretdetailedquite futty the various traMformatioM ofsubstances

of thèse types without any references to the commonMbdiviaioMof organio ehem-

latry, a very widelychosenMtectionof specifieexamplesis then quoted, drawnfrom

aUphat!o,aromatie,and heterocycticSystems,the carbohydrates,and thé quinones.
Such a plan emphasizesthé essential unity of the chemiatry of the cm-to~! com-

pounds, and at the same time the weatth of expérimentât illustration given atforde
the very neceMaryindication of the limitations whieh"goneral" reactions are apt to

dieplay in practice.
Asa oomplementto a standard text-book this workxhontdprove valuable both to

advaneed studentaand to thoeewhodosire a book of reforencewhtch is convenient

to read and up-to-date (the index ia good and fréquent oitationa are made te the

original literature). Fromthé point of viewof thé atadent tho book ia additionally
attractive booausoit basa usefulappendixdealing with the identification oforganic

substances, and throughout ite contenta are dietributed aome thirty five pages of

tables of phyMeatconstants, derivativee etc., quite adequate for thé gêneraiMquire-
ments of qualitative anatyaia. Full experimental dotaile are included for aeverat

hundreds of preparations. It thua offers under one covertnueh of thé material of

three books.

R.J.W.LE~VM!.
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