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THE CONSTITUTION OF HYDROUS OXIDE SOLS FROM X-RAY
DIFFRACTION STUDIES!

HARRY B. WEIBER anp W. O, MILLIGVAN
Department of Chemistry, The Rice Institute, Houston, Tezas
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Sols of the hydrophobic type which includes most of the hydrous oxides,
can be prepared fairly free from electrolytes, bus it was demonstrated first
by Thomas Graham and confirmed repeatedly thereafter, that in the
absence of protecting colloids some electrolyte must be present in the sols
to ensure their stability. Thus ferric oxide sol formed by hydrolysis of
ferric chloride or by peptization of the hydrous oxide by ferric chloride
always containg traces of chloride however long the dialysis is continued.?

The presence of chloride in the dialyzed sols led Wyrouboff and Verneuil
(13) to suggest that the various preparations contain basic salts or chlorides
of “condensed” hydroxides, 7This idea was further extended and devel-
oped by several investigators especially by Duclaux (3), Malfitano (7),
Hantusch and Desch (4), and Linder and Picton (6). Thus, the constitu.
tion of the sols was represented by formulas such as:

[20Fe(OH);- FeCla], and [45Fe(OH)s FeClyla

Pauli (8) considers the colloidal pardicles to be complex ions vesulting
from ionization of complex electrolytes allied to the Werner compounds.
Since the constitution of a given sol varies with the conditions of prepara-
tion he represents it by a general formula. In the case of ferric oxide sol
this is

[zFe(OH); . yFeOCl. FeO]t, (Cl~)

in which 2 = 32 t0 350 and y = 4 to0 5.7 in sols formed by hydrolysis.
It is difficult to justify this formoulation, since no one has established the
existence of Fe(OH)s, and FeOCl is obtained only under special conditions
in & bomb tube at elevated temperatures.

Thomas and coworkers (9, 10) suggest that the dispersed phase in

! Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June
20-22, 1935, ,

3 Sorum sols (J. Am, Chem. Soc. 50, 1264 (1028)) containing no detectable
chloride either contain a trace of some other clectrolyte or are protected by some
material derived from the dialyzing membrane during the prolonged dialysis.

1

THE JOUANAL OF PHYSICAL CHEMISTRY, YOL. XL, No, |




2 HAHRY B, WEISBER AND w. 0. MlLLiGAN

hydrous oxide sols, such as alumina sol formed by peptization of the gel
with hydrochloric acid, consists of olated and possibly oxolated aluminum
oxyehloride complexes of the Werner type resembling the poly-ol basie
chromic salts formulated by Bjerrum (2). Thomas formulates one such
hypothetical complex as given in figure 1. The assumption that such
hypothetical compounds exist in the sol was made to aecount for the
observation that the pH value of the sol is raised by the stepwise addition
of neutral electrolytes, the anion order being: oxalate > acetate > sul-
fate > halides > nitrate. The increased pH value was attributed to
replacement of the OH groups by the anion of the added salt, followed by
the union of the displaced OH radicals with hydrogen to form water.

Sinee hydrous oxide sols formed in the presence of chloride, say, always
contain more or less chloride, Thomas believes that such sols should be
designated as metallic oxychloride sols rather than as hydrous oxide rols.
He recognizes that the term ferric oxychloride hydrosol is objectionable,

RN,
\

Hp~AI Al—Ho

/ \\m ,o\ AN

QM 6Cl

AVZEN \ /
HO—~Al Mo

Hzo/ \OH"’ H,!o “Ho b.p

Fia. 1. Formuls of o hypothetical alumina complex (after Thomas)

sinee it connotes 8 definite chemical compound when no such meaning is
intended. Nevertheless he prefers to regard the hydrous oxide sols as
oxysalt sols, since the colloidal particles are not pure hydrous oxides.
To be consistent, one should rename the metallic sols and the salt s0ls,
which, like the oxide sols, are not pure insoluble metal or salt. Itis difficult
to see what would be gained by introducing such & change in our termi-
nology. The ratio of iron to chlorine in a ferric oxide sol has been variously
reported as 6, 42, 84, 396, 2700, and higher. To designate a sol with a low
chloride content as an oxychloride sol is like calling precipitated barium
sulfate a chlorosulfate because it contains some adsorbed barium chloride.

It is now quite generally recognized that the stability of a positive silver
halide sol is due to the preferential adsorption of silver ion by unsaturated
secondary valence forces on the surface of the crystals. The crystals will
also contain some adsorbed silver nitrate. Similarly a hydrous oxide sol
formed in the presence of metallic chloride, hydrochloric acid, and their
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corresponding ions will contain varying amounts of the several components,
depending on the precise method of formation and the purification of the
gol. The positive charge on & given sol is due to the preferential adsorps
tion of hydrogen and metallic ion on the surface of the hydrous oxide just
as the positive charge on & silver halide sol is due to preferential adsorption
of silverion. It is unnecessary to attribute the charge to the presence of an
‘“‘jonogenic complex attached to the surface’” (Pauli) unless the presence
of such & complex has been rendered highly probable. Thus to assume
the presence of even a simple salt like FeOCl in a ferric oxide sol goes well
beyond the established facts.

In recent years investigations (11) have been made of the various
phenomena which take place on adding electrolytes stepwise to sols of the
hydrous oxides of iron and alumibum, To account for the several phe-
nomens, including the form of the chloride displacement curves and of
eurves showing the change in pH value, the constitution of the particles
may be represented by the general formulas:

[(zFes0,. yHCL.zHO)Fet Y tHT] (m + n — ¢)CI-, ¢Cl-

Solid phase Inner  Diffuse outer layer
layer
and,
[(zALOs - HiO - yHCL. H;0)AlL **HY]  (m 4 n —~ q)ClI-, gCI-
Solid phase Inner Diffuse outer layer
layer

Iver (5) accepts this formulation of the constitution of certain oxide sols,
but suggests that the outer portion of the double layer contains hydroxyl
ions as well as chloride jons. The displacement of the former on titrating
with neutral salts would account for the increase in the pH value of the
mixture. It seems rather questionable, however, whether hydroxy! ions
will be present in the outer portion of the double layer in sols having a pH
value of 4 to 5. The increase in the pH value on the addition to the sols
of neutral salts, especially those with multivalent anions, is doubtless due
to the increase in adsorption of hydrogen ion in the presence of a strongly
adsorbed anion. This increased adsorption of cations in the presence of
strongly adsorbed anions is a general phenomenon that has been observed
with various types of adsorbents such as carbon and fibers as well as with
the hydrous oxides, With salts such as citrate, oxalate, and acetate,
buffer action increases the pH value of the sol-¢lectrolyte mixture above
that of the sol alone.

From the evidence obtained by potentiometric titration of the sols,
there would appear to be no necessary reason for assuming that the sols are
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colloidal electrolytes consisting of basic salts or Werner complexes. On
the contrary the indirect evidence suggests that the solid phase consists
essentially of the hydrous oxide (or simple hydrate).

Since x-ray diffraction studies have proven helpful in determining the
composition of gels, it was believed that similar studies on sols might give
direet evidence of the constitution of the ecolloidal particles in the sols.
‘The chiel complication in the examination of the systems is the relatively
low coneentrations of the solid phase and the scattering of the x-rays by
the water in the samples. Bohm and Niclessen (1) showed that the gels
from certain oxide sols were not amorphous; but in most eases it was not
stated whether the air-dried or moist gel was examined. Bince Thomas
belicves that the elements of water in certain oxide sols are combined in the
form of poly-ol basic Werner salts, it is not permissible to air-dry the
samples before examination. On the contrary, the sols must be studied
directly, or the undried gel, obtained preferably by ultrafiltration of the
sols, must be examined. Preliminary experiments were carried out with
sols of the hydrous oxides of aluminum, tin, and indium.

AL 0 HO Gel {yulrras
L | l iltration of sot from Al
| | 1 amasigam )

A103H,0 Gel (loy ultras
e. A ration of ont from ppod.
j l L alumine )

AL Oy H O Powder
3. ] I 1 I;reéi;ii-;hdo:t 100*

Fra. 2. X-ray diffraction patterus

ALUMINUM OXIDE BOLS

Two sols of aluminum oxide were employed. The first was prepared by
peptization, with hot 0.01 N hydrochloric acid, of the gel formed by the
action of amalgamated aluminum on water. The method of Thomas (10)
was used except that the gel was not dried. The second sol was obtained
by peptization, with hot 0.05 N hydrochloric acid, of the gel thrown down
from hot aluminum chloride solution with ammonia and washed by decan-
tation until almost free from chloride. In both cases a large excess of the
gel remained unpeptized, from which the sol was decanted. After stand-
ing quietly for several days to allow further traces of unpeptized gel to
settle, the slightly cloudy sols were examined

Portions of the sols were ultrafiltered through a cellophane membrane,
and the resulting moist gels were analyzed by the x-ray diffraction method,
using & camers of the Seemann-Bohlin type. Copper radiation filtered
through nickel foil, at 60 milliamperes and 50,000 volts, was employed.
Under these conditions but five to ten minutes exposure was necessary,
so that little or no drying of the gel took place. The results of the observa-
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tions are siown in dingeam form in figure 2 (3 and 2}, For the purpose of

comparison the diagam of ¥-Al,Os. HyO powder is included in the figure.
Reproductions of the negatives are shown in figure 3. From these obgervg-

Fra. 3. X.ray diffraction putterns

1. 4-Al05Hs0 gel (ultrafiltration of sol from aluminum amalgam)
2, y-ALO;-HAO gel (ubtrafiltration of sol from previpitated alumina)

3. 9-ALO;- HiO puwder (precipitated at 100°C,)

kL Sn O, Sol
I {Thixotropic)
2. 5'\0; Gel
l (By ultratiltration)
3 5“0; Powder
: ] {Sn + HNOy)
4. S“Og. .
{No. 3 ignited)
1y l Ui a0 L} l X g

Fia. 4. X-ray diffraction patterns

tions, it would appear that the particles in the aluming sol consist essens
tially of hydrous 4-AlOs-HsQ. There is no reason to helieve that they
are made up of simple hasic salts or hasie salts of the Werner type.

STANNIC OXIDE

Stannic oxide sol was prepared by the method of Zsigmondy (14).
Twenty-five grams of hydrated stamie chloride was dissolved in 20 liters
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of water and allowed to hydrolyze,  The resulting gel was washed until
the wash-water was free from chloride.  After suspending in 250 ce. of
water, it was peptized with three drops of concentrated ammonia and the
resulting sol was boiled to remove excegs ammonia, The moist gel
obtained by ultrafiltration of the clear sol gave the x-ray diffraction
pattern of anhydrous stannie oxide or eassiterite, as shown dingram-
matically in figure 4 (2). For the purpose of comparizon the patterns of
the so-callod “8"-stanmie oxide and of anhydrous stannic oxide are in-

¢luded in the diagrm.
The sol concentrated to 100 ee, heeame thisotropie,  This sol gave the

pattern shown in figure 4 (1),
INDIUM OXIDE SOL

A solution of indium nitrate was precipitated in the cold with ammonia,
the precipitate thoroughly washed, and peptized in the cold with dilute
hydrochlorie acid.  The gel obtained by ultrafiltration of the sol gave the

Fra. 5. X-ray diffraction patterns for In, 05 3H,0 gel (from ultrafiltration of gol)

x-ray diffraetion pattern shown in figure 5. This is the pattern for
Iny0s. 3H:0 or In(OH); (12).

From the above x-ray studies, it would appear that the particles in
typical oxide sols consist essentially of aggregates of minate crystals of
hydrous oxides or of simple oxide hydrates. In the sols containing
chloride, the latter is not bound in the form of a basic ralt in most eases, but
is adsorbed in an amount depending on the size and physieal character of
the particles.  Such sol systems are properly referred to as hydrous oxide
s0ls.

In the light of the above, if one prefers to regard the hydrous oxide sols as
clectrolytes with colloidal ions it must be emphasized that there is a funda-
mental difference hetween sols and non-eolloidal complex cleetrolytes such
as potassium ferrocyanide, the cobalt amines, the complex platinie salts, cte.,
formulated by Werner. There is also a distinet difference between a
hydrous oxide sol and such colloidal clectrolytes as the soaps and Congo
red, in that the latter contain jonie micelles made up of groups of ions
which have a definite compoxition and which carry one charge for each
equivalent of the jon, whereas the micelles of the former have no definite
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composition and may carry hundreds or thousands of equivalents for each
free charge,

BUMMARY

X-ray diffraction examination of the moist gels from typical hydrous
oxide sols indicates that the particles of the solid phase in such sols consist
essentially of aggregates of minute crystals of hydrous oxides or of gimple
oxide hydrates, In the sols containing chloride, the Iatter is not bound in
the form of a basic salt in most cases, but is adsorbed in an amount depend-
ing on the size and physical character of the particles.
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The applicability of the conventional equation of streaming potential to
small capillaries is an important subject. It involves the whole question of
streaming potential through membranes, and accordingly should be of
particular interest to the biologist. Smoluchowski (13) showed that
membranes were subject to the same mathematical treatment he employed
for single capillaries and, within the limits of the restrictions, the equations
held for capillaries of any size or shape. His equation for streaming
potential is

__4mKH
§ = ~DP (1)

where { is the electrical potential across the double layer, 7 is the coefficient
of viscosity, K is the specific conductance of the streaming liquid, H is the
streaming potential, D is the dielectric constant, and P is the pressure fore-
ing the liquid through the capillary.,

A marked decrease in the streaming potential has been demonstrated by
Bull and Gortner (5) with disphragms made of fine quart2 particles. The
effcet became apparent with particles slightly below 200 u in diameter and
rapidly became more important, until at 5 u the streaming potential was
only 25 per cent of that for the 200 s particles. The decrease in potential
with the smaller particles is no doubt due to the smaller capillaries. Their
data, however, offer no easy way of determining the capillary size. White,
Urban, and Krick (16) also found a diminishing streaming potential with
decreasing capillary size. The question arises as to the ecritical size of a
capillary below which the simple theory of Smoluchowski is no longer
adequate, There are several factors to be considered.

' Presented at the Twelfth Colloid S8ymposium, held at Ithaca, New York, June
20-22, 1935,

Published as Paper No. 1358, Journal Series, Minnesots Agricultural Experi~
ment Station,

* National Research Fellow in the Biological Sciences.
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It was first realized by Stock (14) that surface conductance must be con=
sidered and that the specific conductance used in equation 1 was that of the
liquid in the membrane or small capillary. An involved mathematical
treatment has been given by Cole, Bikerman, Komagata, and others (1).
Az shown by Briggs (3), the difficulty is easily taken care of experimentally
by determining the cell constant of the membrane with N/10 potassium
chloride; then by determining the resistance of the membrane containing
the various solutions, the specific conductivity of the liquid in the mem-
brane (K,) is easily caleulated, and this K, then replaces the K of equation
1. This, then, presents no serious difficulty for the streaming potential
technique in small capillaries.

In the derivation of the streaming potential equation (13), Poisson’s
equation is integrated for the case of two parallel plates, and the resulting
equation applies only when the thickness of the double layer is small in
comparison with the radius of the capillavy. We are really dealing, how-
ever, with two coaxial cylinders whose edges are the thickness of the
double layer apart. The elcctrical potential between these eylinders is

dro he
e e (14 @
where r is the radius of the inside eylinder, D is the dielectric constant,

A is the distance between the eylinders, and ¢® is the charge per em.J?
Whenr > > )\, this equation reduces to that for two parallel plates.$

4
fn = ‘%q hp (3)

The ratio of these two potentials is
f' 1 r ( )N:)
— o e ) 1 — 4.
;' 2 Ap + r ( )

Except where there is overlapping of the double layers, A\, = .. Esti-
metion of the critical radius from values of /A, must be done by an approx-

imation (11). If 24 < 25 millivolts (where 2, is the valence of an ion of
the i'* type),

= (5)

¥ Throughout this portion of the discussion, « is considered constant.

A AN A3
‘Since!n(l{»-f)n - e e - e,
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where ), is the mean thickness of the double layer when equation 3 holds,

4Nt

= ¥ SpT V'Y, ca? (Debye-Hickel) (6)
and
DRT
4= 1/411'1\”&3(2; + 2p)eiz; (or ¢7;) (Gouy) @

N = Avogadro’s number, B = the gas constant, ¢i(¢;) = ijonic concentra-
tion in moles per cubic centimeter (1, 9, 11).

The ratio, §1/5s, may be considered as a measure of the deviation from
the conventional streaming potential equation. In figure I (curve A) this
ratio is shown plotted against the capillary radius divided by the thickness
of the double layer. Tt will be noted that a 10 per cent deviation is en-
countered at a ratio of pore radius to double layer thickness of about 4.

L

-’T—-M

R/ 5 10 1% 20 25
Fia. 1. Diminution in ¢ produced by small values of /X from equations 4 and 9

Recently Lens (9) investigated the thickness of the double layers between
two parallel plates by the use of the Gouy theory., He calculated that in
thin slits an interference of the two double layers exists, causing the centers
of gravity of the charges in the double layers to be pushed in toward the
walls of the slit. He derived the following equation expressing the relation
between the thickness of the layer and the half-width of the slit:

r
ere 1

Calling the half-width of the slit », we have substituted this value of A, in
equation 2 and divided by equation 3, thus obtaining the following

equation:
{1 T l a 1 l

(8)

hc:a""
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Again {,/8y is plotted against r/A, as shown in curve B, figure 15 The
values of {1/{; represent the deviation from the ideal case of a plane surface
with no interference. A 10 per cent deviation is encountered in this case
at #/A, = 6. While it is perhaps foreing the point to substitute the equa-
tion of Lens, which was derived for two paralle] planes, into that involving
cylinders, we believe the result serves as & first approximation. "Table 1,
column 2, shows the capillary size which would give rise to a 10 per cens
deviation in { for various concentrations of & uni-univalent salt (assuming
2 < 25 millivelts (11)).

Komagata (8) has derived expressions showing the influence of eapillary
size on the streaming potential. By making the Debye-Huekel approxi-

mation (1) (sin A ¢ F/RT =2 ¢ F/RT), he has integrated the fundamental
equation of electrokinetics (1),

% 1w
V'W"axf’“xax""‘z"' (10)

for the case of a cylindrical capillary. He arrives at an expression involv-

ing Joand J, Bessel functions of the zero-th and first order and of the first
kind,

Jol(ikz)
Al vo (11)

where ¥ is the true {-potential, » is the codrdinate (in the cylindrical sys-
tem) coinciding with the radius, r, and ¢ is the potential at any point on 2.

From this, the equation for ¢,

o = MHJ 1(‘?:1{1' )
Y

V=

(12)

is developed. This reduces to equation 3 for large values of «r.% ?

Komagata then develops the streaming potential equation after the con-
ventional method (13) and substitutes these values to attain the following
equation for streaming potential:

PD (-¥) 2 —iJ1(ix))
H = 4wy K, (1 T xedolir) )

(13)

. . 1
¢ In plotting, the assumption was made that a = A\p = —,
x
6 L lim . - em — lim s ’
Since yow Jolikr) = —=—= = 0 — iJ\(ixr)
2utxr

7 We are indebted to Dr. Komagata for a personal communication with regard to
this point.
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By comparing equation | with this,

| ¥ | = f¢ (14)
where
1 & —4J,(inr)]
7 - ero(lixr) (18)

Komagats has caleulated limiting values for r, at different concentra-
tions of electrolyte, at which a deviation of 10 per cent between ¥ and ¢

TABLE 1

Limiling values of radii, corresponding to concentrations of uni-univalent electrolyte,
at which a 10 per cenl diminution in ¢ should be observed

CONCENTRATION IN MOLES LIMITING RADIUS IN u FROM LIMITING RADICEIN i FROM
PHR LITBR BYUATION ¥ (xr = §) EQUATION 14 (xr = 20)

10-? 5.18 19.5

10— 1.83 6.2

10-¢ 0.578 1.95

10-+4 0.183 .62

103 0.0578 0.19

st

OGT

o7 /
1

KR 10 20 30 4D 50 60

Fia. 2. Equation 15 from the theory of Komagata

should beobserved (ref. 8, p.36). Unfortunately, the decimal point hasbeen
misplaced in this table, so that these values are ten times what they should
be. Correct values are listed in table 1, column 3, The critical point fora
deviation of this magnitude lies at xr = 20,

The reciprocal of the factor f (equation 15) has been plotted against «r
in figure 2 (after Komagata). On comparing figure 1 with figure 2, it will
be seen that the factor f, which represents {eytinder + {piane, a0d the ratios
of equations 4 and 9 change in an inverse direction as xrvaries,. When
«r is large, {1/ts in equations 4 and 9 reduces to unity and so does f (in
equation 14). But at small values of x*, equation 12 does not reduce to
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equation 2. In the case of the ratios calculated from the cylindrical and
plate condensers (equations 4 and 9), the factor by which the observed ¢
(from equation 1) is multiplied is always < 1;in Komagata's equations, it
is alvays > 1. This fundamental difference may reside in the fact that
in the first treatment ¢ was assumed to be constant with changing r and the
influence of thickness of the double layer predominant. In Komagata's
treatment ¢ changes withr., The effect of equations 4 and 9 is to reduce ¢;
Komagata's equation 13 tends to eliminate the observed lowering in stream-
ing potential with decreasing r.

In the above connection, Bikerman (2) has dervived an expression for the
current produced by the streaming potential in slits and takes the jonic
atmosphere into consideration. He finds that the width of the slit plays a
role only when it is comparable in size to the thickness of the double layer.

Another factor which must be considered in the treatment of small
capillaries is that of viscosity. Tersaghi (15) gives empirical equations

expressing the viscosity of water as a function of the width of narrow slits.
He found that

1 0.02 X 10~

o=l (16)
to

., 242 X107

.= 14 - (17)

where 0o is the viscosity of water at 25°C. and ¢ is the viscosity of water ina
glit of width 28 at the same temperature. Terzaghi worked with mem.
branes of clay. Figure 3 shows the change of viscosity with the half-width
of the slit. Equations 16 and 17 are plotted as curve 2 and curve 1 (figure
3), respectively. It is clear that an appreciable change in viscosity is
found at a radius of about 9 X 10~* cm., and thereafter it increases very
rapidly. Deriagin (6), likewise, reports that water exhibits rigidity when
placed between glass surfaces less than 150 mu apart. The one surface
formed the bottom of a vessel; the other was a convex glass lens which was
forced to oscillate about a vertical axis. The distance between the two
was measured by observing Newton’s fringes. It was found that the rigid-
ity vanished above 150 myu, which is, as he remarks, in the same order
of magnitude as reported by Terzaghi. The viscosity effect would invali-
date streaming potential measurements made much below a capillary radius
of 10~% em. In membranes of mixed pore sizes, pores below this value
would be virtually inoperative in contributing to the streaming potential.

Electrosmotic cffects resulting from the streaming potential must also
be considered. This so-called back pressure has been discussed by Bull
(4) and Reichardt (12). There is as yet no unanimity of opinion in this
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respect, Itis possible to regard this problem in another way than has yet
been done. We can, for example, compare in a very simple and direct
fashion the maximum electrical work obtained with the total mechanieal
work done on & liquid streaming through & diaphragm.

The electrienl work perunit time = H?*/Ry joules per second, where H is
the streaming potential across the dlaphragm in volts, and Ry is the total
resistance in the system in ohms. The mechanical work per unit time =
1 X 10-7 VP joules per second, where V is the volume in cubic centimeters
per second and P is the pressure in dynes per unit area.

20k

4 L
8
snig

Fia. 3. Changes in the viscosity of water produced by small pore diameters

1 I I
o 2 4

s

Dividing the electrical work by the mechanical work, we obtain,

Electrical work . H?
Meohanical work — © % V' 7FE; (18)

Now if we assume that we are dealing with cylindrical capillaries, we
may substitute from Poiseuille’s law the value for V,

xPrin

where r is the average radius of the capillaries, n is the number of capillaries
of radius r, and [ is the average length of the capillaries.
Algo, we have the electrical resistance,

l

ftr = wK,r’n (20)
Substituting these expressions for V and Ry we have
Electrical work  8H%K, % 107 (21)

Mechanical work =~ P22
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Bince both the electrical work and mechanieal work are done over the
same digtance and area, we may write

Llectrical pressure  8H%K, .
Meohanical pressure =~ P2/ X 10 (22)

This confirms in a satisfactory manner the previous equation of Bull
(4), since we obtain

P[ S[Iant
—j‘; = “_I—ﬁ*;’;—-— X 101 (23)

by dividing the electrienl “Gegendruck,” Py,
P, 8yK,H?

i

PR

by the applied {mechanical) pressure and converting from electrostatic
to practical units.

If we are dealing with n given solution, 4 is a constant and, as a first
approximation, K, and H/P are constants. The ratio of the “Gegen-
druck” to the mechanical pressure varies as the reciprocal of the radius
squared. In general, K,, due to the surface conductivity, increases as
the radius decreases, while H /P decreases with decreasing radius in accord
with earlier sections of this paper. We hope to investigate equation 22
experimentally in the near future.

The following caleulations illustrate the use of equation 18. The
diaphragm was of finely powdered quartz about 5pu in diameter. A
2 X 104 N sodium chloride solution was streamed through the diaphragn.,
The following data were obtained: (1) resistance across diaphragm =
7.05 X 1074 ohms; (2) pressure forcing liquid through diaphragm = 10.5
cm. Hg = 1.40 X 10* dynes em.2; (3) E.M.F. across diaphragm = 8.10 X

10-2 volts; (4) rate of flow of solution through diaphragm = 7.20 X 10—
cc. per second,

Substituting in equation 18,

Electri(?al work _ (8.10 X 1092 % 107 — 9.94 X 10~
Mechanical work — 7.20 X 103 X 1.40 X 10° X 7.05 X 104

This shows that in this case back-pressure effects could not interfere
with the flowing of the liquid. Results of this same type were obtained
from caleulations based on measurements made with cellulose diaphragms.

The peculiar results obtained by Bull and Gortner (5) with diaphragms
made of heterogeneous-sized quartz particles, where & break in the
straight-line relationship between the streaming potential and the pressure
was observed at about 25 cm. of mercury pressure, are still unexplained
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and are apparently inexplicable on the basis of any of the above caleula~
tions, This indicates that there are other factors to be considered. These
broken lines are, however, only obtained with very close packing, so
that this unknown factor or factors need only be considered with eapil-
laries where such broken lines are observed.

During the course of these investigations we were disturbed by the lack
of a suitable method for determining the pore radius; although the method
of Erbe (7) was tried, it was found not wholly satisfactory for our pur-
poses. We finally solved our difficulties in the following fashion.

By substituting equation 20 in Poiseuille’s law (equation 19) and re-
placing K,Rr by C, the cell constant of the diaphragm (3), we have

8a2CV
P

"This equation rests on the assumption (as, in general, with all methods
for determining radii) of eylindrical capillaries; results obtained from it ave

P o (24)

TABLE 2

Average pore radii of various diaphragms measured in electrolyte solutions al concen-
tralions not affecting rate of flow

MATBRIAL BALT NORMALITY "f::'"s CHARACTBRISTICS
Quartz....... KCl 104 20.9 | 183 4 particle digmeter
Quartz.......| KCI [ 20.6 | 128 u particle diameter
Quartz......,] NaCl | >4 X 10-¢ | 1.38 | ca. § u particle diameter (mixed)
Cellulose.....] MgCl, 10-¢ 0.98 | Gave normal f~concentration curve
Cellulose.....} NaCl |0to2 X 103 | 0.86 | Cf. figure 4
Cellulose.....} BaCl; |00 2 X 107 | 0.86 | Cf. figure 4 (same membrane)

therefore subject to error but scrve to characterize any particular mem-
brane and represent, essentially, the rate of flow through that membrane.
It is believed that the correct order of magnitude, at least, can be obtained
by this method.

We applied equation 24 to the calculation of pore radii in several dia-
phragms and obtained the results shown in table 2. Comparing table 2
with table 1,it will be seen that the mean pore radii of the cellulose dia-
phragms are above the critical radius for concentrations of 10-* N or
greater.

Cellulose prepared from Schieicher and Schiill filter paper after the
method of Briggs (3) was packed into a diaphragm. This was the same
cellulose preparation as used by Bull and Gortner. As shown in figure 4,
no variation in rate of flow (i.e., average radius) was noted in any of the
electrolyte solutions (sodium chloride and barium chloride) used, in the
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vange 0 ta 2 X 10~* N. Values for { in sodium chloride solutions are also
plotted in figure 4 from the data of Bull and Gortner and of Briggs. As
may be seen, no significant difference between the two sets of data can be
noted, although cach is based on a different ecllulose preparation and a
different membrane, The whole problem of the critieal radius for cellulose
diaphragms will be discussed in & later paper (10).
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Fia. 4. Comparison of {-concentration and radius-concentration curves of a
cellulose diaphragm and s diaphragm of quartz below the critical pore size. Tri-
angles, quattz; circles, cellulose. @, barium chloride solutions; O, sodium chloride
solutions; ®, data of Bull and Gortner; ©, data of Briggs. The { values for quartz
are plotted at half-acale,
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It is intercsting to note that the pore radius for quarts of 163 u diam-
eter was 31.8p (table 2) and for those particles 128 i in diameter the
average radius was 22.2 . Bull and Gortner (5) found the eritical radius
for 2 X 10—* N sodium chloride to lic between these two radii. This is
surprising, as it i3 much above that predicted by Komagate (0.43 u).
The explanation possibly lies in the fact that Komagata's equations are
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derived on the assumption that 24 < 26 millivolts, while actually the
potential in this case is about 82 millivolts. White, Urban, and Krick
(16) found the critical radius to be about 10 g for 5 X 10-* N potassium
chloride streaming through glass capillaries, This high critical radius
may, no doubt, be traced to the same cause as discussed above, for glass
likewise bas a high {-potential.

Values for the mean pore radii observed with & diaphragm of small
quartz particles below the size found critical by Bull and Gortner are
plotted a8 n funetion of the sodium chloride concentration in figure 4.
Constancy is reached at a concentration of 4 X 10~ N. Incidentally,
the rate of flow is independent of time and shows no blocking effects such
as those noted with cellophane membranes, This constant value persists
at least up to a concentration of N/10. It probably represents the true
mean pove radius, In all cases, the rate of flow was a linear function of the
applied pressure.

The {—concentration curve for this quartz diaphragm in sodium chloride
(caleulated by equation 1) is also shown in figure 4. It will be noted
that the usual maximum observed by Briggs (3), Bull and Gortner, and
others (see especially Abramson, ref. 1, p. 207) at 10— N, in the case of
uni-univalent electrolytes, is absent here; the curve progresses steadily
upward. Values of { were approximately 30 per cent of those observed
above the critical limit (1, 5). This suggests that membranes which
exhibit & maximum at the usual concentration (10— N) are not in the
critical range.

BUMMARY

Conditions in & membrane have been considered in relation to the
messurement of the streaming potential and the following subjects are
discussed:

1. The equation for the potential between two coaxial cylinders has
been substituted for the conventional plate condenser equation in the
case of small pore radii.

2. Lens’ modification of the thickness of the double layer in thin slits
has been introduced into this equation, and the critical value of the radius
has been estimated by this method.

3. These equations have been compared with the critical radius caleu-
lated from Komagata's equations. It is found that the two sets of equa-
tions do not yield concordent results except when the radius is large.

4. The change in the viscosity of water with eapillary size has been
considered.

5. The electrical “Gegendruck” has been compared with the mechanical
pressure, and an equation expressing this relationship has been derived.

6. A method for obtaining the average pore radius has been developed
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and tested. The theoretical critical pore radius has been comparved
with those actually found in diaphragms; the two values do not agree in
the case of quartz and glass.

7. Anomalies are noted in the {-concentration and Sow-concentration
curves of quarts diaphragms with pores below the critical point; these
curves are compared with cellulose, which behaves in a normal manner.

We wish to take this opportunity to thank Professor R. A. Gortner for
his encouragement and helpful suggestions throughout the course of these
investigations.
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INTRODUCTION

In a study of the setting of silicic acid gels in this laboratory, Hurd and
Letteron (1) have noted an interesting relation between the “time of set” of
the gel mixture and the temperature. They found that the logarithm of
the time of set could be represented as & linear f unction of the reciprocal of
the absolute temperature. By making certain rather simple assumptions
and treating the process as a chemical reaction, they were able to caleulate
the value of an energy term analogous to the ‘heat of activation.” The
values for several series of different mixtures of solutions of sodium silicate
and acetic acid gave the average value 16,940 calories. This was, of
course, within the range for chemical reactions.

This result was so interesting that it was decided to run a careful check
upon the constancy of this value. In the study reported by Hurd and
Miller (2) using several different brands of sodium silicate, with soda~
silica ratios ranging from 1:3.86 to 1:2.,00, a close agreement in the values
for this heat of activation was discovered. With six different series, each
of five different silicates, variations of not over 2 per cent in this heat of
activation werefound. The average value was found to be 16,040 calories,
We considered at that time that a sufficiently exhaustive study had been
made of the effect of temperature upon time of set of these mixtures involv-
ing acetie acid.

The constancy of this quantity for these gels of sodium silicate-acetic
acid mixtures has suggested an investigation involving other acids. It
would be very interesting to check the constancy of the same quantity for
other acids and to compare the values for the different acids. In this way
an idea could be obtained as to whether this quantity is the same for any
acid-sodium silicate mixture, or varies according to the acid employed.

In this paper will be found the results of a study involving comparisons of
four possible acids.

! Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June
20-22, 1935,
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EXPERIMENTAL

In any study of the setting of silicic acid gels, the factors of temperature
and hydrogen-ion concentration play a very important part, The latter
has been discussed, among others, by Prasad and Hattiangadi (4) and
Hurd, Raymond, and Miller (3). As the latter have pointed out, the time
of zet is proportional to the concentration of hydrogen ions for concentra-

TABLE 1
Time of set of gel mizlures using different acids

Concontration of NaOH = 0.386 gram-mole per liter. Concentration of 8iQs =
0.630 gram-mole per liter

CONCENTRA-

TION OF AID IN TIME OF 82T IN MINUTES AT

Ho. GRAM-MOLES pH

PER LITER 25.1°C, BA4C, 53.4C.

Beries I.  Acetic acid
1 0.496 54.5 16.0 4.4
2 0.621 109.6 31.0 9.0
3 0.844 184.5 57.0 15.8
4 1.041 266.5 84.0 23.3
5 1.240 322.0 g97.8 28.8
Series I, Tartaric neid
1 0.414 4.62 75.5 19.0 5.5
2 0.440 4.45 146.0 42.5 10.8
3 0.466 4,25 228.0 70.5 19.5
4 0.518 4.01 415.0 118.0 34.5
Series [II. Citric acid
1 0.500 5.16 27.0 7.4 2.2
2 0.625 4.57 90.5 25.5 8.0
3 0.750 4.21 105.5 56.0 17.3
4 0.875 3.02 341.0 06.5 ] 31.0
Beries [V. Buecinic acid

1 0.502 2.31 2.0 7.5 2.1
2 0.564 5.04 43.0 13.0 3.5
3 0.627 4.87 65.5 18.0 5.6
4 0.690 4.7 87.5 24.4 7.5

tions of the latter from 10-¢to 10-%, It is possible to duplicate the hydro-
gen-ion concentration in an acid mixture of solutions of sodium silicate and
acetic acid, owing to buffering effect of the sodium acetate formed, and
with sufficiently close agreement merely by mixing measured volumes of
the solutions of sodium silicate and acetic acid. Such a thing is, of course,
completely impossible with any strong acid. In that case a more com-
plicated technique must be employed.
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fouhe W ot16} tartario, eitric, and succinie. The ionization
condpRiNs HK L Jd X 1073, 8 X 104, and 6.6 X 10-% for the
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3.0 J20 o x 108 3.30

Fiq. 1. Effect of temperature on time of set of silicic acid gels with different acids

It is to be regretted that borie acid was not available because of its low
solubility.

Mixtures were made as previously described in this series of papers.
The silicate used was E brand? with & soda-silica weight ratio of 1:3.19.

3 The authors wish to thank the Philadelphia Quartz Company for its kindness
in supplying all the silicate used in this and other research,
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All distilled water was freshly boiled to eliminate carbon dioxide. Stand.
ard chemically pure reagents were used.

Mixtures were run at three different temperatures in carefully controlled
water thermostats. The mixtures of 80 cc. were thermostated in covered
100-ce. Griffin form Pyrex beakers. The time of set was determined by
the ““tilted rod” method, Check determinations were always run, agree-
ment in time to 2 per cent or less being obtained. [t should be noted that
in these containers at the highest temperature, the temperature of the gel
mixtures remained a fraction of a degree below the temperature of the

TABLE 2
Values for the slope of the curves for log time of set against reciprocal absolute
temperature
ActD
MIXTURE
Acatic Tartariv Citric Buceinio
1 3820 3920 3720 3700
2 3780 3890 3700 3780
3 3190 3750 3680 3780
4 3680 3760 3700 3740
5 3650
TABLE 3
Values for the heal of aclivalion for the selling of silicic acid gels with certain weak acids
ACID
MIXTORE
Acetie Tartaric Citric ! Buecinio
1 17500 17950 17020 16950
2 17300 17800 16950 i 17300
3 17350 17170 16850 17300
4 16850 17220 16950 17230
3 186720
Average....... 17140 17530 16940 17190

bath. The gel mixture temperature was recorded. The data are given
in table 1, the times of set being the average of several determinations.

These data were plotted, using the logarithm of the time of set as ordi-
nate with the reciprocal of the absolute temperature as abscissa. The
curves obtained are apparently linear. Figure 1 shows the type of graph
obtained. It should be noted that the ordinates have been adjusted to
permit the four curves to be plotted on the same drawing. In obtaining
the slopes, of course, each set of curves was plotted separately, obtaining
steeper lines and better accuracy.

The slope was determined from the curves obtained. The values of the

¥
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slopes are given in table 2. By multiplying the slope of the curves by
2,303, the heat of activation should be obtained. Those values are
included in table 3.

DISCUBBION

The data presented here and in the previous work of Hurd and Miller
show certain characteristics which are worthy of discussion. The caleu-
lnted heats of activation are essentially constant for a given acid. It must
be remembered that the best results which we have been able to secure for
the time of set, after six years of work, show differences up to 2 per cent.
At higher temperatures evaporation causes an error which we are unable to
avoid with our method of determining the time of set. ‘The heat of activa-
tion is determined from the slope of & curve. To sceure better results
would require a very long series of determinations, such as were reported
by Hurd and Miller for acetic acid mixtures. A complete series of runs
should be performed at 0°C. We have carried out enough of these for the
acids discussed in this paper to convince us that our reported results are
correct.

A comparison of the values for a given acid will show an appreciable
decrease in the heat of activation as one goes down the series for each acid.
‘This was apparent in the more accurate data on acetic acid reported by
Hurd and Miller, and is apparent in the data reported here for acetic and
tartaric acids. A comparison of the average results shows an appreciable
difference in the value for the different acids.

In the study of the reaction of iodine and acetone, catalyzed by various
acids, Rice and his coworkers (5, 6) and Rice and Urey (7) have reported
that the heat of activation is decreased somewhat by the addition of a salt
of the acid catalyst, when a weak acid is used. Our results do not show
this effect, but do show a somewhat lower heat of activation in the case of
acetic and tartaric acids as more aeid is used.

They have also reported that their reaction showed a lower temperature
cocfficient for weak acids than for strongacids. The same general effect is
shown here, tartaric acid having the highest heat of activation and also the
highest dissociation constant, although the differences are not particularly
marked.

A striking difference between the effect of the acid should be noted
between the reaction studied by Rice and his coworkers and the setting of
the silicic acid gels. In the iodine-acetone reaction, the acid serves as a
catalyst. In thesetting of gels of silicic acid in the acid range, the presence
of more acid retards the setting of the gel.

We can give no explanation at present for the similarity and differences
of these results.
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SUMMARY

"The effect of temperature upon the time of set of gels of silieic acid, made

by mixing solutions of sodium silicate with solutions of acetie, tartaric,
citrie, or succinio acids, has been studied.

The heats of activation are essentially constant,

The heat of activation is slightly higher for the strongest acid, tartaric
acid.
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Bancroft and Calkin (1) bave determined previously the true amounts of
sodium hydroxide and water taken up by cotton. They suggested a corre-
lation between these data and the x-ray data on ramie of other investiga-
tors. In another paper (2) it was shown that the caustic soda might be
taken up in three ways, i.e., by formation of a solid solution, by adsorption,
or by the formation of a godium cellulosate which would be adsorbed by the
cellulose.

In order to clarify this situation, it is important to have the adsorption
data and x-ray data on the same sample. The present investigation deals
with the correlation of x-ray data with the previous work.

From an x-ray point of view, ramie is the best material to work with as
it gives the best difiraction patterns. However it is difficult to purify, so
that adsorption studies have been made on cotton. For this reason, the
x-ray data presented here have been obtained on cotton. It is hoped at a
later time to purify ramie, determine the amounts of caustic soda and water
taken up, and relate the x-ray data to this. The work on cotton and ramie
will then present the background for attacking the problem from the or-
ganic viewpoint, in order to write the formulas.

Hess and coworkers have been investigating the alkali cellulose problem
by means of x-rays. They have recently obtained data on the total
amounts of caustic soda and water taken up by ramie (6) by an indirect
neutral salt method worked out previously (9, 10). It has been shown (2)
that this type of indirect method presents difficulties, and the centrifuge
method is therefore considered more reliable (1),

Before describing the experimental results, it appears best to acquaint
the reader with certain experimental evidence arrived at by Susich and
Wolff (11) and Hess and Trogus (56). The former have investigated the
changes occurring when ramie is treated with caustic soda, and the subse-
quent difference after washing out the caustic soda. The latter have dis-
cussed the different x-ray diagrams resulting when caustic soda (and other

! Presented at the Twelfth Colloid Symposium, held at Ithaca, New York, June
20-22, 1935,
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alkalis) are left in the ramie. The following scheme shows what occurs:

Caustic pretreated (“hydrate’) ramie

H,O
12, /" 91 per cent NaOH_
Native ramie D per cent NaOH » Na-Cell I = B 5 > Na-Cell II
~HO H +HO '
Na-Cell IT1

Hess and Trogus found that when ramie fibers were treated with 16 per
cent sodium hydroxide and the solution allowed to remain in the fibers &
new diagram resulted, which they ascribed to the formation of Na~Cell I.
By desiccating Na-Cell I, they obtained another diagram, that of Na-Cell
ILL, which, in the presence of water, reversed to Na~Cell I. With about 21
per cent caustic soda in the sample they obtained the diagram of Na-Cell
I1, which did not change on dehydration and reversed to Na-Cell I on the
addition of sufficient water. In approaching any modification, the transi-
tion did not occur sharply ab a given concentration but gradually, that isto
say, in the case of the change of native ramie to Na-Cell I, the native dia-
gram was present in 8 mixed disgram (native and Na~Cell I) approximately
overa 3 per cent range. Susich and Wolff have found that the washed-out
product yields still another diagram, the “hydrate” or “mercerized” dia-
gram. When cellulose with this latter diagram is treated with caustic soda
it gives the same diagram with the caustic in the sample as native fiber
treated with caustic soda of the same concentration. When the caustic is
subsequently washed out and the fiber dried, the diagrams are the same.,

CHANGES IN THE X-RAY PATTERN

Figure 1, reproduced from another paper (1), gives the amounts of caus-
tic and water taken up. It was desired to determine whether or not the
x-ray pattern was changed completely at the point of maximum water.
In order to determine at what point the x-ray pattern of cotton 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 were air-dried. X-ray patterns of the fibers were taken, and it
was found, as shown by the data in table 1, that the native pattern begins
to change at about 12.8 per cent and is changed completely between 14.3
and 14.4 per cent sodium hydroxide. As will be seen by consulting figure
1, this practically coincides with the place where maximum water is taken
up and where the horizontal portion of the change-in-titer (Vieweg) curve
comes. .

When the caustic soda solution is allowed to remain in the fibers and the
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x-ray diagram obtained,? it is found that a new diagram, that of the
produet known as Na-Cell 1, is obtained. Using cotton the limit for the
formation of Na-Cell I is between 13.4 and 14.1 per cent sodium hydroxide,
as shown in table 2,

It has been shown previously that the up and down curves with cotton
are not the same (see figure 2). For this reason it was believed that the
change to Na-Cell 1, using mercerized cotton, should oceur at & lower con-
centration than with native cotton. This is the case for, as the data in
table 3 show, the limit with cotton pretreated with 14.4 per cent sodium
hydroxide is between 10.8 and 11.85 per cent.
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Fro. 1. SBodium hydroxide and water taken up by cotton

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 the usual Keesom tubes, A variation from the usual
procedure was our method of putting the sample in the tube, A sample of cotton
was centrifuged for a given length of time, then the sample for the Keesom tube
was pulled out in the usual way. The sample was held by one person and then
another person tied one end with fine thread which had been previously threaded
through a tube, The ends held by the fingers were then cut off, and the sample was
pulled into the tube, The tube was then sesled with wax. Heat was not used be-
cause of the danger of drying or scorching the sample. The above method for plac-

ing the sample in the tube worked very well after some practice, and the writer is
indebted to Dr. Russel for hiz aasistance.
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change in x-ray pattern occurs at & lower concentration. From these
results of Trogus, our sorption results with various up (concentration) and
down (dilution) series shown in figure 2, and our present x-ray results, it is
evident that a dilution series from, say, 14 to 15 per cent would lower the
limit given in table 3 still further.

. Trogus also claims the formation of Na-Cell III” at low concentration by
dilution series from Na-Cell I and by concentration series from pretreated
(hydrate) cellulose at 2.65 per cent sodium hydroxide. As shown in table
3, this was not checked with cotton. As Trogus worked with ramie, it was
decided to use ramie, but Na-Cell ITI' was not checked, as shown in table 4.

TABLE 1
X-ray pallern of native collon, preireated for lwenty-four hours at 25°C. and washed

T RATL N o RESUVLTING X-RAY PATTERN
e centd
10.3 Native cellulose
12.8 Mostly native, but slight mercerised
13.32 Native and mercerized about egual
14.3 Mostly mercerized, but slight native
14.38 Mercerized
TABLE 2
Effect of caustic solution upon native cotton
CORCENTRATION Op NaQll HESUETING X-RAY PATTERN
per cent
6.9 Native cotton
11.08 Native cotton
13.4 Almost pure Na-Cell I; some native
14.1 Na-Cell 1

Trogus does not give the concentration of pretreatment but this should
not explain the difficulty, as he started with mercerized cellulose. At
present, the veason for the discrepancy is not clear.

Cellophane takes up little if any aleohol, and hence should not be appre-
ciably plasticized in aleoholic caustic solution (2). On this basis one should
be able to obtain the effect of sodium hydroxide alone on the x-ray pat-
tern. Standard cotton was placed in a concentrated solution of aleoholic
caustic soda at room temperature (ca. 23°C.) for twenty-four hours. The
change-in-titer amount of caustic taken up was found to be 0.92 mole of
sodium hydroxide per mole of cellulose at an outside concentration of 2.35
moles of sodium hydroxide per 1000 grams of ethyl aleohol. The cotton
was then neutralized in water-free acidulated (hydrochloric acid) aleohol,
and then washed chloride-free with distilled water. The sample was air-
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dried, and an x-ray pattern of a bundle of parallel fibers obtained, The
spacings obtained were those for native eellulose, showing that the taking
up of caustic soda from alcohol in caustie soda solution does not change the
diagram,

p per 162 g Cotton

N

Mols NaOH taken u

0 | 2 3 4 5 (3 7 8
Molality
Fia., 2. Sodium hydroxide taken up by change-in-titer method
TABLE 3
Effect of caustic solution upon colton prelrealed with 14.4 per cenl sodtum hydrozide
CONCENTRATION OF NaOH REBULTING X-HAY PATTREN
per eont
. 2.68 Mercerized
5.99 Mercerised
8.38 Mercerized
10.8 Mereerized and Na-Cell I
11.85 Na-Cell I

Heuser has considered (7) that because the change-in-titer method gives
higher values for the sodium hydroxide taken up the alkali cellulose com-
pound should be formed at lower concentrations; he has predicted that the
change in the x-ray pattern should result at a lower concentration in
aqueous—alcohelic sodium hydroxide solution than in pure water. We
have already shown that the true sorption values are many per cent higher
than the change-in-titer values (1), and are nearer those from alcoholic
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solution given above than the change-in-titer values. Furthermore, as
shown above, the x-ray pattern of the eellulose does not change when placed
in alcoholic caustic soda where the amount taken up is in excess of that of
the compound which Heuser holds exists.

Hess and Trogus (5) have obtained some very interesting results with
methanol solutions of sodium hydroxide. They found that when ramie
fibers are treated with water-free 20 per cent sodium hydroxide-methanol
solution for one day there is no change in the x-ray pattern. However, if
the fibers are steeped in this liquor for more than a week, the cellulose inter-
ferences disappear gradually and the fiber diagram of Na-Cell I1I or Na-
Cell I1 is obtained. While the experimental data are not at hand, we would
expect some swelling of the fibers in sodium hydroxide-methanol solutions,
but not as much as in water. Kress and Bialkowsky (8) have shown that
water is o better swelling agent for cellulose than alcohol, so that the réle
of the solvent appears to be an “opening wedge’ for the penetration of the
caustic, although water must be part of the compound Na-Cell I, as the

TABLE 4
Effect of sadium hydrozide solulion upon ramie prelreated in 16.48 per cent sodium
hydrozide
CONCRNTRATION OF NaOH REBULTING X-8AY PATTEHN

per eent -

0.9 Mercerized diagram; no Na-Cell 111’

1.46 Mercerized diagram; no Na-Cell 111’

2.38 Mercerized disgram; no Na-Cell 1IT*

3.0 Mercerized diagram; no Na-Cell IIT’

drying of Na~Cell I causes the formation of Na-Cell III (5). However, it
certainly appears that the greater the swelling the greater and quicker will
be the penetration of the caustic into the lattice. In support of this posi-
tion Hess and Trogus (5) have shown that unstretched ramie when treated
with about 12.5 per cent caustic soda and then washed gives the caustic
pretreated (“hydrate”) dingram whereas, under unspecified tension, 30 to
35 per cent solution was necessary to obtain the new interferences. They
have shown also (4) that ramie fibers under sufficient tension in 45 per cent
csustic solution for more than o week gave the interferences of native
cellulose when washed out under tension.

Hess and Trogus (5) emphasize that water is necessary for the formation
of Na-Cell I and for rearrangement of Na-Cell II to Na-Cell I. If by
adding water Na-Cell II changes to Na-Cell I, and the latter to “hydrate’
cellulose, then one wonders what pattern would be obtained if native
cellulose were treated for, say, two weeks with water-free 20 per cent
soditim hydroxide-methanol, the caustic neutralized with dry hydrogen

4
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chloride, and the sample then washed chloride-free with water, This
would tell whether or not Na-Cell [ is a necessary stage in the formation of

Yhydrate” cellulose.

HOW CAUSTIC B80DA IS8 TAKEN UP RY CELLULOBE

If we apply the Phase Rule, using only temperature and concentration as
independent variables, we have three explanations for the mechanism, i.e.,
formation of solid solution, adsorption of caustic soda, or the formation of
sodium cellulosate. The first is ruled out as the diagram does not change
continnously; the second possibility does not account for the change in
diagram as the diffractions are not those of sodium hydroxide; the third
does take carc of the change in diagram.

Bancroft and Calkin pointed out previously (1) that data should be
obtained on the taking up of eaustic soda by precipitated cellulose. This
would eliminate the possibility of the fibrous or “grown structure” being a

TABLE &
Change-in-titer amount of causlic soda taken up by precipitaled cellulose

P ———— L o SRl SETRCAIN TARE
0.399 25.7
0.775 37.3
1.6860 61.1
2.600 78.7
3.580 110.9
5.030 118.0
8.470 121.7

12.30 169.0
6.250 118.5
9.690 161.0

variable, Some purified cotton was dissolved in cuprammonium solution,
precipitated by extruding into sulfurie acid, and then given the usual 17.5
per cent a-cellulose treatment. Change-in-titer amount of caustic was
then determined, the data being given in table § and in figure 3. It is
evident in figure 3 that the curve is smooth up to 8 molal sodium hydroxide,
beyond which the caustic is probably attacking the cellulose. The curve
does not necessarily coincide with the previous curves, because the colly-
lose is modified as one precipitates it. .

The main point to bear in mind is that the fibrous form or “grown struc-
ture” of cotton is not a variable so far as the Phase Rule is concerned.

Eisenschitz (3) has shown that with the introduction of a membrane,
the concentration and temperature may be varied without violating the
Phase Rule. This is simply adding another independent variable, so that

F=C-P43
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On this basis Hess (6) has considered that two solid phases (cellulose and
sodium cellulosate) are present. We prefer to consider that theve is only
one solid phase consisting of sodium cellulosate adsorbed on cellulose.
Referring to figure 1, it will be seen that Na~Cell I is formed where two
moles of sodium hydroxide are taken up per mole of cellulose. The com-
pound contains water, but progressive dehydrations have not been made,
so that it is not possible to say whether the maximum water iz necessary.
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F1a.3. Sodium hydroxide taken up by regenerated cellulose (change-in-titer method)

Scherer has shown (8a) that when cellulose is placed in liquid ammonia and
godium is added hydrogen is given off. An x-ray analysis of this system
may shed light on the composition of the compound.

BUMMARY

1. The x-ray data have been correlated with our previous adsorption
values for cotton,

2. It has been shown that cotton treated with sodium hydroxide in
ethyl aleohol solution does not form mercerized eotton.

3. Pretreated cotton forms Na-Cell I at a lower concentration than
native cotton.



X-RAY BPECTROGHAPHY OF ALKALI CELLULORES 35

4. 1t has not been possible to obtain Na-Cell H1‘ under our experimental
conditions,

b. A sodium cellulosate is formed which is adsorbed by the cellulose,

0. The use of the x-ray method to supplement adsorption curves is very
important and could be used very profitably,

The writer wishes to acknowledge his indebtedness to Professor Ban-
eroft, under whose direction this work was earried out, to the Textile Foun-

dation for financial assistance, and to Professor Katz for his suggestions
and the use of his x-ray equipment,
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Nowadays nearly everyone admits that there is an oxide film on the
surface of passive iron, but there is still quite a difference of opinion as to
the composition of the oxide. In England they incline to the belief that
the film is ferric oxide, FeyOs.  Evans (3) dissolved the iron from a piece of
pessive iron and obtained & residual film of ferric oxide. This proves
nothing as to the initial composition of the oxide if one admits the pos-
sibility, suggested by Bennett and Burnham (2) in the Cornell lahoratory,
that the film is an instable oxide, stabilized by adsorption oniron. On
removal of the iron, the hypothetically-instable, higher oxide would revert
at once to the stable ferric oxide.

Hedges (8) heated iron slowly in concentrated nitric acid, and found that
at first the iron was passive and the solution almost colorless, At about
65°C. a faint yellow color appeared in the liquid, and at 75°C. a slow evolu-
tion of small bubbles of gas occurred at the surface of the metal. At
higher temperatures the iron dissolved suddenly and with explosive vio-
lence. Powdered ferric oxide was ignited in a silica crucible, cooled in a
desiceator, and then placed in a test-tube containing 10 ce. of nitrie acid
(sp. gr. 1.42). At the ordinary temperature no coloration was produced in
the acid and only the faintest yellow was formed when the ferric oxide was
left for twenty-four hours at 30°C. The rate of solution of ferrie oxide
in pitric acid under these conditions is therefore roughly comparable with
that of passive iron.

“When the temperature was raised slowly, as in the experiments on the
transition of passive iron, the first faint yellow color was produced at 68°;
at 76° the solu tion rapidly beecame deep yellow, and the thin deposits un the
sides of the bottom of the tube vanished between 75° and 77°. The heat-
ing was continued up to 90° without further change other than a general
deepening of the yellow color. The total amount of ferrie oxide dissolved
was small. In an experiment carried out in 80 per cent nitric acid, the
first faint yellow color appeared at 64°, and the solution became deep
yellow over the range of 72° to 77°. It appears, therefore, that the tempera-

! Presented at the T'welfth Colloid Symposium, held at Tthaca, New York, June
20-22, 1035,
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ture at which passive iron becomes active in nitric acid coincides wilh thal af
which the rate of solution of ferric oxide becomes appreciable.”

This seems quite impressive, but really proves nothing, beesuse the
agreement is purely arbitrary and has no theoretical significance. We
repeated Hedges’ experiment, using ferric oxide which had been sintered at
1000°C. for half an hour. It did not dissolve even in boiling concentrated
nitric acid.  When the oxide was merely dried at 150°C., it dissolved at
room temperature. Hedges happened to give his oxide just the right heat
treatment to make the experiment a misleading one.

Bennett and Burnham (2) showed that iron could be made passive by
dipping it into a potassium ferrate solution. This proved that the adsorbed
oxide film could not be a higher oxide than FeQy, but did not exclude the
possibility of the film being Fey03 or FeyOy.  Actually there were data in
the literature by Haber (4) and by Haber and Pick (6) which permit the
fixing of a lower limit.

They say that “when wrought iron (sheet, polished with emery) and
file-steel are made anodes (at 29° or 22°, respectively) in a caustic potash
solution of specific gravity 1.36 (measured at 26°) with a current density of
several amperes per square decimeter, red streaks are formed during the
first few moments after the circuit has been closed. After several seconds
the only anode reaction observed is 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 making it anode again.”

We found this experiment easy to repeat, uging a strip of Armeo ingot
iron and an anode current density of about ten amperes per square deci-
meter. With this current density red streamers of ferrate solution are at
first carried away from the anode by the rising bubbles of oxygen. Aftera
few seconds the formation of ferrate ceases, the anode having become
completely passive. If we use & much lower current density, ferrate and
oxygen continue indefinitely to be formed simultaneously, though in vary-
ing relative proportions. When the current density is increased, the
formation of ferrate decreases and finally stops altogether, at least 20 far
as visual tests are concerned.

Since the formation of ferrate occurs at a lower current density than the
going passive, the oxide film on passive iron in these solutions cannot be a
lower oxide than FeQ,. The situation is, therefore, that Haber and Pick
(6) have proved that the film producing passivity is not a lower oxide than
FeO;, while Bennett and Bumham (2) have proved that it is not a higher
oxide than FeQ;. Consequently the oxide film in these solutions has the
composition FeOs, is an instable oxide, and is stabilized by adsorption on

iron, just as the free color-base of rosaniline is stabilized by adsorption on
sitk (Bancroft (1)).
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These experiments prove nothing as to the composition of the oxide film
in acid solution. As & matter of fact, we rather hoped that the oxide film
would be FeOs in nitric acid and FeOy or Fe;O; in hydrogen peroxide, but
we had no such luck as that. We were able, however, to identify the
oxide films obtained in other ways by making electromotive force meas-
urements.

Heathcote (7) showed that nitric acid of sp. gr. 1.20 will not make iron
passive, but will keep passivated iron passive for a considerable time.
Hence we can passivate iron with any desired passivating agent, dip it into
nitric acid (sp. gr. 1.20), and then measure the electrical potential against a
normal calomel electrode. The calomel electrode is always anode to pas-
sive iron,

The intrinsic instability of the passive film and the fact that adsorption
is involved make passive iron potentials diffieult to reproduce. The
observed potential is a function of time, and of the area, previous history,
and conditions of immersion of the sample. If we make a piece of iron
passive, measure its potential, make it active again, and repeat, we do not
always obtain the same potential. When we try to compare different
samples of iron and different passivating agents, annoyingly large varia-
tions in potential occur, but valid comparisons are possible if a large
number of trials iz made.

We are justified in taking the most noble of a series of potential readings
as the nearest to the true value for the oxide film. The oceurrence of weak
spots or “‘active centers” in the film tends to lower the potential, as pointed
out by Haber and Goldsehmidt (5), while no conceivable circumstances can
cause too high a potential. For these measurements we used lengths of
Baker’s No. 30 iron wire “for analysis” (Fe = 99.8 per cent) sealed into
glass with 1 cm. projecting, giving an exposed area of about 0.08 cm.?
When the potential of such an electrode was being measured, the exposed
iron surface was immersed completely in the nitric acid (sp. gr. 1.20) in
order to avoid an air-liquid-iron junction, at which activation is known to
be rapid. Potentials were measured against a normal calomel electrode,
using & Leede and Northrup potentiometer, student type. Table 1 gives
typical values of the potential of iron made passive by various means,

Electrode No. 1 was first made passive in nitric acid of specific gravity
1.42, then transferred to nitric acid of specific gravity 1.20 and its poten-
tial measured with reference to the normal calomel electrode. The highest
value obtained was +0.752 volt with the iron electrode agcathode, After
activation in hydrochloric acid, the electrode was made anode in a potas-
sium hydroxide solution of specific gravity 1.36 and polarized with a current
of 10 to 15 milliamperes. After this treatment the potential in nitric acid
of speeific gravity 1.20 was +0.746 volt. The iron wire was reactivated
and then made passive by dipping for several minutes in a potassium fer-
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rate solution prepared from iron and potassium nitrate as deserlbed by
Bennett and Burnham (2). The highest potential this time was +0.741
volt. As a check, the wire was agrin made passive in concentrated nitric
acid, after which it gave a potential of 4-0.741 volt. The difference be-
tween this and the initial value of 4-0.752 volt is probably due to changes
in the surface during the several activations and deactivations.

These potentials lie so near together that iron, made passive by potas-
sium ferrate, by anodic polarization in alkali, and by concentrated nitric

TABLE 1
Poteniials of pussive iron in nitric acid (sp. gr. 1.20)
The normal calomel clectrode is always anode

et ; PASSIVATING AGBNT Maxiqun B
! volla
No. 1 HNO;, sp, gr, 142 +0.752
Anodic polarization in KOH, sp. gr. 1.36 0.746
KyFeO, solution 0.741
HNOs;, sp. gr. 1.42 0.741
No, 2 30 per cent H,O, (supcroxol) 0.754
HNO;, sp. gr. 142 0.763
8 per cent CrO; in water 0.764
2 per cent CrO; in water 0.749
No, 3 | HNO;, sp. gr. 142 0.740
KMnO, solution, 1.7 N (0.3 N in H,S0,) 0.734
No. 4 HNO;, ap. gr. 142 0.743
15 ce. HNO; + 0.5 e, H,0 0.751
15 ¢e. HNO, + 1.0 ce. H;O 0.752
| 15 ce. HNO, + 1.5 ce, HO 0.753
! 15 ce, HNO; + 2.0 cc. H10 0.753
i 15 ec. HNO,; 4+ 2.5 ¢ce. HO 0.754
| 15 ce. HNO; 4 4.0 cc. H,0 0.755
| 15 ec. HNO; + 5.0 ec. HyO (== ap. gr. 1.35) 0.742
| HNO,, sp. gr. 1.42 0.739

acid, must be protected by the same oxide. Since this oxide cannot be
either higher or lower than FeQ;, it must be FeQ,,

Electrode No. 2 was made passive successively in 30 per cent hydrogen
peroxide, in concentrated nitric acid, and in an 8 per cent and & 2 per cent
solution of chromium trioxide in water. The maximum potential attained
in each of these cases, measured as before in nitric acid of specific gravity
1.20, lay between 40.749 volt and +0.754 volt with the iron electrode as
cathode. This confirms the belief that the passivity produced by all these
reagents is due to the formation of the same oxide, FeO;. :
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A third electrode was made passive in concentrated nitric acid and then
in an acidified potassium permanganate solution, Maximum potentials of
4-0.740 volt and J-0.734 volt were obtained, which are sufficiently close
to prove that the passivity produced by acid permangenate is due to the
formation of FeOs,

Eleetrode No. 4 was made passive successively in six concentrations of
nitric acid lying between specific gravities 1.42 and 1.36- In each cese the
maximum potential lay between 4-0.742 volt and 4.0.755 volt, thus prov-
ing that the same oxide, FeQ,, is formed by all nitric acid solutions con-
eentrated enough to produce passivity.

Bennett and Burnham (2) emphasized the part played by adsorption in
stabilizing the oxide film. If the higher oxide is really adsorbed on the
iron, the potentiel should vary continuously between certain limits. Lest
this conclusion would seem to be belied by the relatively consistent poten-
tials given in table 1, we mention again thet only the highest, relatively
stable values of the potentials have been included in the table. 8ince these
correspond to a practically complete covering of the surface by 2 maximum
thickness of oxide, the date agree fairly well among themselves. Dozens
of values between 0.4 volt and 0.7 volt were obtained, especially when
the attempt was made to use strips of iron instead of wires. Although
these potentinls are of no use for comparative purposes, they do indicate
that adsorption is playing a part. Since a film of FeO; which covers only
patt of the surface tends either to repair itself or to break down completely,
a determination of an adsorption isotherm is out of the question.

While Murphy was studying the oxidizing and reducing action of hydro-
gen peroxide, he came across a beautiful instance of the misleading experi-
ment. As everybody knows, dilute hydrogen peroxide makes passive iron
active. Murphy found that concentrated hydrogen peroxide makes
passive iron active. This looked as though concentrated hydrogen perox-
ide was acting as a reducing agent, but it proved not to be true. Hydrogen
peroxide is decomposed catalytically at the surface of passive iron. With
concentrated hydrogen peroxide the amount decomposed per unit time is
8o great that the heat evolved raises the temperature to a point at which
FeO; breaks down. It is as simple as that, but it had us guessing for a
while.

In this paper we have shown that:

1. The evidence brought forward by Evans and by Hedges to show that
the film on passive iron is Fe,Oy does not prove anything in regard to this.

2. The film making iron passive and produced by adsorption from a
ferrate solution, KsO.FeQ;, is an oxide no higher than FeOs (Bennett and
Burnham).

3. The film making iron passive and produced by anodic polarization of
iron in a' concentrated solution of potassium hydroxide is an oxide no lower
than FeO; (Haber).
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4. Since the two films are the same, the composition must be FeQs
(Bancroft and Porter).

5. Electromotive force measurements in nitric acld of specific gravity
1.20 prove that the same film of FeO, is formed when iron iz made passive
by adsorption from an alkeline ferrate solution, by anodic polarization in
alkali, or by treatment with hydrogen peroxide, chromio acid, acid potas-

sium permanganate, or nitric acid of specific 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.

REFERENCES

(1) Bancrorr: Applied Colloid Chemistry, p. 147 (1932),

(2) BennETT AND BurNnam: Trans, Am. Electrochem. Soe. 89, 217 (1018),
3) Evans: J. Chem, Soc, 1927, 1020; 1939, 2651,

(4) Hanen: Z. Elektrochem. 7, 216 (1900},

(5) HaBRR AND Goupscumivt: Z. Elektrochem. 13, 62 (1006),

(6) HaBer aND Prok: Z, Elektrochem. 7, 713 (1001),

(7) Hearrcors: J. S8oo. Chem, Ind, 6, 899 (1907).

(8) Hepaes: Protective Films on Metals, pp. 102-4 (1932).



THE PHASE RULE IN COLLOID CHEMISTRY!

WILDER D, BANCROFT
Department of Chemistry, Cornell University, Ithaca, New York

Recetved June 90, 1935
[ ]

Gibbs pointed out that the phase rule does not apply, in the form in
which he deduced it, to systems involving surface forees, in other words to
colloids. On the other hand we make use of the phase rule, consciously or
unconsciously, every time that we determine an adsorption isotherm. We
have made use of the theorem consciously when studying the action of
acids and bases on proteins and on cellulose. What postulates must we
make in order to justify our applieation of the phase rule?

In the first place we must be dealing with reversible equilibrium because
the phase rule applies only to reversible equilibrium. In the early days of
colloid chemistry, people were interested chiefly in irreversible reactions
and metastable states; but that is no longer true.

When dealing with reversible equilibrium in systems containing colloids,
it will be profitable to consider separately the adsorbent and the adsorbed
substance. Since adsorption depends on the shape and structure of the
adsorbing material as well as on its chemical nature, one gram of charcoal
may contain a hundred, a thousand, ten thousand, or more solid phaser.
That seems like a hopeless situation, but it is not really bad. Two different
1-g. lots of charconl will not necessarily behave alike, but each lot will act
like a single phase so long as the individual grains do not change. When
we study the adsorption of hydrogen by platinum black, and get an entirely
different result after evacuating the hydrogen once or twice, we recognize
that the platinum black has sintered and changed its structure. Conse-
quently we put the platinum on an asbestog substrate and get approximately
reproducible results because the platinum does not sinter. We see, there-
fore, that each separate lot of an adsorbent will act as a single solid phase
g0 long as the individual particles are unchanged, but that two separate
lots of the same adsorbent will not necessarily act like the same solid
phase. With this limitation the phase rule holds for all adsorbents.

When we come to the substance that is to be adsorbed or peptized, we
make the explicit assumption that, from the viewpoint of the phase rule,
an adsorbed film or & peptized substance shall not be considered as a sepa-

! Presented at the Twelfth Colloid Bymposium, held at Ithaca, New York, June
20-22, 1935,
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rate phase even though we know that it is. On this basis, charcoal and a
gas which is adsorbed by it constitute a two-component, two-phase system,
At constant temperature there is only one amount of adsorption for each
pressure and the adsorption isotherm is perfectly definite, so long as the
solid phase does not change. ‘The adsorption of caustic soda from aqueous
solution by cellulose comes under the phase rule so long as the cellulose does
not change.

If we consider a substance peptized by water as not constituting another
phase from the viewpoint of the phase rule, the liquid with the suspended
particles becomes a phase of varying composition and can be treated as a
solution so long as the degree of dispersion remains constant. This enables
us to account for the mordanting of cotton with tannin or for the dyeing of
cotton by substantive dyes.

We bear up bravely over light being considered either as particles or as
waves, depending on the nature of the experiment. If, however, there are
any people who do not like to consider a peptized particle 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 8 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
dualistic behavior of an adsorbed film or a peptized substance. That has
been suggested by a number of people, but it has never proved satisfactory
and is therefore objectionable from a pragmatic point of view.

When we study the action of aqueous caustic soda on cellulose from the
phase-rule point of view, we get apparently one set of results, and when we
study the same system from the x-ray point of view, we get apparently a
different set of results. The x-ray people say that their method is the best
and that consequently their results are the only ones worth considering,
That is foolish, and the two sets of results must somehow be made to agree.
There is no question but that the x-tay pattern of cellulose changes irre-
versibly when treated with a caustic soda solution containing 13 per cent
or more of caustic soda. Thisshows on the adsorption isotherm in a change
of direction and in & new set of values at lower concentrations. There is,
however, no evidence of two solid phases, although mixed x-ray diagrams
can be obtained. The discrepancy disappears if we postulate that each
modification of cellulose adsorbs the other and that an adsorbed substance
can give an x-ray diagram. The x-ray people have always assumed that a
mixed diagram necessarily means two solid phases, but there is no experi-
mental evidence in favor of this contention. The assumption resis on two
other explicit assumptions, that the adsorption layer iz only one molecule
thick and that a layer one molecule thick cannot give an x-ray pattern.

If we eliminate the change in the x-tay pattern of cellulose by starting
with mercerized cotton, we find a smooth adsorption curve with no sign of
two solid phases. On the other hand an x-ray study of cellulose with
caustic soda in it shows clearly the existence of at least two sodium cellulo-
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gates which are definite chemical compounds. We must remember that
the phase rule does not show in what form caustic soda is taken up by
cellulose. It meroly shows the number of solid phases present at any mo-
ment. In the absence of any other evidence we adopt the simplest form
of statement and say that caustic sods is edsorbed by cellulose.

The discrepaney between the two methods of study disappears if we
recognize that the phase-rule method shows the number of zolid phases
and does not show the form in which the dissolved or peptized substance is
adsorbed, whereas the x-ray method shows the form in which the adsorbed
substance is taken up but does not at present give any evidence as to the
number of solid phases. The two methods are complementary and not
contradictory.

From the combination of the two methods we can say absolutely that
merceriged cotton adsorbs caustic soda as such from dilute solutions, one
definite sodium cellulosate from stronger solutions, and another definite
sodium cellulosate from still stronger solutions without there being at any
time two solid phases present.

‘The general results of this paper ate as follows:—

1. The phase rule can be applied in its ordinary form to reversible equi.
librium in colloidal systems provided we remember that a solid adsorbent
can be treated as a single solid phase only so long as the number and
structure of the individual grains remain unchanged, and provided we
treat an adsorbed substance or film and a peptized substance as not con-
stituting new phases in the application of the phase rule, though they do
constitute new phases in fact.

2. There are other ways of getting around the difficulty of treating a
peptized substance as being simultancously another phase and not another
phase, but the other methods have not recommended themselves to chem-
ists and are therefore unsatisfactory pragmatically.

3. The two modifications of cellulose adsorb each other and do not at
any time occur as two solid phases,

4. If one admits that a mixed x-ray diagram does not necessarily connote
two solid phases, the apparent discrepancies between the phase-rule method
of study and the x-ray method of study disappear.

5. The phase~rule method of study shows the number of solid phases,
but does not show the form in which an adsorbed substance is taken up.

6. The x-ray method of study shows, or may show, the form in which an
adsorbed substance is taken up, but it does not necessarily show at present
how many solid phases coexist.

7. The phase-rule and the x-ray methods of study of the system cellulose,
caustic soda, and water are complementary and not contradictory.

8. From a dilute caustic soda solution, mercerized cellulose adsorbs
caustic soda as such; from a more concentrated solution one sodium cellulo-
sate is adsorbed; from & still more concentrated solution another sodium
cellulosate is adsorbed  In none of these cases do two solid phases coexist.
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An article by Weiser and Milligan (31), entitled *X-ray Btudies on the
Hydrous Oxides. I. Alumina,” appeared in this Journal in December,
1032; from the x-ray photographs of preparations made in various ways
the authors arrived at the following conclusions; *‘...there are two
alumina hydrates: (1) gibbsite, Al;O;.3H;0, both natural and artificial,
and (2) diaspore, Al:05.H;0. Precipitated alumina aged at 100° has been
found by x-ray diffraction methods to be a new form of alumina which
has been termed 5-Al;0,, with adsorbed water.” In reply to this article
Edwards and Tosterud (8) refer to the existence of an a-ALO;. H;0 which
differed from diaspore (to which they gave the designation 8-AlO;.H:O;
of. in what follows the designation of Haber (18)). Furthermore there
was described a 8-AlyOs-3H;0, which differed from gibbsite (hydrargillite,
or a-AlO;.3H:0, according to Edwards and Tosterud).

The object of this communication is to draw attention to some publica-
tions which, although not mentioned by Weiser and Milligan or by Ed.
wards and Tosterud, nevertheless bear on the matter. Proof will, more-
over, be brought to show that the preparation which Weiser and Milligan
termed “a mixture of 5-AlO; and gibbsite” has likewise given a distinctive
x-ray photograph, according to the radiograms by these authors, which
belongs to a definite trihydrate, namely, bayerite, or -trihydrate, accord-
ing to Edwards and Tosterud (8).

BOHMITE

Bohm and Niclassen (4), as well as Fricke and Wever (18), had already
shown in 1924 that at higher temperatures (as, for instance, approximately
100°C.) aluminum hydroxide precipitated from a solution of aluminum
sulfate with aqueous ammonia gave a hitherto unknown x-ray diagram.
A year later B6hm published the reproduction of an x-ray photograph
which showed the lattice of & very pure aluminum hydroxide having the
composition Al;Os-H;O from Les Baux. This lattice of very definite form
was different from those of diaspore, the trihydrate, and the oxide of alu-
minum, although the film shows the same lines as those which Bshm and
Fricke had obtained from the preparations precipitated at 2 higher tem-
perature,
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The very pure bauxite mineral of Bohm was shown by a series of eareful
quantitative analyses to have the composition ALO;-H,O. A preparation
absolutely identical with this, both analytically and according to the
radiogram, was made up by Bshm (3) from various aluminum hydroxide
preparations in an autoclave with superheated steam at 200°C.; he then
regarded it as pure bauxite and an “isomer of diaspore.” Later, however,
it was shown that it is not by any means invariably the case that the
bauxite mineral found in nature containe this monohydrate as the pre-
dominating aluminum compound, as it may often contain diaspore, gibbs-
ite, and others as well. (In this connection compare F, Rinne with
Fricke and Wever (ref. 16, p. 322); see also de Lapparent (25) and the
photographs of Weiser and Milligan (rof. 31, p. 3026)). Consequently, at
the suggestion of de Lapparent, this isomer of diaspore discovered by
Bohm was given the name of “bohmite;”” this namo has come to be widely
adopted in European literature.

In order to avoid confusion, the nomenclature adopted in Europe has
been made use of in connection with the subdivision of alumins into o,
B-y ete. forms. According to Haber (18) the aluminum hydroxides which,
by elimination of water, give the cubie y-oxide (2, 5) stable below 1000°C,,
are termed <y-oxides; to this group belong béhmite, gibbsite, and bayerite,
which will be described later (Tosterud designates these as a-AlQs- H;0,
a-Al;05.3H:0, and §-AL0s.3H:0). In contrast diaspore, which, when
heated, gives hexagonal-rhombohedral a-corundum (19, 28) belongs, ac.
cording to Haber, to the a-series (according to Tosterud, 8-ALO;. H;O),

The radiogram for “bshmite” given by Bohm is identical with the dia-
gram of “3-AlOy.xH:0” published by Weiser and Milligan. According
to its artificial representation it is, furthermore, identical with the prepara-
tions made and designated a-AlOs. Ho0 by Tosterud (30).

As has since been definitely ascertained by various observers, bshmite
is the first product of aging aluminum hydroxide gel precipitated from solu-
tions of aluminum salts with alkali, This is shown with great clearness
by the work of Fricke and Meyring (14), who investigated the aging of
aluminum hydroxide in alkaline media by determinations of solubility,
pH measurements, and x-ray photographs, as also by the experiments,
combined with x-ray photographs ete, conducted by Havestadt and
Fricke (20) in regard to the dielectric constants of hydrous hydroxide sus-
pensions depending on the state of aging. Kohlschiitter and his collabo-
rators (24) also found in the course of their extensive investigations into
the aging of fresh gels that the formation of a crystallized trihydrate can
never overtake the formation of the “g-gel” (a term used (24, 32) for a
very slightly reactive gel which sometimes shows the x-ray lines of bshmite),

In all these investigations into the coutse of the aging of amorphous
hydroxide, the x-ray diagram of bhmite was always obtained first, even
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though it did not show (especially at the larger angles of deflection) the
lines 80 clearly and sharply as those obtained from well-erystallized bohm-
ite, which can be obtained from other aluminum hydroxide preparations
of the Haber y-series at 200-350°C. with undersaturated steam in an
autoclave (3, 15, 22, 20, 30). Bohmite is also formed by slow thermal dis-
integration of the (y)-trihydrate of aluminum oxide (1, 18). Well-crystal-
lized bohmite is very stable and does not exhibit any noticeable signs of
aging. At 405°C. bohmite remains undecomposed under a steam pressure
of about 500 atmospheres, whereas diaspore under the same conditions
breaks up into corundum and water (see ref, 15; this paper also ineludes
some carefully obtained isobaric decomposition eurves of bohmite and
diaspore),

The density of a pure béhmite produced in an autoelave has been found
by Fricke and Severin (15) to be diY = 3.014. Fora preparation likewise
produced in an autoclave von Nieuwenburg and Pieters (27) found a figure
of 3.06.

Coblentz (8) deduced from measurements of absorption in the infra-red
that bauxite (as in the case of diaspore and gibbsite) is a true hydroxide
(in this connection cf. Fricke and Severin, ref, 15, p. 208). The bauxite
investigated by him, which had a composition of ALO.OH, did not show
any water bands. At 3, however, a band appeared which, from compari-
sons with other definite hydroxides, must be ascribed to the OH group.
The formulation AIOOH is therefore to be preferred here, rather than
Al;O3.Hy0. (In regard to this, as well as other true hydroxides, cf. Fricke
and Ackermann, ref. 12, p. 639.) According to Achenbach (1) bohmite
is rhombie.

Weiser and Milligan also find the x-ray interference of bohmite in a
geries of their preparations. They ascribe these interferences, however,
to a new oxide, “6-Al;0;,”’ which had adsorbed varying quantities of water.
In proof of this, they state that the preparations having a water content
of only 0.65 H:O per 1 AlQ, show the same radiogram as with a water
content of more than 1 H,O per 1 ALO;. This result is, however, not
surprising; neither does it offer anything new in comparison with the
findings of other authors, since the preparation with 0.65 H;0 per 1 AlO,
must still contain up to 65 per cent of béhmite, and econsequently must
show its x-ray diagram. The diagram interference of the 35 per cent
v-Al:0s need be only slightly visible, or even invisible altogether, as the
y-oxide obtained by careful extraction of water from béhmite either
reveals only a few, weak and widely-spaced, lines at & small angle of deflec-
tion, or even appears quite amorphous from a réntgenographic point of
view (ref. 23, p. 328; also ref. 15, p. 301). The assumption of & “5-Al0,"
cannot therefore be deduced from the results of Weiser and Milligan.
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Welser and Milligan (31) made further preparations according to the
directions of Hiittig and Kostelitz (21), and from the x-ray photographs
obtained from these preparations they arrived at the conclusion that, in
the case of the preparations K/, K,*, Ks, Ky, and Ls, according to Hiittig,
there was no definite eompound, but a mixture of §-Al0s-xHO and gibbs-
ite. In contrast, Hiittig and his collaborators (21, 23) ascribe these
preparations to the “isomers of hydrargillite” first discovered by Béhm
(3) and later carefully investigated by Fricke (9, 10, 11), which, in accord-
ance with a proposal made by Fricke (9), because of the precipitation of
the substance when alumina is prepared by K. J. Bayer's process, is now
termed bayerite in European literature. This bayerite (Al;0;.3H,0), to
the properties of which we shall refer later, also belongs to the y-series of
Haber, since it produces cubic y-oxide on complete extraction of water.
It is metastable at room temperature in contrast to gibbsite (hydrargillite)
(9, 10, 11, 17), but stable in comparison with béhmite (3, 20, 24). It is
probably identical with the substance designated as g-Al;0;-3H0 by
Edwards and Tosterud.

It is quite evident from the photographs of Weiser and Milligan that
their preparations, made “according to Hiittig,” cannot be mixtures of
bohmite and gibbsite; this may also be seen from a comparison of the posi-
tions of the lines of the alleged “‘§-AL0;.xH;0” (bShmite) and of gibbsite
with the positions of the lines of the preparations according to Hittig,
To jllustrate this fact table 1 has been compiled from data given by Weiser
and Milligan (31).

Sume of the special features which show that the preparations made ac-
cording to Hittig’s method cannot be mixtures of bohmite (*“5-Al0;.
xH:0") and gibbsite, are the following: (1) The strongest béhmite line
(D = 185,71 = 10) is exactly the one missing in the case of preparation
Ky, and therefore weaker lines could not be expected to appear. (2) The
strongest gibbsite line (D = 4.85, I = 10) is likewise missing in Ks. (3)
Two of the thiee strongest lines of K; (D = 479,17 = 10and D = 222,
I = 10) are not found in either béhmite or gibbsite.

The intervals between the lines just mentioned and adjacent lines in the
different photographs are so great (at least 0.04 A. U.) that the findings
given under sections (1) to (3) cannot be due to experimental ervors. An
arbitrary parallel displacement of the original flm also does not permit of
any position being found which would justify the interpretation of the
preparations ‘‘according to Hiittig"” as mixtures of bshmite and gibbsite.
The preparations of Weiser and Milligan (31) are therefore, from & ront-
genographic point of view, also bayerite, or the 8-trihydrate of Edwards
and Tosterud (8), which they have already indicated. The decomposition
curves of Hittig and Kostelitz (21) show, nevertheless, that their prepara-
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tions consisted for the greater part of the “y-gel” identified by Kohlechiit-
ter and his collaborators (24) as mixtures of **g-ge!”’ and bayerite. (“g.gel”
and “y-gel” are used in the meaning glven by Willsthtter, Kraut, and col-

TABLE 1
Comparison of positions of lines
D = dui/nin AY.; I = relative inteupit.y

ruov i (somaree) GIBNATE NINERAL AOTI0, 2100 K (ATBBIYD)
D H D ! b t
4.85 10
4.79 10
4.34 9 4.34 10
3.31 1
3.19 4
3.16 5
3.12 1
2.45 7 2.47 2
2.38 7 2.87 3
2.66 1
2.3 7
2.28 1
2.22 10
2.17 3
2.04 3
1.990 2 2.00 2
1.907 2
1.89 1
1.85 10
1 1.798 3
1.77 1
1.741 4 1.72 K
1.681 5
1.642 0.1 1.65 1
1.580 1 1.60 1
1.55 2
1.43 8 P 1.448 4 1.44 3
1.404 6
1.39 3
1.352 2
1.32 5 1.312 1 1.33 4
1.21 2
1| 1 I

laborators (82).) Most of the f-gels exhibit, however, either no inter-
ferences, or else very weak and diffuse bohmite interferences.
With regerd to bayerite, reference may be made to the following litera-
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ture, Bohm (3) discovered a tribydrate of AlOy which exhibited & very
beautiful and characteristic radiogram totally different from that of
gibbsite. A reproduction of the picture obtained with iron radiation of
this crystal, known generally now as bayerite, may be found in Bohm’s
article. The angles for a pure bayerite for copper radiation are given by
Fricke (10).

Bayerite is produced from bohmite gel (“g-gel” and fresh bohmite) by
aging, production being slow under cold water (3, 20, 24), but rapid under
dilute alkali (10, 14), In an intermediate stage of the aging, according to
Kohlgchiitter and collaborators (24), “‘somatoids” form from minute
needles of bayerite, which are either wholly or partly surrounded by
B-gel (bdhmite gel). (Microphotographs of these somatoids may be seen
in the paper of Kohlschiltter and collaborators (24). Willstédtter, Kraut,
and Erbacher (32) term these somatoids “y-gels.””? Under certain condi-
tions these “+y-gels’’ ean have such a composition that various authors
were thereby led fo believe that they had found a dihydrate of Al;O;.)

Long and extensive shaking with not too dilute alkali, best at a rather
high temperature (50-60°C.), causes bayerite to change into gibbsite
(hydrargillite) (9). The series order of stability is therefore bohmite >
bayerite > gibbsite.

According to the procedure followed, various forms of aluminum hydrox.
ide can be obtained from an alkali-aluminate solution. The rapid intro-
duction of carbon dioxide into a dilute aluminate solution gives rontgeno-
graphically amorphous aluminum hydroxide (ref. 20, p. 379; ref. 9). On
the contrary, if carbon dioxide be allowed to pass in slowly at ordinary
temperatures, so that some days are required for complete precipitation,
one obtains bayerite. The aluminate solution may also be more concen-
trated, for example, with a specific gravity of 1.15 (17). If the carbon
dioxide be allowed to act very slowly at ordinary temperature, as, for
instance, by allowing the container to stand exposed to the air, then gibbs-
ite is obtained (9). Qibbsite of larger crystalline structure may be
obtained more rapidly by allowing carbon dioxide to pass slowly over a
solution of aluminate healed to 96-100°C. (1).

The same holds good for the spontaneous (hydrolytic) precipitation of
the alumina hydrate from a solution of aluminate, which also 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
technical point of view, may be found in other articles (11, 13, 17).

Apart from x-ray photographs which, in the case of good and well-erys-
tallized preparations, reveal sharp lines up to the highest angles of deflec-
tion, the bayerite preparations of Fricke and his collaborators were also
investigated, in part for physical uniformity, experiments being made to
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diseover whether the solubility in alkali remained constant with the
quantity of excess undissolved solid, where the quantity of alkalt was kept
thesame. I it were a case of & mixture of constituents of different solubili-
ties, the solubllity should inerease. The results, however, showed a good
degree of constancy in & number of cases (ref. 13 and unpublished work).

In the case of these tests care must be taken to sec that the alkali used
is not too concentrated, so that the sediment does not change into alumi-
nate (see the solution equilibria in the article by Fricke and Jueaitis (13)).

Fricke and Wullhorst determined the heat of solution of bayerite and
gibbsite in 12 per cent hydrofluoric acid. They found 37,8, and 36.5s kg-
cal. per mole, respectively, that is, for bayerite an excess of heat content
amounting to 1.2 kg-cal., which is quite in accord with the order of stability
ascertained by conversion experiments.

Fricke and 8everin (15) examined the isobaric thermal decomposition
of bayerite, together with that of gibbsite, for vapor pressures of 100 mm.
of mercury. In contrast to other earlier work, it was found in these
experiments that the reaction spaces amounted in all to only 0.3 to0 0.8 cc.,
of which two-thirds to four-fifths was filled with the hydroxide in a very
fine powder. Thetime for pressure attainment amounted, nevertheless, to
as much as sixty days. In this careful method a decomposition tempera-
ture of 120°C, was found for bayerite, and for gibhsite 165°C., both for
equilibrium with bshmite (badly crystallized) produced by the decomposi-
tion. From Nernst’s approximate equation it is possible to calculate from
these results the heat of formation of bayerite from bohmite and 2H,0
(vapor) as 324 kg-cal.,, and for the corresponding heat of formation of
gibbsite, 36.3 kg-cal. The figures are again in conformity with the order
of stability, but are not capable of rigorous comparison on account of the
certainly different energy content of the bohmite formed at the two vapor
pressure equilibria as the second phase (12).

In the article by Fricke and Severin (15) there is also to be found an
exhaustive discussion of the results of the thermal decomposition experi-
ments of Hilttig and von Wittgenstein (23), of Hiittig and Kostelitz (21),
and of other authors,

Finally, it should be pointed out that by investigations of structure
conducted by Megaw (26) and Deflandre (7), gibbsite, bayerite, and dia-
spore are shown to be true hydroxides, in which the water is present not as
such, but in the form of OH ijons, (Note, also, what has been sgid pre-
viously in regard to absorption measurements in the infra-red.)

SUMMARY
Four definite crystallized forms of aluminum hydroxide are known,

0
namely: diaspore (Al{ OH)' which, by extraction of the water, gives
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hexagonal-rhombohedral a-corundums, and three other forms, which, when
water is extracted, give oubie 4-ALO,. These are, in order of increasing

0
stability, b6hmite (AI<OH), bayerite (Al(OH);), and gibbsite (A(OH),).
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In & recent paper (1) a mathematical basis has been presented for the
calculation of diffusion coefficients from measurements of the rate of
penetration of any constant concentration of a diffusing substance into a
diffusion medium. The method requires simultaneous measurements of
the distance of penetration and the time, and a constant concentration of
diffusing substance at zero distance.

The purpose of the present paper is to report the results of measure«
ments of the diffusion of cupric chloride into gels. The photometric
method which was used permits making the measurements without dis-
turbing the diffusion process in any way.

APPARATUDB

The diffusion apparatus (figure 1) consisted essentially of a light source,
a collimating device made up of & series of slits, a cell used as a container
for the diffusion system, and a photoelectric cell which was connected to a
suitable indicating device.

For & light source of constant intensity a 500-watt projection lamp was
operated from a 100-volt storage battery. The bulb was surrounded by &
cooling coil to prevent excessive heating, and a red gelatin light filter was
placed between the light source and the first slit. The slit nearest the
photoelectric cell consisted of two parallel plates 2.2 x 5 em. The width
of the slif system was adjusted to approximately 0.015 em.

The diffusion cell was formed by clamping rectangular pieces of plate
glass (7.6 x 25 em.) on either side of a glass rod which had been bent into &
U-shape and covered with rubber tubing. The cell was fitted into an
upright stand so arranged that it could be moved up or down at will by
means of a serew adjustment. Readings of the height of the cell were
taken to 0.01 cm. by means of a cathetometer.

The photoelectric cell was connected to a vacuum tube amplifier
(figure 2). By means of the potentiometer and variable resistance shown
in the disgram, it was possible to adjust the plate current of the vacuum
tube to any suitable value for normal light intensity on the photoelectric
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cell. Any change in light intensity was then indicated by a corresponding
change in the plate current. The plate current was measured in arbitrary
units by a millivoltmeter which gave full scale deflection with a current of
approximately 20 microamperes.
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Fia. 1, Disgram of the diffusion apparatus
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Fia. 2. Wiring diagram of amplifier

Except for narrow slits to permit passage of the light beam, both the
light source and the photoelectric eell were enclosed in light-tight metal

housings. The experimental work was carried out in a darkened room
at 254:2°C.,
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EXPERIMENTAL METHOD

"The sodium silicate (sp. gr. 1.160) which was used in making the gels
was 1.59 N, as determined by titration with standard acid using methyl
orange as indicator. The gels were made by addition of the sodium silicate
solution to an equal volume of 4.752 N hydrochloric acid, The formation
of clear gels required vigorous stirring of the mixture as the silicate was
added. When more dilute gels were desired, water was added to the acid
before the addition of the sodium silicate.

After the diffusion cell had been placed in the apparatus and & zero
reading had been taken corresponding to the position of the cell when the
light beam was coincident with the surface of the gel, the diffusing solution
was poured on top of the gel. The concentration of the diffusing solution
was kept constant throughout the measurement by continuous addition
of fresh solution as the less dense solution was drawn off at the top by
suction. In making the measurements, the eell was moved upward until
further motion resulted in no further increase in the plate current of the
amplifier. From this position the cell was moved slowly downwerd until
the light beam passed through a portion of the gel containing cupric ions
in the amount necessary to cause & 1 per cent decrease in the plate current.
When this point was reached, a reading of the height of the cell was again
taken. The distance (X.) which that particular concentration (m' =
8.65 X 107 moles per liter) had moved downward at that time (£) was
determined by the difference between this reading and the zero reading.

The most satisfactory results were obtained from one to twenty-four
hours after the beginning of the diffusion process. During most of the
first hour, the diffusion was too rapid for accurate measurement, and after
a day or more there was evidence in some cases of a slight cracking (2) of
the gel structure.

The value of the diffusion potential was estimated by measuring the
potential difference between a saturated calomel electrode placed in the
diffusing solution and a silver-silver chioride electrode placed in the gel.
The difference between the voltage obtained using & saturated potassium
chloride bridge and that obtained when the diffusing solution and the gel
were in direct contact was taken as the diffusion potential. These values
are small, as would be expected for systems of uniformly high electrical
conductivity throughout.

CALCULATIONS AND RESULTS

Table 1 gives & summary of the values obtained from the diffusion meas-
urements. The values of X2/t were determined from the slope of the
straight line obtained by plotting the values of X® against the values of ¢.
In general the results of duplicate experiments agreed to within 0.1 per
cenf.
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The values of the diffusion coefficient of the cupric ion wore caloulated
by means of the equation

X: 2UE\ 1
D= N (1 B Xg,fg) in mg — In m’ ()

In this equation my is the concentration of diffusing substance at zero
distance, m’ is some constant concentration much lower than My, and X,
is the distance of the concentration m’ from the surface of the gel at time ¢,
U is the mobility of the diffusing ion and is given the signt of the charge
on the ion, E is the potential of the solution referred to that of the gel.
U for the cupric ion was given & value of 4 X 10~4 cm. per second , Which is
approximately 0.7 of the value at infinite dilution. While this is an

TABLE 1}
The diffusion coeflicient and apparent radius of the cupric ion in silica gels
8105 yBR 447 DIFFUBING BOLUTION
i/ &R Xinxm B D X 1o X 108
OF UkL C(l:'('}'}: Added eloctrolyte 9 b 1 4
grama ""'f;:f” moles per liler ":;;,f;' me. %ﬂ" em.
104 .6 0.3 0.795 NaCl 1.233 -3.0 3.59 6.75
1.58 HCI
104.6 1.0 1.58 HCH 1.203 —2.6 3.47 6.08
69.7 1.0 0.594 HCI 1.796 +0.6 4.64 5.22
69.7 1.0 None 1.659 +9.5 3.93 6.17
52.3 1.0 0.584 HCI 1.791 +1.3 4.60 5.27
52.3 1.0 None 1.671 +8.4 4.00 6.06
5 per cent 1.0 None 1.153 (3.00)
gelatin

arbitrary value, the error thus introduced into the final results is small

UE
on account of the fact that the value of X is small compared to 1.

In deriving equation 1, it was assumed that the mobility of the diffusing
ion is constant throughout the system, This is probably a satisfactory
approximation in the case of the silica gels, where the ionic strengths of
the diffusing solution and of the gel are uniformly high, It probably is
not satisfactory for diffusion into gelatin gels or into pure water, where U
is some function of Xoandt. In these systems, a calculation of D (taking
E = () should give & value of the “mean’ diffusion coefficient of the two
ions of the diffusing electrolyte in the mediim used. The results in the
5 per cent gelatin gel have been caleulated in this way.

The last column of table 1 gives the values of the apparent radius of the

|
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cuprie ion as ealeulated by means of the Stokes-Einstein equation;
RT 1

r=

N 6D (2)

In these caloulations, n was taken as the viscosity of water (0.00805).
While the usefulness of this equation for calculating the radius of an ion
has not been established, it has been shown (3) recently that the similar
Einstein-Sutherland equation may be used for the caleulation of molec-
ular diameters under certain conditions. An oxcellent discussion of the
validity of equation 2 has been given by Williams and Cady (5).

DISCUSBION

In systems which contain cupric chloride in the presence of other
soluble chlorides, an appreciable fraction of the cupric ions may be present
in the form of complex ions. Thus an error may have been introduced
into the calculated values, owing to the fact that the concentration of the
cupric jons was assumed to be equal to that of the cupric chloride. How-
ever, sinee the chloride-ion concentration was uniformly high throughout
the system, it is probable that the extent of such complex ion formation
was relativoly constant, and that the value of the concentration ratio which
was used in the calculations was practically unchanged. Furthermore,
an error of even 10 per cent in the ratio, mo/m’, would cause an error of
only 1 per cent in the value of the diffusion coefficient.

A comparison of the results in the second, third, and fifth lines of table 1,
where hydrochloric acid was added to the diffusing solutions in approxi-
mately the amounts present in the gels, shows that the highest gel concen-
tration had an appreciable retarding effect on the diffusion process, How-
ever; the small difference between the diffusion coefficients in the two more
dilute gels indicates that the retarding effect was relatively slight for these
gel concentrations, and that the values are practically those which would
be obtained in the absence of the gel structure.

The pronounced increase in the diffusion coefficient for & given gel con-
centration caused by the addition of hydrochloric acid to the diffusing
solution seems to illustrate the phenomenon of “accelerated” diffusion dis-
cussed by MeBain and his coworkers (4). This acceleration was caused
by other diffusion processes taking place in the systems, In these silicio
acid systems, the diffusion of water was probably negligible. The con-
centration of the chloride ion was high and relatively uniform throughout
the system, and the effect of any spontaneous diffusion of this ion seems to
be taken into account in the caleulations. However, when no hydrochlorie
acid was added. to the difiusing solution, thers was a rapid diffusion of
hydrogen and sodium ions from the gel into the solution. Thus the cupric
ions diffusing into the gel were retarded by “collision with the molecules
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of & diffusing column” (4) of positive ions diffusing spontaneously in the
opposite direction.  Addition of a suitable amount of hydrochlorie acid to
the diffusing solution practically eliminated this counter diffusion of hydro-
gen ions, and enabled the cupric ions to diffuse more nearly at their normal
rate, The slight difference caused by the addition of sodium chloride to
the diffusing solution at the highest gel concentration indicates that similar
compensation for the more slowly diffusing sodium ion is relatively un-
important.

It seems probable, therefore, that the values of the diffusion coefficient
obtained in the more dilute gels with hydrochloric acid added to the dif-
fusing solution are very nearly equal to the value for undisturbed diffusion
of the cupric ion in water. Likewise, the corresponding values of r prob-
ably are accurate approximations of the effective radius of the hydrvated

cupric ion in so far as the use of the Stokes-Einstein equation is justified
for this calculation.

BUMMARY

1. A photometric method has been used to study the diffusion of supric
chloride into gels.

2. The most probable value of the diffusion coefficient of the cupric ion
in water is 4.6 X 10~® em.? persecond.

3. A value of approximately 5.2 X 10-% cm. is suggested for the effective
radius of the hydrated cupric ion in solution,
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In e recent paper, Kolthoff (18) made a eritical survey of the literature
regarding the solubilities of metallic sulfides, and pointed out the surprising
disparity to be found in the various values reported. He showed that the
determinations for each sulfide fall more or less distinetly into two groups,
in one of which, represented principally by the results of Weigel (83) and
of Biltz (3), the solubilities are of the order of 10~¢ moles per liter, while in
the other, represented prineipally by the results of Bruner and Zawadzki (6),
they are very much less. Kolthoff showed that the values in the first
group cannot possibly be correct, and suggested that they might really
represent the solubilities of oxidation produets present at the surfaces of
sulfides. This idea i8 supported by the well-known fact that oxidation
products are usually present at the surfaces of sulfide minerals (27), and
by the data in table 1, in which the solubilities of some possible oxidation
products of & few of the sulfides (4, 7, 8, 19, 28) are compared with the
solubilities of the corresponding sulfides as reported by Weigel.

Kolthoff gave an improved list of solubilities and solubility products,
but made no attempt to eorrect for activities, which, in many eases, cause
appreciable changes in the values. Since aceurate solubility and free
energy data of the more important sulfides are required for research work
in pyrometallurgy and in flotation, it was considered advisable to make a
careful study of the results of previous investigators, and to recalculate
their results with the aid of recent activity data.

In order to determine jon-activity coefficients, it has been assumed
that the activity coefficients of potassium and chloride ions are equal in
potassium chloride solutions, and that the activity coeflicient of any ion
depends only on the ionie strength (20).

ZINC BULFIDE

Maier (21), using entropy data and the valuc 43,000 calories (2) for the
heat of formation, obtained AFgs = ~41,600 for zincsulfide. From this,

1 Unless otherwige specified, free energies, activity dats, electrode potentials, and
ionization constants are from Lewis and Randall (20).

6l
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the solubility product of zinc sulfide is calculated to be 6.4 X 10-%, These
results are rather uncertain, however, owing to considerable uncertainty
concerning the heat of fortnation.

Glixelli (9) has measured the solubility of zine sulfide in sulfuric scid
solutions of various concentrations at 25°C. He found that the sinc sulfide
precipitated from alkaline solution (8-ZnS) is several times as soluble as
that precipifated from acid solution («-ZnS); the §-Zn8, however, slowly
changes into the a-ZnS, which Glixelli found to be stable, so evidently
only the lafter should be considered in caleulating the solubility product.

TABLE 1

Comparison of solubililies of possible oxidation products of sulfides with Weigel's dala
Jor the solubilities of the sulfides

POBBYBLE OXIDATION PRODUCT SOLUBILYYY BULYTOES (w:?g::%?:r "
moles per Liter moles per Liler
Hydrated zine oxide........ 1 X 10 8 {ppt.)......... 0.71 X 10~
Zincoxide.................] 30 X 10~ Sphalerite. ......... 6.6 X 10-¢
4.0 X 10~ (| Pb8 (ppt.)......... 3.8 X 10
Lead carbonate........ { 6.8 X 10 | Galena............. 1.2 X 10~
TLeadoxido.................| 85 X 10~
Copper carbonate CuS.............., 3.5 X 10-¢
(Cu0.0.515CO;-0.61H;0).] 13 X 10-¢ | CusS..vvveen ol 31 X100
TABLE 2
Equilibrium constants for solubility of zine sulfide in sulfuric acid
concgﬁ?;uon (H8) X 108 B (H*) A Ky X 108
Jormal moles per Liler
0.001 0.024 0.00275 0.00178 0.72 1.3t
0.01 0.207 0.0205 0.01393 0.52 1.15
0.05 0.927 0.0844 0.05672 0.36 0.96
0.25 4.376 0.3 0.25 0.24 0.74
M. . e e e s 1.04

For the solubility equilibrium
ZnS(s) 4+ 2H+ = Znt+ 4 Ha8(aq)
the equilibrium constant is
K, = (Zn**) (H:8)/(H*)?

In table 2 are shown the results of the recaleulations of Glixelli’s data.
The ionic strengths (u) and the hydrogen-ion activities (H*) were caleu-

1 4 ). I e >
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lated from the data of Sherrill and Noyes (30) for acid concentrations of
0.05 molal and lees; the activity of hydrogen ion in 0.26 molal sulfurie acid
was estimated to be 0.25. The activity coefficlents of zine ion (ag,) were
calculated from the date of Lewis and Randall on potasstum chloride and
of Seatchard and Tefft (29) on zinec chloride.

In a similar way, the value of K; = 0.91 X 104 was caleulated from the
results of Moser and Behr (24), who found the solubility of zinc sulfide (pre-
cipitated by hydrogen sulfide from zinc sulfate solution) to be 6.34 X 10-*
moles per liter in 1 molal sulfuric acid saturated with hydrogen sulfide
at atmospheric pressure and 20°C. It has been assumed that the deorease
in selubility of hydrogen sulfide from 20°C. to 25°C, was approximately
compensated by the increase in solubility of the ginc sulfide.

Although the sulfuric acid concentration varies 1000-fold in the two sets
of data, the extreme variation of the equilibriumn constant is only 1.8-fold.
The value Ky = 1,0 X 104 is therefore probably quite reliable. From
this value it is found that the solubility preduct of zinc sulfide is 1.5 X 10-%
and AFys = —46,960; with the aid of Maier’s entropy data, the value of
AH is found to be — 48,355,

LEAD BULFIDE

Unfortunately, there are few data available from which an accurate
value for the solubility product of lead sulfide ean be caleulated. Bruner
and Zawadzki (6) measured the solubility of lead sulfide in hydrochloric
acid solutions and obtained K; = 3.1 X 10-¢, which corresponds to & solu-
bility product of 3.6 X 10~%, They give no experimental data, however,
but merely state that their result was obtained from several experiments
which agreed well with each other; it is impossible, therefore, to recalculate
their value,

Jellinek and Czerwinski (14), from measurements of the potentials of a
lead electrode in sodium sulfide solutions, obtained values from 6.4 X 10—
to 13.0 X 10—% for the solubility product of lead sulfide, and from similar
measurements in sodium hydrosulfide solutions, obtained values from
14 X 102 t0 5.0 X 10782, Trumpler (31), however, has shown that lead
electrodes in sulfide solutions do not exhibit their true potentials, and by
making the proper corrections he obtained the value 15 X 10-% from
measurements of the potential of & lead electrode in 2 N sodium sulfide
solution,

Trumpler also found that the highest concentration of hydrochloric
acid saturated with lead chloride from which lead sulfide can be precipi-
tated by hydrogen sulfide at atmospheric pressure is 2 normal; from this
he ealculated the solubility product to be 4.9 X 10~%, A much more
accurate value can be calculated with the aid of activity data. From the
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data of Lewis and Randall on the solubility of lead chloride and on the
activity coeflicients of hydrochlorie acid, and of Harped on the activity
coefficients of potassium chloride (10), the value K, = 7.87 X 10~ jg
obtained for the equilibrium

Pb8(s) + 2H* = PbH+ 4 H;8 (aq)

which corresponds to the value 9.05 X 10-% for the solubility product of
lead sulfide.

Maier (23) has recently caleulated from the thermal data of Jellinek
and Zakowski (16) and of Jellinek and Deubel (15) the value AFsps =
—21,977 for the free energy of formation of lead sulide. From this the
solubility product of lead sulfide is found to be 7.00 X 10~%, which agrees
excellently with the value caleulated above.

COPPER BULFIDES

Except for the values of Weigel and of Bilts, the only determinations
of the solubility of cupricsulfide seem to have been made by measuring the
potentials of copper electrodes in sulfide solutions against a normal calomel
electrode. From such electromotive force measurements by Immer-
wahr (11) and by Knox (17), Bruner and Zawadzki (6) caleulated the values
5.9 X 10~ and 1.2 X 10~%, respectively; Jellinek and Czerwinski (14)
from similar measurements obtained valuesfrom 1.0 X 1042 to 5.0 X 10-4,
In spite of the agreement among these results, they very probably are
incorreet, since Trumpler (31) has shown that in strong sulfide solutions
the only stable copper sulfide is Cu,S.

Cuprie sulfide

Randall, Nielson, and West (26) have caleulated the free energy of for.
mation of cupric sulfide to be —11,755. This corresponds to 3.48 X 10~
for the solubility product. If the other values given above for the soly-
bility product were correct, the free energy value of Randall, Niclson,
and West would be in error by more than 5000 calorics, whereas it very
probably is correct to within less than 1000 calories.

Cuprous sulfide

It was pointed out above that the measurements of Jellinek and Cazer-
winski are inapplicable to cupric sulfide. Their measurements can be
used, however, to calculate the solubility product of cuprous sulfide, and
seem to be the best available for this purpese. They give quite complete
data, but unfortunately their experiments were performed at 10°C. Since
there are no data from which the electrode potential of cuprous ion at
10°C. can be obtained, it appears that the best procedure is to use the 25°C.

09 .
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values for the electrode potentials of cuprous ion? and of the normal calomel
clectrode (agalnst which Jellinek and Czerwinski made their measure-
ments). This is equivalent to assuming that the potentials of these two
electrodes change approximately the same amount in passing from 25°C.
to 10°C., which is not improbable.

The sulfide-ion concentrations in sodium sulfide and in sodium hydro-
sulfide solutions as given by Jellinek and Czerwinski are undoubtedly in-
correct. Much more accurate values can be determined from the toniza-
tion constants of hydrogen sulfide and of water at 10°C., which can readily
be celeulated from the data of Lewis and Randall,

In evaluating the sulfide~ion concentrations, the lonic strength of sodium
sulfide has been taken as twice its molality (since it is almost completely

TABLE 3
Solubility product of cuprous sulfide at 10°C,
CONCHNTRATION Bein vours (Cu*) X 10 (8-=) X 1o Kcus X 1om
(a) Ng,S
0.5 1.131 0.395 656.0 1.02
0.1 1.100 1.41 5.2 1.13
6.05 1.079 3.33 15.6 1.73
0.01 1.060 7.25 0.792 0.417
0.005 1.041 15.8 0.212 0.529
1 £ S 0.963
(b) NaHS8
0.5 0.890 128.0 0.436 71.3
0.1 0.982 177.0 0.0559 17.5
0.05 0.980 193.0 0.0212 7.91

hydrolyzed to sodium hydroxide and sodium hydrosulfide), and that of
sodium hydrosulfide as equal to its molality; the activity coefficients of
hydrosulfide ion and of hydroxyl ion have heen assumed to be equal, and
have been calculated from data given by Lewis and Randall for potassium
hydroxide.

In table 3 are shown the results of the calculations. The column headed
E. gives the potentials ageinst the normal calomel electrode as deter-
mined by Jellinek and Czerwinski. The constants obtained from the
measurements in sodium hydrosulfide solutions are rather inconsistent,
and differ considerably from those obtained from the measurements in
sodium sulfide solutions. Jellinek and Czerwinski prepared their sodium

PEY = —0.522. Fenwick: J. Am. Chem. Soc. 48, 860 (1926).
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hydrosulfide solutions by saturating a sodium hydroxide solution of definite
concentration with hydrogen sulfide, sweeping out the excess hydrogen
sulfide with a stream of hydrogen, and diluting to the desired concentra-
tion. It is possible, however, that the removal of hydrogen sulfide was
incomplete, for it is very interesting to note that if it is assumed that an
excess of 1 per cent of hydrogen sulfide is present, the following values for
the solubility product of cuprous sulfide are obtained from the thves
sodium hydrosulfide solutions, respectively: 1.88 X 10-%, 1.21 x 10-%,
and 0.774 X 10~%, These figures agree well not only with each other, but
also with those obtained from the sodium sulfide solutions.

Randall, Nielson, and West (26) have caleulated the free energy of forma-
tion of cuprous sulfide as — 19,986 at 25°C., which corresponds to 36 X 10-%
for the solubility produet. The agreement between this value and the
value 1.0 X 10~ obtained above for 10°C. may be considered quite satis-
factory, since an increase of 3.3-fold in the solubility of cuprous sulfide in
passing from 10°C. to 25°C. would account for the difference.

THALLOUS S8ULFIDY

The solubility product of thallous sulfide can be recaleulated from the
complete data given by Bruner and Zawadzki (8) for the equilibrium

TLS + 2H+ = 2T1* 4 HiS(aq)

They obtained K, = 0.637. They reached equilibriutm by four methods:
by precipitating the sulfide with hydrogen sulfide at a pressure of one
atmosphere from neutral or slightly acidified solutions of (a) thallous
sulfate and (b) thallous nitrate; (¢) by dissolving thallous sulfide in sulfurie
acid solutions in the presence of hydrogen sulfide at atmospheric pressure;
and (d) by dissolving thallous sulfide in sulfuric acid in sealed tubes, in
which case thallous ion and hydrogen sulfide are present in equivalent
amounts.

In meking the caleulations, only solutions in which the ionic strength
was less than 0.1 have been considered. The hydrogen-ion activities were
determined from the data of Sherrill and Noyes (30) for sulfurie acid solu-
tions; activity coeflicients for thallous ion were obtained from Lewis and
Randall.

In their experiments with sealed tubes (method d), Bruner and Zawadzki
measured both the thallous-ion and hydrogen sulfide concentrations at
equilibrium, and used both in their caleulations. The values for the two
should be exactly equivalent, but the values they obtained for hydrogen
sulfide are consistently low. The recalculations are based on the thal-
lium determinations, which are probably the more reliable.

The results of the calculations are summatrized in table 4. The solutions
considered cover a sixfold range of thallous-ion concentrations, and a



BOLUBILITIEB AND FREE ENERGIES OF METALLIC SULFIDES o7
sevenfold range of hydrogen-ion concentrations. The values of K, all
agree quite well, although those obtained from method b are somewhat
high. If the latter are discarded, the composite mean becomes 0.520 with
an average deviation of 5.70 per cent and & maximum deviation of 11.02
per cent; there seems to be no valid reason to discard them, however.
The mean, 0.568, corresponds to 6.39 X 10~ for the solubility product
and — 22,365 for the free energy of formation of thallous sulfide.

Moser and Behr (24) have obtained 0.00329 mole per liter as the mean
of several measurements of the solubility of thallous sulfide in 0.005 M
sulfuric acid saturated with hydrogen sulfide at atmospheric pressure and
20°C. Assuming, as in the case of zine sulfide, that the decrease in solu-
bility of hydrogen sulfide at 25°C, is balanced by an increase in the solu-
bility of thallous sulfide, the value of K, is calculated to be 0.42, which
agrees reasonably well with the more reliable value found above,

TABLE 4
Equilibrium constants for solubilily of thallous sulfide in acid solutions
. . NCMBEROF | MEAN VALUE OF AVERAOR BAXIMOM
EQUILIBRIUM MEYROD EXVEE IR A PRVIATION PuOM | DEVIATION 7RO
per cend per cent
- S 10 0.510 4.82 9.22
boooo 4 0.712 5.13 7.30
B e 3 0.560 4.11. 6.07
dor o 4 0.510 6.42 10.20
Composite............. 21 0.585 11.53 37.51

BILYER SBULFIDE

From data given by Jellinek and Czerwinski (14) on the potentials of a
silver electrode in sodium sulfide solutions at 10°C., the solubility product
of silver sulfide can be caleulated in the same manner as for cuprous sulfide.
In this ease, however, information is available from which the clectrode
potential of silver at 10°C. can be determined. For silver ion, AHgys =
24,870 (12). Assuming this to be constant between 25°C. and 10°C.,, the
electrode potential of silver at 10°C. is calculated to be —0.8206 volt.
For the half-cell Hg, HgCl, Cl-, AHyps = 8291 (Lewis and Randall (20)),
and from this, the potential of the normal calomel electrode at 10°C. is
caleulated to be —0.2862 volt. TUsing these values, the silver-ion con-
centrations in table 5 were obtained; the sulfide-ion concentrations were
determined in the consideration of cuprous sulfide.

From the meen value, 1.04 X 10-%, of the solubility product at 10°C,
its value at 25°C. can be calculated with the aid of the values of AH for
silver sulfide, silver jon, and sulfide ion. These are —5022, 24,870, and
10,043, respectively (13). Assuming these to be constant between 10°C.
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and 25°C., the golubility product is calculated to be 3.28 X 10-*, which
corresponds to —9930 for the free energy of formation of silver sulfides.
The equilibrium

AgeB(s) + Hig) = 2Ag(s) 4 HeS(g)

has been investigated at temperatures from about 450°C. to 700°C. by
Watanabe (32), who found AFgs = —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. Noyes
and Freed (25) have made & careful study of the same equilibrium at 25°C.
and obtained values from —1350 to —2116 for the standard free energy
change of the reaction. The free energy of formation of hydrogen sulfide
is —7840, hence the corresponding values of the {ree energy of formation

TABLE 5
Solubility product of silver sulfide at 10°C,
SO T RATIOK B (Ag") X lo» (8--) X 108 Kagg X 109
modal volls
0.5 0.928 0.922 656.0 0.508
0.1 0.8895 4.47 56.2 1.12
0.05 0.869 10.35 15.6 1.67
0.01 0.842 31.3 0.792 0.776
0.005 0.822 71.1 0.212 1.07
P 1.04

of silver sulfide are from —9190 to —9956. The value ~9930, calculated
from the solubility product, thus falls between these two values.

CADMIUM BULFIDKE

There seem to be no very reliable data from which the free energy or
solubility product of cadmium sulfide can be accurately determined.
Bruner and Zawadszki (8) studied the equilibrium

CdS(s) + 2H* = Cd*t 4- H;8(aq)

under several different conditions and obtained K, = 4.6 X 10-7 for cad-
mium sulfide formed from cadmium sulfate, and K; = 6.6 X 10— for
cadmium sulfide formed from the chloride; these values correspond to
solubility products of 5.3 X 10® and 7.6 X 10-%, and f{ree energies of
formation of —34,106 and —31,915, respectively. They state that their
constants varied rather widely, and that the solid phase did not appear to
be well-defined, varying from red to yellow aceording to the precipitation

— w2 W e
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conditions and the duration of the experiments. Since they give no ex-
perimentsl data, their results cannot be recaleulated.

Aumeras (1) recently obtained the value K; = 1.06 X 10~ for the above
equilibrium by mensuring the solubility of cadmium sulfide (precipitated
from the chloride) in hydrochlorie acid solutions (0.24- N to 0.885 A) in
the presence of varying concentrations of hydrogen sulfide; the cadmium
concentration varied from 0.00025 M to 0.003 M. These measurements,
however, seem to be quite unsuitable for the determination of K, since
Lewisand Randall (20) have shown that the activity coeflicient of cadmium
chloride becomes decidedly abnormal at concentrations greater than about
0.0005 M, and this effcet would undoubtedly be greatly enhanced in the
presence of relatively strong hydrochlorie acid.

Maier (22), fromentropy data and Thomsen's value, AH = . 34,350, for
cadmium sulfide has caleulated the free energy of formation to be —33,038.

TABLE 6
Free energy and solubility data for sulfides
SULFIDE TEMPERATURE AR SOLUBILITY PRODUCT | BOLUBILITY IN WATER

°C. moles per liter
s, 25 —46, 900 1.15 X 10~ 1.47 X 10t
PbS........ ... ... 25 ~21,977 7.00 X 10~ 3.62 X 10-n
CuB.............. 25 ~11,755 3.48 X 103 2.0 X 10-1
Cu,8. 25 —19,995 3.00 X 10t 1.18 X 101
ThS...... ........ 25 —22,365 6.30 X 107 3.56 X 10~
Ag:S, 25 —5,930 3.28 X 104 2.48 X 10~1
CdS.......... ... 25 -33,088 1.14 X 10~ 1.46 X 1010
CuB...... 10 1.0 X100 4.2¢4 X 104
AgS. 10 1.04 X 10-# 4.29 X 10—

Britzke and Kapustinsky (5), from equilibrium measurements of the
reduction of cadmium sulfide by hydrogen at high temperatures, obtained
AHzes = ~19,800, and they suggest the possibility that eadmium sulfide
precipitated from solution may have the composition Cd(CdSs) at room
temperature, dissociating into CdS at higher temperatures. In view of
the agreement hetween Maier's free energy value and those caleulated from
the results of Bruner and Zawadzki, it appears that the former (- 33,038)

ig the most reliable value available at the present time for precipitated
cadmium sulfide.

RESUME

In table 6 are listed the values recommended for the standard free

energies of formation, the solubility products, and the solubilities in water
of the sulfides which have been considered.
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On the basis of theoretical hydrodynamies, the viscosity of a dilute
emulsion i8 a linear function of the volume percentage of the dispersed
phase, and is independent of particle size. The equation derived by Tay-
lor (4) expressing this relationship is;

715 timy
o 7+ M

where v = viscosity of emulsion,
no = viscosity of continuous medium,
7' = viseosity of dispersed phase, and

V = ratio of volume of dispersed phase to total volume.
When v’ i8 infinite, i.e,, when the suspended phase is solid, the equation
becomes identical with the Einstein formula governing the viscosity rela-
tionships in a suspension of solid spheres.

The applicability of equation 1, as well as the Einstein equation, is
limited by the assumptions underlying the theoretical development of
these equations.

Smoluchowski (3) has pointed out that the range of concentration over
which the Einstein equation is applicable is 50 narrow that the accuracy
with which viscosity may be measured is insufficient to establish the valid-
ity of the equation, and that consequently an investigation of a suspension
over a wide range of concentration, leading to the development of an
empirical relationship, is desirable. Such a relationship, according to
Smoluchowski, should be reducible for very small concentrations to the
relationship expressed in the Einstein equation, and should be generally
applicable to suspensions of spherical particles.

For various reagons, and under certain experimental conditions which
will be discussed in other parts of this paper, viscosity data obtained in
the investigation of milk and related emulsions should be susceptible to
treatment on the basis of the conclusions drawn from investigations in
theoretical hydrodynamies, provided that in the emulsions under investiga-
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72 ABRANAM LEVITON AND ALAN LEIGHTON

tion the medium containing the ingredients other than fat may properly
be regarded as the continwous medium. An empirical equation developed
for these emulsions should be generally applicable to suspensions of spheri-
cal particles.

In view of the foregoing considerations, an investigation was under
taken of the viscosity of emulsions containing milk fat suspended in gkim
milk, in diluted skim milk, in concentrated skim milk, and in a very viseous
solution of sucrose in skim milk; first, in order to establish empirically the
relationship existing between the following: (1) the viscosity of an emul-
sion and the concentration of the dispersed phase, (2) the viscosity of an
emulsion and the composition of the continuous medium, and (3) the
viseosity of an emulsion and the degree of dispersion of the dispersed phase;
and, finally, in order to discuss the significance of these empirical rela-
tionships.

EXPERIMENTAL

Smoluchowski (3) has pointed out that, in order to test the validity of
the Einstein equation, it is necessary to work with suspensions in which
the hydrodynamical volume of the suspended material does not differ
measurably from the actual volume because of the assoviation of part of
the continuous medium with the suspended material. * Inasmuch as the
clumping of the fat globules is a phenomenon usually encountered in milk
and related emulsions, which would contribute towards an inerease in the
apparent volume of the suspended material, it is necessary to work under
conditions such that the clumping is minimized to the extent where its
cffect on viscosity is entirely negligible. For this reason viscosity measure-
ments by means of a capillary pipet were made at 64°C. on samples stirred
uniformly and continuously prior to measurement. The stirring, carried
out in such a manner as to avoid the incorporation of air, permitted of uni-
formity in the distribution of the fat phese, and minimized the probability
of the formation of 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
all in unhomogenized milk, 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 flows through a capillary under
the application of a very slight pressure head, the fat globules, as they
move past the field under observation, are dispersed as single globules,
Although rigid proof of the complete absence of clumps in the more con-
centrated emulsions is extremely difficult, if not impossible, to obtain, yet,
if the empirical equation developed from the viscosity data obtained in
the investigation of these emulsions is reducible to the Taylor equation,
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then it may safely be inferred that the extent of clumping, if clumps are
present at all, is smell enough to be entirely negligible.

A part of the mix under investigation was forced up under & known
pressure into the viscosimeter, the eapillary tubing of which was for the
most part immersed in the sample, although partly surrounded by a hot-
gir jacket. Precautions were taken that the temperature of the capillary
should be the same as that of the mix prior to the application of pressure.

The pressure at which the determination was made was corrected to
compensate for the back head ereated as the fluid rose in the pipet. The
correeted mean pressure was obtained by means of the following formula:

P o e (hﬂ - hl)d
" P, — hd
2.303 log o

where P, = the mean pressure,
d = the density,
Py = the recorded pressure,
hy = the distance between the top of the capillary and the top
mark of the pipet, and
h: = the distance between the level of the fluid in the container
and the top mark of the pipet.
The formula may be easily derived and shown to be applicable to the vis-
cosity data reported in this paper.
Viscosity values were calculated by means of the following fundamental

equation for flow through a capillary tube as determined by Poiseuille,
and amplified by Couette:

where #n = the viscosity,
P = the pressure difference causing flow,
t = the time required for a definite volume of fluid to enter
the viscosimeter, and
K,and K; = constants, the values of which depend on the dimensions
of the viscosimeter.

In one experiment the pressure was halved in order to note whether the
mixes were truly viscous, No indication was found of the existence of any
significant plastic effects. .

The pressures used in the various measurements ranged from 78.1 to
183.9 g. per square centimeter, depending on the viscosity of the mixes
investigated. * Both too rapid, as well as too slow, rates of flow were
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avoided, since these were conditions conducive to turbulent flow on one
hand and to creaming on the other,

Composilion of emulsions

In order to ascertain the relationship existing befween the viscosity of
an emulsion and its fat percentage when the composition of the continuous
medium is varied, the following series of emulsions were investigated:

I. (a) Cream containing 36.5 per cent fat; (b) skim milk confain-
ing 0.02 per cent fat; (¢c) emulsions containing (a) and (b)

in the following proportions: 3:1, 2:1, 1:3, 1:5.
II. (a) Emulsion containing 20 per cent fat, 30 per cent skim milk,
and 50 per cent water; (b) suspension containing 50 parts
water to 30 parts skim milk; (¢) emulsions containing (a)
and (b) in the following proportions: 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 condensed skim of & 28.6 per cent milk-
solids-not-fat content; (b) suspension containing 50 parts
condensed skim milk of a 28.6 per cent solids content to
30 parts skim milk; (c) emulsions containing (a) and (b)
in the following proportions: 4:1, 3:2, 2:3, 1:4.

IV. (a) Emulsion containing 28 per cent fat, 42 per cent skim milk,
30 per cent cane sugar; (b) suspension eontaining 30 parts
cane sugar to 42 parts skim milk; (¢c) emulsions containing
(a) and (b) in the following proportions: 4:1,3:2,2:3, 1:4.

All emulsions in each of the series were derived from skim milk and
cream obtained from the same batch of fresh whole milk. Fat determina-
tions (Babeock) in triplicate on samples taken from the cream used in the
preparation of the various mixes served as a basis for the caleulation of the
fat percentage of the various mixes. The densities of the various suspoen-
sions containing no fat, that is, of the continuous media, were determined
at 64°C. From these values and that of the density of milk fat at 64°C,,
as recorded in the literature, the densities of the various emulsions were
calculated.

In each of the scries of emulsions I, I, III, and IV, only the fat per-
centage was varied. In the emulsions of series I, 11, and I1I, the continu-
ous medium consisted of skim milk, diluted skim milk, and concentrated
gkim milk, respectively. In the emulsions of series IV, the continuous
medium contained, in addition to the skim milk, sufficient cane sugar to
give a rather viscous suspension. The variations in the composition of
the continuous medium were such that a very wide range of viscosity values
belonging to the continuous medium was obtained. These variations were
necessary to the development of an empirical relationship of wide applica~
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 order to ascertain the relationship existing between the viscosity of
an emulsion and the degree of clspersion of the fat phase the following
emulsions were investigated: (I) eream containing 10 per cent fat and 1
part of sodium citrate per 100 parts of mix; (II) emulsion containing 10
per cent fat, 23% per cent skim milk, 662 per cent water, and 100 grams of
sodium citrate per 30 pounds of mix.

These emulsions were heated to 60°C, and divided into two portions;
one portion was homogenized at 2500 pounds, and rehomogenized at 500
pounds pressure. Viscosity measurements were then made on the homo-
genized and unhomogenized portions of emulsion I. The mixes obtained
from emulsion IT were condensed under vacuum to contain approximately
40 per cent fat, after which they were standardized to contain exactly
30 per cent fat. Viscosity measurements were then made on these
emulsions.

TABLE 2
Shuwing effect of an increase in digpersion of fat globules on viscosily

]
; . PREBS"RE |
PAT CONCEN- | DIAMETER OF |  USED IN

ki
. N TIME OF FLOW VIBCOSITY
TRATION FAT ULOBLULER usu%::l::m At 84°C.
prer cent m grams ger em.d e, st see, cenlipomses
3 | 3 145.0 59.86 | 59.6 59.4 2.476
30 0.7 145.0 59.8 59.5 59.4 2.476
10 3 152.0 24.6 24.7 4.7 0.924*
10 0.7 1532.0 24.6 24.7 24.7 0.924

-———

* Vigeosimeters used for 10 per cent mixes and 30 per cent mixes differed.

Microscopic observations under & magnification of 800 to determine the
average size of the fat-globules were made on samples diluted 1:200 and
mounted as hanging drops. These results, together with the results of
viscosity measurements, are tabulated in table 2.

The addition of sodium citrate to the emulsions, and subsequent rehomo-
genization, serve torender decidedly unfavorable the chances for the forma-
tion and the existence of clumps. Thus, Hening and Dahlberg (2) report
that the addition of sodium citrate to an ice cream mix prior to homogeniza-
tion serves to reduce the size and the number of clumps in the homogenized
mix, while rehomogenization is well known as a means to disintegrate the
clusters formed during homogenization.

DISCUBBION

That the suspensions containing no fat may be considered identical in
composition with the continuous media of the corresponding emulsions
containing fat presupposes that the extent to which protein is adsorbed
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by the fat is negligible, Evidence exists to support such an assumption.
The ratio of water to milk-solids-not-fat in eream, according to information
contained in Fundamentals of Dairy Science (1) has repeatedly been demon-
strated to he the same as the ratio in the milk from which the cream was
produced. Proof of & more decisive character to justify the assumption,
however, may be obtained from the investigation of Troy and Sharp (5),
who report that the variation of the rate of rise of individual fat globules
in milk with variations in the radius of the globules obeys quite exactly
Stokes’ law. This conformation to Stokes' law should have its counter-
part in the conformation to Taylor’s equation, in the case of dilute emul-
sions, of the viscosity data reported in this manuseript,

Table 1, which gives the results of the viscosity measurements on emul-
sions varying in their fat content and in the composition of the continuous
medium, also gives the values calculated from the following relationship
deducible from these results:

- .5(’I'+§’10)V o
n o 2 e (V+V 4V (2)

where the significance of the terms may be obtained by reference to equa~
tion 1. It is readily seen that for small values of V the equation may be
reduced to:

To14250 tEny

Mo 7 4+

which is identical with the equation derived by Taylor on the basis of
theoretical hydrodynamics.

In connection with the power series involving V, and oceurring in the
exponent of equation 2, it may be explained that V! is included as the
next term in the series in conformity with the suggestion of Smoluchow-
ski (3) that, if the development of the Einstein equation is extended to
apply not only to very dilute suspensions but also to more concentrated
ones, the series development involving V should include, in addition to
V, VEasa very close approximation to the next term. The third term, V¥,
in the series has no theoretical significance, and is included in order to
effect an agreement hetween the measured and ealeulated values of n, for
the emulsions conteining comparatively high concentrations of fat.

The form of the equation and the constant oceurring in it are inde-
pendent of the milk-solids-not-fat content of the continuous medium.
The equation may be reduced for dilute emulsions to that derived by
Taylor, regardless of the composition or the viscosity of the continuous
medium. Consequently, the designation of the suspension, containing
particles small in size relative to the fat globules, as the continuous medium
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i justified, and the validity of the application of Taylor’s equation to the
emulsions under investigation may be considered to be established. The
multiplication of the constant 2.5 in the Einstein equation by the term

7+ in
7 + m

to compensate for the currents set up within the particle, when the dis-
persed phage is fluid, is supported experimentally by the results given in
table 1. Thus, 50 may be varied by the addition of water, condensed
skim milk, or cane sugar to skim milk, so that the expression

7 4§
7 4 1

is varied from 2.27 to 2.45, and yet the caloulated values of the ratio be-
tween the viscosity of the emulsion and that of the continuous medium
agree within experimental error with the measured values.

Considered together with the evidence already offered in the experi-
mental part, the fact that empirical equation 2 is reducible to the theoreti-
cal equation may be taken as proof that the extent of clumping is insignifi-
cant, not only in the dilute emulsions under investigation but also in the
more concentrated ones,

The results contained in table 2, concerning the effects of subdivision of
the fat globules on the viscosity of the emulsions containing 10 per cent
and 30 per cent fat, indicate that, within the limits of experimental error,
no measurable increase in viscosity attends a fourfold reduction in the

diameter of the fat globules, in agreement with the theoretical demands .

implicit in equation 1. This independence of viscosity with respect to
the size of the fat globules indicates that the viscosity relationships ob-
tained for the unhomogenized emulsions may be applied without change
to the corresponding homogenized emulsions, provided of course that the
homogenized emulsions are free of fat clusters.

Although adsorption of protein undoubtedly occurs as a result of the
increase in area of the fat phase, there is correspondingly no measurable
increase in the viscosity of the emulsion. This may signify perhaps that
only an insignificant quantity of protein has been adsorbed. However,
it is extremely doubtiul whether an increase in viscosity should attend an
increase in the quantity of adsorbed protein, primarily because adsorption
may be considered to result only in a change in the distribution of sus-
pended material in a suspension in which water is the suspending medium,
rather than in a change in the hydrodynamical volume of the suspended
material. This conclusion, of course, follows as & result of a change in
viewpoint from the consideration of the medium containing the ingredients

s W P

——— i
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other than fat as the continuous medium to the consideration of water as
such. It would alse follow if the increass in viscosity associated with the
increase in the hydrodynamical volume of the fat phase is considered to
be exactly compensated by the decrease in viscosity of the eontinuous
medium due to the removal of protein from this medium.

An increase in the viscosity of an emulsion may attend an inoresse in
the specific area of the dispersed phase because of & quasi-viscous effect
due to electrokinetic influences. The modified Einstein equation in which
the contribution to the viscosity of the quasi-viscous effect appears, is
given by Smoluchowski (3):

L 10-¢ RD? f’)]
- [l + 28V (1 + ~SGriatn

where D = the dielectric constant,
R = the specific resistance in c.q.s. units,
¢ = the zeta potential in volts,
a = the radius of globule in centimeters, and
n and 5 = the viscosities in poises of thesuspension and of the continuous
medium, respectively.

In suspensions containing very small quantities of ealt, the specific
resistance is sufficiently low to render the quasi-viscous effect negligible,
Thus, in the case of milk, the factor 2.5 appearing in equation 3 is multi-
plied by 1 4 0.0005¢* when the approximate values 60 for D, 2 X 10~
c.a.8. units for B, 2 X 10~4 cm. for a, aud 0.01 poises for g, are inserted in
the equation. Consequently, unless the zeta potential of the fat globules
is inordinately high, the quasi-viscous effect and the influence on viscosity
of the factors contributing to the effect, particularly the degree of disper-
gion of the suspended material, may be neglected.

It is reasonable to conclude from the results presented in table 2 and
from the discussion pertaining to these results, that the viscosity of a
suspengion is independent of particle size, and that any deviation from thig
relationship may be attributed to the amplification of the volume of the
suspended material by means of the suspending medium.

In view of the general applicability of equation 2 to emulsions varying
both in the degree of dispersion of the fat phase, and in the composition
of the continuous medium, and in view of its reducibility for low concen-
trations of fat to Taylor’s theoretical equation, it secms reasonable to
assume its applicability not only at the temperature employed in the
measurements herein recorded, but at all temperatures, and not only to
the suspensions under consideration but to all suspensions of spherical
particles.

Obviously, however, these conclusions cannot be construed to apply
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without further investigation to emulsions exhibiting marked plastic or
elastic properties.

In view of the results obtained, the increase in viscosity usually attend-
ing the homogenization of cream and ice cream mixes may now be attrib-
uted solely to clustering and, consequently, this increase may serve as &
basis for the evaluation of an appropriate index of the extent of clumping.
Sharp and Troy (§) have shown that the variation of the rate of rise of fat
clusters of indefinite shape in milk, with variations in the mean diameter
of the cross-section of these elusters, obeys reasonably well Stokes’ law
governing the relationship existing between the rate of rise of spherical
particles and their diameters. If, accordingly, the fat clusters in eream
and ice cream mixes may be considered to behave as aggregates spherical
in shape, then equation 2 may be applied to such mixes provided that the
significance of V, the volume of fat per unit volume of mix, is extended to
include, in addition to the fat volume, the apparent volume of the continu-
ous medium included in the interstices of the fat clusters per unit volume
of mix. The evaluation of this volume of continuous medium with the aid
of equation 2 necessitates two viseosity measurements—one on the mix
under consideration and the other on the continuous medium. The dif-
ference between the measured and calculated values of V, divided by the
measured value of V, gives the apparent volume of continuous medium
asgociated with the fat clusters per unit volume of dispersed fat; and this
quantity may appropriately be designated as a clumping index.

BUMMARY

The viscosity of emulsions containing milk fat does not vary within
the limits of experimental error with variations in the degree of dispersion
of the fat phase, provided that in these emulsions the actual volumme of the
fat phase is not measurably amplified by the association with the fat phase
of & portion of the continuous medium.

An empirical equation expressing the relationship between the viscosity
and the fat content of these emulsions has been obtained. For low con-
centrations of fat, this equation reduces to that derived by Taylor on the
basis of theoretical hydrodynamies, regardless of the composition of the
continuous medium, that is, of the medium in which the fat is suspended.

The difference between the hydrodynamical volume of fat, calculated
from viscosity data, and the actual volume provides a hasis for the caleula-
tions of & clumping index applicable to cream and ice cream mixes,
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Barium and lead nitvates were selected for study because they are iso-
morphous and because x-ray evidence indicates the possibility that the
three sets of most commonly appearing faces are populsted by alternating
planes of M+ jons in one plane and (NOy)~ ions in the next. Thus the
effect of various dyes on two crystals differing only in the size of their
unit cells can be compared. Furthermore, if three diffevent sets of faces
exist populated by planes of ions of like charge, one would predict, on the
basis of the theory of adgorption and habit modifieation developed in the
previous investigations of this series (1), that certain faces would adsorb
given dyes and other faces different dyes, depending in part on the dis-
tribution of polar groups in the dye molecule and on the ionic spacing of
the faces. It was also thought that the data obtained from these adsorp-
tion studies might be of value in determining which of the two forms,
pyrite or distorted caleium fluoride, is the more closely approximated in
these salts.

EXPERIMENTAL

The lead nitrate and barium nitrate salts were purified by recrystallizing
the ¢.p. material twice from water solution. The solutions in which the
crystals were grown were prepared by adding the required volumes of
solutions of the foreign materials to the warm saturated salt solutions.
The solutions were cooled to room temperature, and the small amount of
salt which often crystallized out on cooling was filtered off. Small regular
seed erystals were mounted on copper or nichrome wires by means of a tiny
spot of sealing wax. The wires were suspended from notched corks fitted
into vials containing the various saturated solutions, and the crystals
allowed to grow undisturbed for periods ranging from two or three days

! Presented in part before the Division of Colloid Chemistry at the Eighty-eighth

Meeting of the American Chemical Society, held in Cleveland, Ohio, September,
1934,
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TABLE 1
Influence of organic compounds on the crystal habit of barium and lead nitrates
CORNUCENTRA~
PORELQN BUBBTANCE u;‘: ‘::: lp':n DESCRIPTION OF CRYSYAL
e, Ba(NOy)e PH(NO)s
Picric meid........... 0.0005 111, traces 210-—pale
yellow
Picricaeid........... 0.001 111, traces 100—yellow} £/0*—yellow
p-Nitrophenol........| 0.001 111, traces 100 and 210 | {1, Ywo 100 faces
p-Aminophenol.......| 0.001 Ingoluble i1
p-Nitroaniline........| 0.001 111, also 100, traces 210| 111, also 100, traces 210
Benzamide........ ... 0.001 111, also 100, traces 210 111, also 100, traces 210
Acetanilide....... . ... 0.001 111, also 100 111, traces 100
Hydroquinone........{ 0.001 111, also 100 111, also 100 and 210
Dye No.4............ 0.00025 | 2{0,—violet £10,* algo 100
Dye No.4............ 0.002 210,—violet 210,* chocolate
Dye No.5............ 0.00025 | 111 and 210
Dye No. 5... 0001 111* and 100—pale pink
Dye No.6............ 0.00023 | 210,—pale pink
DyeNo.6............ 0.001 111* and 210—pale pink
Dye No. 7... ..| 0.001 11{,—traces 100 111*—pink
Dye No. 8... .| 0.001 111, traces 100—vyel- | L11*~—tinted
lowish
Dye No. 9............] 0.001 111,~also 100 Insoluble*
Dyes No.10-No. 15...{ 0.001 111,~—traces 100 111,* tinted in some
cases
Dye No. 16........... 0.001 111, and 210, pale green | 141,* bluish
Dyes No. 17-No. 18..} 0.001 111, traces 100 111,* tinted
Anthraquinone green.| 0.001 114, traces 100—green | Insoluble®
Bismarck brown...... 0.0005 111, also 100—tan
Bismarck brown...... 0.001 111, traces 100, tan 1{1,—brown
Methylene blue....... 0.001 111 and 100—blue on 100 100—hlue
Congo red............| Insoluble
Diamine sky blue..... 0.0005 Irregular 111, 100, 210~
bluish
Diamine sky blue..... 0.002 ! 111*—light blue
Oxamine blue.........[ 0.002 | 210, traces 100, 11— | {11*—blue ~
green
Methylene blue...... 0.00002 .
{Dye No.4...........| 0.001 } £10—violet
Methylene blue...... 0.0001 111, also 100
{Dye No.4........... 0.0005 } 210 and 111 111 edges and 100 faces
: blue
Methylene blue...... 0.0005 } 100~—purplish blue
Dye No. 4........... 0.0005 clump

* Results of Starr: Master’s thesis, Ohio State University, 1933,
t Italicized faces are predominant ones.
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JOREIGN 61 BBTANCE m‘:‘;ﬁ :’;n L DESCRIPTION OF CRYAPAL
o Ba({NO)1 PB{NO

Methylene blue......{ 0.00002 .

{Dyﬁ No.b...........] 0.0005 } 410, light green
Methylene blue...... 0.00002

{Dye No.6...........| 0.0005 } 111 also 100—ten
Methylene blue...... 0. 0001 [00—small, muddy
Dye No. 6...........[0.0005 brown
Methylene blue...... 0. 0005 100—deep blue, slightly
Dye No. 6...........] 0.0005 irregular
Methylene blue...... 0.00002 {| 111 and 100, pale brown | 111—slightly more pre-
Bismarck brown.....{0.0005 dominant than 100—

111 mottle gray, 100
mottled blue

Methylene blue...... 0. 00002 {{1—mottled brown
Bismarck brown.....| 0.0005
Methylene blue...... 0.0001 _

{Bismarck browa. ... | 0.0005 } {11—traces 100—black
Methylene blue...... 0. 0005 Little growth; slight
Bismarck brown...,. 0.0005 darkening of 100 faces

in the cage of the lead nitrate to nearly a week in the case of the less soluble

barium nitrate.

Table 1 gives the substance present as impurity, its concentration, and
the type of erystal formed by both lead nitrate and barium nitrate. The
formulas for the series of dyes designated by number have previously been

published (1d).

DISCUSSION

OF REBULTS

Cryslal structure

Considerable doubt still exists concerning the crystal structure of the

isomorphous nitrates of barium and lead. Certain crystallographic evi-
dence (2) leads to the assignment of an isometric tetrahedral (T%) sym-
metry. On the other hand certain other facts, including evidence from
x-ray studies (4, 5), indicate a pyritohedral (7'3) symmetry. Assuming 7T}
as correct, an early estimation of the parameters of barium nitrate led to
the conclusion that the structure is a distorted caleium fluoride grouping,
while a later determination of parameters based on powder photographs

THE JOURNAL OF PHYSICAL CHEMISTRY, VOL. XL, NO. |
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indicates a pyrite (FeS;) arrangoment. Wyckoff' (5) states that, “Since
the positions developed from powder date do not give planar nitrate groups
or interatomic distances that agree with those in NaNQ,, additional experi-
ments are to be desired.”

If the structure is a pyrite arrangement (which may be most simply
considered as a sodium chloride grouping of iron and pairs of sulfur atoms),
it is easily seen that the 111 faces have alternating planes of M+ in one
plane and (NO,)~ in the next, and that the 110 and 210 faces both possess
a checkerboard arrangement of the above jons but have different interionic
distances. If, on the other hand, the structure is a distorted calcium fluo-
ride grouping, the 110 face has alternating rows of positive and negative
jons, while the 111, 100, and 210 faces all consist of alternating planes of
M+ and (NOs)~ with varying interionic distances.

While neither structure can explain perfectly the habit assumed by
crystals of lead and of barium nitrates grown either from pure solution or
from solutions containing foreign material, the evidence obtained in this
study shows that the distorted caleium fluoride grouping comes much
nearer to fitting the experimental results.

Pure erystals of both lead nitrate and barium nitrate show 111 planes
predominating, usually accompanied by very small 100 planes and some-
times by other forms, especially the 210. The results of this study show
that foreign substances may be adsorbed on the 111, 100, and 210 faces of
these salts.

If Spangenberg’s (3) theory is correct, that those faces which are popu-
lated by like ions grow most rapidly and hence tend to disappear the
soonest, while faces populated by unlike ions grow more slowly and hence
become the principal forms, it is seen that a pyrite grouping is immediately
ruled out. II this structure were the correct one, the 111 faces, populated
by like ions, wounld grow most rapidly and tend to disappear, while the
100 and 210 faces would grow more slowly and become the predominant
forms. Also, according to the theory of modification of crystal habit by
foreign substances developed in the earlier investigations of this series (1),
impurities should be adsorbed at those faces having the stronger fields of
force, in this case the 111.  Actually, however, dyes have been observed
to be adsorbed at the 210 and 100 faces as well as at the 111 face.

If, on the other hand, the distorted calcium fluoride grouping is taken
as the unit cell, the 100, 111, and 210 faces, all populated by alternate
planes of like ions, would have strong electrical fields and hence rapid
growth rates. But, owing to the different interionic spacings, these faces
would all have different rates of perpendicular displacement, and therefore
varying degrees of prominence on the erystal. Also, it is to be expected
that dye would be adsorbed, if at all, on one or more of these three faces,
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which is what actually oceurs.  One diserepancy, however, oxists, namely,
the fact that the 110 face, with alternate rows of positive and negative lons
and hence with a relatively slow growth rate, does not appear on the pure
erystal. This difficulty is no doubt less serious than it at first appears to
be, sinee the slight distortion from the true caleium fluoride grouping which
is known to exist may be sufficient to account for the failure of the 110 face
to appear. Likewise the apparent lack of agreement between the external
and internal forms based on crystallographic and x-ray evidence (2) may
also be due to this distortion of the caleium fluoride grouping.

Habit modification

An examination of table 1 shows that in general the influence of the
simple organic compounds and also of the dyes used is similar for both lead
and barium nitrates. This similarity, however, does not hold in all
cases. For example, dyes No. 5 and No. 16 and oxamine blue favor the
210 faces of barium nitrate but not of lead nitrate with the concentrations
used; again, while methylene blue produces similar modifications with
both salts, a given concentration produces s much greater effect on lead
nitrate than on barium nitrate. 'This general but not complete similarity
in behavior is in accord with the theory of habit modification suggested
previously (1). It i3 to be expected from this theory that adsorption
would oceur on corresponding faces of salts having similar structures (since
these faces would have similar foree fields), but that the actual foreign
substances adsorbed at a given face might not be the same in the two crys.
tals, owing to their different interionic distances. This is borne out by
the experimental data.

It is also interesting to note that in some instances only one set of faces
adsorbs dye, while in others more than one set is colored. If the distorted
caleium fluoride structure is accepted as correct, the 111, 100, and 210
faces are all populated by planes of like ions, so that it might be expeeted
that & given dye would be adsorbed on one, two, or even three of these
faces, depending on whether the nature and position of its polar groups
were such as to fit the interionic spacings on one, two, or three of the faces.
Thus if the structure of the foreigh molecule were such that it could he
adsorbed on both the 111 and 210 faces, but slightly more on the 210, then,
as in the case of picric acid and lead nitrate, a greater retardation of the
growth rate of the 210 than of the 111 faces would be expected, with the
resulting appearance of both faces colored yellow at low picric acid con-
centrations and the disappearance of the 111 faces at higher concentrations.
In the casc of methylene blue, which is adsorbed only on the 100 faces of
lead nitrate, or of Bismarck brown, which colors only the 111 faces, it
follows that a kind and distribution of polar groups probably exists in
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these dyes such that the former fits only into the ionic spacing of the 100
face, and the latter only into that of the 111.

Mized dyes

The influence of & mixture of two dyes on crystal habit provides an
interesting problem which is worthy of considerably more study. For the
most part, the mixed dyes used in this study exerted an approximately
additive effect. In all cases methylene blue was one of the dyes used; the
second dye was one which favored either the 111 or the 210 faces. Where
the concentration of methylene blue was very low (0.00002 g£. per cubie
centimeter), the effect of the second dye usually predominated; with &
higher concentration of methylene blue the effect of this dye masked any
influence the second dye might have had, or the sets of faces favored by
each dye appeared. When fairly high concentrations of both dyes were
used, growth was greatly inhibited,

In two cases where mixed dyes were used, once with Bismarck brown
and once with dye No. 4, the effect was not additive, The sbsence of the
expected additive results in this case indieates the need for further study.

Powder pholographs

X-ray powder photographs of the opaque crystals of lead nitrate ob-
tained from water solution, of the clear erystals formed in a solution con-
taining a little nitric acid, and of the deep blue crystals colored by methyl-
ene blue, all indicated that the lattice constants are the same for each of
the three types of crystals.

BUMMARY

L. The habit assumed by crystals of lead nitrate and of barium nitrate
grown both from pure solutions and from solutions containing foreign
materials indicates that of the two possible structures—pyrite and dis-
torted caleium fluoride—suggested by x-ray and crystallographic evidence
for these crystals, the latter is most elosely approximated.

2. The results obtained on the adsorption of foreign material by growing
erystals of lead and barium nitrates furnishes further evidence in favor of
the theory previously suggested, in the earlier papers of this series of
investigations, to account for adsorption and habit modification.

3. The effect on the crystal habit of barium and of lead nitrates of a
mixture of two dyes, both of which produce a modification when present
alone, is generally, but not always, approximately an additive one.
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f. THE DETERMINATION OF TRANSITION POINTS BY MEANB OF THE DIPPING
REFRACTOMETER

The deteriination of enantiotropic transition points is generally based
on one of two methods; first, the study of properties which are different
for each crystalline form, as specific heat, specific volume, specific resist-
ance, etc.; second, the study of properties which become identical at the
transition point, such as solubility, electrode potential, properties of satu-
rated solutions, ete. Tammann (26) barely mentions the second method
because of the difficulties involved in determinations of this nature. How-
ever, when the differences in the physical properties of the two forms are
very small and the ¢hange from one form to the other occurs slowly, the
second group of methods is the more accurate, provided chemieally and
physically pure enantiomorphs can be prepared. The specific properties
can be determined over definite ranges of temperature on both sides of
the transition point, so that little or no extrapolation is necessary. The
solubility method is an excellent one in such cases, but it is time-consuming
and difficult. Dunstan and Langton (7) tried to avold these difficulties
by plotting the viscosities of saturated solutions against temperatures.
However, there are many possibilities for error in the procedure and their
results were not highly accurate. Cohen (5) has determined the conduc-
tivities of saturated solutions on both sides of the transition point. This
method is very accurate, but it involves the transfer of a saturated solution
to a conductivity cell, or else the use of a cell in which the solution can
be stirred.

We propose the following method, which is free from the difficulties
found in other procedures. The refractive indices of the saturated solu-
tions of the two enantiomorphs are determined over the required tempera-

! This article is based upon part of a thesis submitted by H. E. Phipps to the
Faculty of the Graduate School of the University of Illinois in partial fulfillment
of the requirements for the degree of Doctor of Philosophy, May, 1031, and was
presented at the Eighty-first Meeting of the American Chemica! Society, held in
Indianapolis, April, 1931, .

* Present address: Department of Physical Science, Eastern Illinois State
Teachers’ College, Charleston, Illinois.
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ture rango by means of a dipping refractometer.  The data are thon plotted
or treated mathematically, and the point of intersection of the two curves
determined. This method is superior to the ordinary solubility method
because (1) the readings may he taken at any temperature within the range
of the instrument in less than one minute, (2) any slight change in con-
centration is easily and quickly detected, (3) readings are taken while the
liquid is in intimate contaet with the suspended solid, and (4) after the
apparatus is set up and the determination started, no experimental manipu-
lations are necessary other than reading the seale of the refractometer and
the temperature-recording device. The method is limited to the tempera-

7T

Fta. 1. The apparatus

ture range of the instrument and to solutions which transmit the sodium
line. Other types of refractometers might be used to overcome these
difficulties.

APPARATUS AND PROCEDURE

The apparatus is shown diagrammatically in figure 1. A is a Bausch
and Lomb dipping refractometer equipped with interchangeable prisms.
The dipping prism is inserted through & cork which is fitted into the top
of a 125-cc. beaker. The thermometer B was graduated to 0.05°C. and
had been ealibrated by the United States Bureau of Standards, C is a
small centrifugal stirrer operated by means of & jet of air. The tube D is
added to the apparatus to simplify addition of the solid or removal of
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solution from the beaker while & determination is in progress. The beaker
and contents were placed in a thermostat which could be regulated to
0.01°C. of the desired temperature. The water level in the thermostat is
shown by the line E. ‘The light was supplied by a Mazda bulb H and was
reflected by the mirror G. The ground glass ¥ was placed so as to give
the maximum sharpness to the division line in the refractometer eye-piece.
I was a shield to stop extrancous light from reaching the oye of the observer.

Temperature and refractive index measurements were made simul-
tancously, and in order to he certain that the solution was saturated and
that the material was not changing from one physical modification to an-
other, repeated readings were taken at the same temperature. Any change
taking place in the solution could be followed easily by the refractive index
messurements. When the readings of temperature and refractive index
remained constant for an interval of 30 minutes, it was assumed that
equilibrium had been established. In some cases as much as twenty-four
hours were necessary for constant readings to be obtained. In order to
be doubly certain that the solution was saturated, the final temperature
was approached from both directions.

Determinalion of the transition temperalures of sodium sulfate and sodium
carbonate as a check on the method

The method was checked experimentally by determining the transition
temperature of the hydrates of sodium sulfate. Richards and his cowork-
ers (24), and Dickingon and Mueller (6) had previously determined the
temperature of the transition Nas.80s. 10H.0 =2 Na,80, 4- 10H;0 to be
32.383°C. and 32.384°C., respectively, the latter value being more gener-
ally accepted.

The starting material was c.p. sodium sulfate. It wes recrystallized
four times, completely dissolved, filtered, and recrystallized again. The
mother liquor was drained off and the crystals placed on a suction filter
and washed with g little cold water. When neatly dry, they were crushed
in a mortar and stored in a tightly stoppered bottle until wanted. During
the actual determination, enough crystals were always present to cause a
slight turbidity in the solution. Four series of determinations were made
with sodium sulfate, representative results of which are graphically shown
in figure 2. Each scale reading recorded is the average of three or more
separate readings. The readings very rarely differed from the mean by
more than 0.01 scale division, The thermometer readings were corrected
for emergent stem and calibration errors.

"The transition point was found to be 32.36°C. in every case. Using the
hydrated salt, the saturation point was quickly reached with either rising
or falling temperatures, and the results were easily reproduced. This was
not the case with the anhydrous material. It was necessary to stir the
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solution for a considerable period of time in order to obtain equilibrium
conditions with falling temperature.

Since the transition point was found to be 0.02°C. lower than the
accepted value, the transition temperature was determined by the method
recommended by Dickinson and Mueller (6), in which the crushed deca-
hydrate was placed in a tube in cold water until recrystallization com-
menced, The tube was then jacketed and placed in a thermostat. The
value obtained by this method was identical with the first, vis.,, 32.36°C.
This probably means that the thermometer reads 0.02°C, low at this
temperature. Since it was calibrated to 0.05°C,, this difference is not
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outside the limits of experimental error, especially since there was no ice
point marked upon it.

A second check on the dipping refractometer method for determining
transition points was made by checking the two following well-known
points: Na,CO;. 10H;0 =2 Na,CO;.THO 4 3H20, and Na,CO;. 7TH:0 22
Na,CO3-H:O 4 6H;0. Using highly purified material, Richards and
Fiske (23) found the transition temperature of the first to be 32.017°C.
Other determinations were as follows: 31.8°C. by Epple (8), 31.85°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 heptahydrate-monohydrate transition with great care,
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obtaining 35.37°C. as the best value. Epple gave the {emperature as
35.1°C., while Richards and Churchill recorded it as 35.2°C. Wells and
MeAdam also determined the temperature of the metastable decahydrate-
monohydrate transition and found it to be 32.96°C.

The starting material used in this investigation was a high grade of c.r.
sodium carbonate. It was purified in the same manner as the sodium sul-
fate, except that it was recrystallized ten times instead of five, the final
recrystallization heing catried out just before the material was used.
Richards and Fiske found that if the erystals stood for some time before
they were used, they took up carbon dioxide from the air and were partially
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converted to the bicarbonate. They earried out their final recrystalliza-
tion in platinum dishes, in order to avoid contamination by silica from the
glassware. Since this raised the transition point only & few thousandths
of a degree, and since Pyrex dishes were used throughout the present work,
this was thought unnecessary.

Two determinations of the transition points of sodium carbonate were
made. No difficulty was found in obtaining perfect checks at the various
temperatures, as in the case of the anhydrous sodium sulfate. Equilib-
rium was quickly established with either rising or falling temperatures.
The results are shown in figure 3. From these data, the decahydrate-
heptshydrate transition temperature was found to be 32.02°C., the hepta-
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hydrate—monohydrate temperature was 35.34°C., and, by extrapolation,
the metastable decahydrate~monohydrate temperature was 33.1°C.  The
limits of error were of the order of 0.02°, 0.02°, and 0.1°C., respectively.
These results show that this method can be used to detormine transition
points with considerable aceuracy.

Il. THE CRYSTALLINE FORM OF AMMONIUM NITRATE III

During the course of some unpublished work on the transition tempora~
ture of ammonium nitrate III == ammonium nitrate IV (also designated
as v and B), it was found that there was no general agreement in the
various references in chemieal literature as to whether ammonium ni-
trate III i3 orthorhombic or monoclinie.

Ammonium nitrate was first reported to be dimorphic by Frankenheim
(10) in 1854. Later, Lechmann (19) showed that there are five distinct forms
stable at atmospheric pressure, and Bridgman (2) has found & sixth form
stable only at high pressures. In reporting his work, Frankenhcim placed
the form stable at room temperature (NHNO; IV) in the rhombic system,
but was undecided as to what system NHNO; I1I belonged to. Marignac
(20), von Lang (30), and others have studied the crystalline properties of
ammonium nitrate, but seem to have worked with form IV exclusively.
Lehmann placed both forme in the rhombic system, and reported that IV has
a higher birefringence than I1T. He designated them as a-rhombic and
B-thombie, respectively. In 1905 Wallerant (28) reported the crystals
to be “monocliniques quasiquadratiques.” He stated that if Lehmann
had examined form III with oblique polarized light, he would have found
that it belonged to the monaclinic rather than the rhombic system. How-
ever, Wallerant worked with the solidified melts of modification III which
had been stabilized by the addition of potassium nitrate. Caillart (3)
studied the solubility curves for mixtures of ammonium and potessium
nitrates, and found that crystals separating from different compositions
have different erystal structures, as follows: crystals containing less than
17.2 mole per cent of ammonium nitrate show the regular rhombie structure
of potassium nitrate; crystals containing 55 to 94.5 mole per cent of ammo-
nium nitrate are monoclinic (cf. Wallerant’s crystals); and crystals con-
taining 98 to 100 mole per cent ammonium nitrate are rhombic (modifica-
tion IV). As Jinecke (14) has pointed out, Wallerant was probably
working with a solid solution of potassium nitrate in ammonium nitrate.
It is also possible that equilibrium had not been established in the crystals
on the microscope slide.  In this way it is easy to explain how he may have
assigned the crystals to the wrong system. Florke (9) referred to both
forms as belonging to the rhombic system. Bowen (1) reported that
modification ITT was monoclinic or orthorhombic with & moderately high
birefringence, but not as high as that of form IV. Since the completion
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of vur work (1931), Hendricks, Posnjak, and Keacek (12), from an X~y
examination, have come to the corelusion that form I is probably or-
thorhombie.

Leperimental

The ammonium nitrate used in this work was of c.e. grade, reerystallized
three times.

The first experiments were made with erystals which had been melted
and allowed to cool slowly on the stage of a petrographic microscope.  The
three transitions were not always observed with this pure material; some-
times only two were found.  On the other hand, if erystals which had not
been reerystallized were used, three transitions wero always found, either
on heating or cooling. The failure to find the IV—III transition was
at first thought to be due to the supercooling of modification I1I,--u
behavior not uncommon in very pure substances.  Very careful examina-
tion showed that form III was entirely abgent, and that the transition
progressed in the order I-IT—IV on cooling, and IV—II—I on heating.
This is in agreement with the work of Bowen, who found that & metastable
region between II and IV often develops upon cooling o melt of pure salt,
He also found that, in some ways, the [I—IV transition is more easily
reversed than with the more stable forms.  However, if modification 111
was formed at any time, the divect transition I1-5IV could not be observed
unless the material was melted or else completely eonverted to modifiea-
tion I The difference between forms III and IV is shown in the micro-
photograph (figure 4). The perfect crystals of form III obtained from
melts were always rhombie. However, since this is not the best procedure
for determining a crystal system (vide Chamot and Mason (1)), a second
serics of experiments was undertaken,

An clectrically heated hot stage was devised, and adjusted to 37°C. by
means of o thermostat. A drop of a hot concentrated solution of ammo-
nium nitrate was placed on the slide, covered with a cover glass, and
allowed to crystallize slowly. When equilibrium between the crystals
and the mother liquor wasreached, a coating of collodion was placed around
the edge of the cover glass to prevent creeping and evaporation,  This had
no detrimental effect, and made a more leisurely and thorough examination
possible. At least two hundred crystals were examined in this way.
Many were so oriented as to give a good biaxial interference figure with
convergent polarized light. All the erystals examined showed parallel
extinetion, and were long needles or diamond-shaped plates.  If the tem-
perature was allowed to fall below 32°C. and remain there for a fow hours,
these needles and plates changed in appearance, and showed the presence
of many smaller erystals which also belonged to the rhombic system, but.
were more highly birefringent.  If the temperature was raised to 37°C.,
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the change took place in the opposite divection,  The large erystals again
appeared porfeetly  homogencous, only oceasionally showing cleavage
cracks or erystal houndaries where there were none before.

Sinee it was possible that the erystals examined might have been so
oriented that only two crystallographie axes were examined for the extine-

Fia. 4. Microphotographs of nmmonium nitrate I and IV. a, ammonium
nitrate [11; b, ammonium nitrate 1V; ¢, ammonium nitrate IV (black) growing at

the expense of ammonium nitrate [ (light).

tion angle (vide Johannsen (15)), some large well-formed erystals were
grown at 37°C.  These were oriented so that the different erystallographie
axes were paratlel and perpendicular to the optieal axis of the microscope.
Refractive index measurements indicated that the axes of clasticity coin-
cide with the erystallographic axes,  Parallel extinetion was found in all
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cases, 8o that there can be no doubt that ammonium nitrate III is or-
thorhombie,

UL THE TRANBITION POINT OF CARBON TETRACHLORIDE

The transition temperature of carbon tetrachloride has boen previously
determined by several investigators. Goldschmidt (11) reported it as
—45 +- §5°C,, Latimer (18) —48.5°C., McCullough and Phipps (21) —48.54
+0.02°C., and Bkau and Meler (25) —47.55 £ 0.12°C. Since the last
value is & degree higher than that previously found by the junior author,
a vedetermination was undertaken to locate the cause of the difference.
Since this work was completed (1931), Johnston and Long (16) have re-
ported & value of —47.66 £ 0.05°C., and have proposed that it be used asa
fixed point in thermometry.

Ezperimental

The earbon tetrachloride used in this work was obtained through the
United States Bureau of Standards from Dr. Timmermans, who gave its

TABLE 1
Transition points
TIMME K-
SUBBTANCE PHENOMENON HEATING COOLING MANS'
VALUES
°C. *C. .

010 PO Freezing point ~22.83 .01 | ~22.84 301 | -85

CCl.oo oo Transition point —47.46 —47.87
CHCl...........| Freezing point —~45.32 £.01 | ~45.85 4£.01 | -45.35

frecsing point as —22.85°C. A sample of chlorobenzene with a freezing
point of —45.35°C. was obtained {rom the same source, and served ad-
mirably as a check on the thermocouple calibration.

The thermocouple used in this work was made of No. 30 constantan
and No. 36 copper wire, There were five junctions, each of which was
placed in & very thin-walled capillary tube, containing a drop of light oil
to improve the thermal contact. The thermocouple was tested for inhomo-
gencities by interchanging the ends in steam and ice and in ice 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 freezing point of mereury (—38.87°C.) (13), and the sublimation point
of carbon dioxide (78.2°C.). Of these points, the last is the least reliable.
A carefully calibrated type K potentiometer and type HS galvanometer
were used to determine the E.m.F. of the thermocouple.

A 10-g. sample was placed in a specially constructed Dewar tube, so
arranged that the air content between the walls could be varied. The tube
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was placed in a small eryostat, the temperature of which could be changed
slowly. Besides the thermocouple, the tube also contained a small stirver.

The third and fourth columns of table 1 show the values obtained for
the freczing points of carbon tetrachloride and chlorobenzene, and for the
transition point of carbon tetrachloride. Both the heating and cooling
curves were used in obtaining these values. For comparison, Timmer-
mans’ values are placed in the last column,

A temperature gradient of 0.1°C. per minute was used. A more rapid
change (e.g., 0.3°C. per minute) did not change the freesing points, but
the transition point was not sharp. Evidently the velocity of the reaction
is not sufficient to maintain a constant temperature.

In a later run, & slight amount of impurity was accidentally introduced
into the carbon tetrachloride, resulting in a lowering of the freezing point
of 0.1°C. and of the transition point of 0.27°C. Timmermans has stated
that the freesing point of carbon tetrachloride is very sensitive to minute
traces of impurities. Evidently the transition point is affected to a much
greater degree.  In the determination made by the junior author in 1928,
the material was not as pure as might be desired, as shown by the fact
that its freezing point was —22.95°C., and there was no evidence of super-
cooling at the transition point. With very pure carbon tetrachloride,
supercooling of 2 to 3°C. was extremely difficult to prevent. The results
in this earlier work were based entirely upon cooling curves, and the rate
of temperature change was approximately 0.2-0.3°C. per minute, These
facts explain why the first result was 0.9°C. lower than the present value,
which is 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 following statement: “It was found that the heating
curve value was fairly reproducible, but that the value obtained from cool-
ing curves varied from —47.67 to —47.99° depending on the conditions;
that is, on the degree of supercooling and on the rate of cooling. In such
cases as this, where one eannot establish equilibrium by stirring, due to the
fact that the change takes place in the solid state, it is of coume to be
expected that the proper degree of supercooling before the transition takes
place is very important. Qur best curves for this point were obtained with
& supercooling of 3 to 4°, the rate of cooling being about 0.3° per minute.”

Thesc authors cited Nernst's discussion of the danger of supercooling too
little or too much in eryoscopic determinations in dilute solutions (22).
On the other hand, the conditions prevailing in dilute solutions may be
vastly different from those prevailing in the enantiotropic transition of a
pure substance. Tammann (26) states that supercooling and superheating
should be avoided as much as possible, because they change the form of
the curves at the point of halt. This makes the true equilibrium very
difficult to obtain. Consequently excess supercooling should be avoided.
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SUMMARY

1. A new method for determining the transition temperature of soluble
substances by means of the dipping refractometer has been devised. This
method is especially useful in cuses where the veloeity of transition is so
small that ordinary methods are inaccurate. It is much simpler and faster
then the solubility method and just asexact.

2. Examination of ammonium nitrate I1I by means of a petrographic
microscope indicates that it is orthorhombie,

3. The transition point of carbon tetrachloride has been redetermined
as —47.66 4 0,.2°C, from heating and cooling curve measurements., This
temperature is affected by impurities nearly three times as much as the
melting point, and is not recommended as & fixed point in thermometry.
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The close relation between the adsorption of gases by solids and contact
catalysis is quite generally accepted, and has been much discussed in the
literature. In this laboratory the chromites have been thoroughly studied
ns catalysts for the oxidation of carbon monoxide by Lory (5) and later
by Lockwood (4). This suggested that a detailed study of the adsorption
by chromite catalysts of carbon monoxide and oxygen, paying particular
attention to the so-called ‘“activated adsorption,” would not be without
interest and value in ghedding more light on the question of the relation
between adsorption and catalytic activity.

If adsorption does play & major part in contact catalysis, it is certainly
this high-temperature variety, with its “‘energy of activation,” which must
be considered. For, as Garner pointed out (3), when Taylor (7) deseribed
the phenomenon in 1931, he suggested the term “activated adsorption’
merely to indicate that the process taking place was one which involved g
temperature coeflicient, although the fact that it occurs at the tempera-~
tures at which the surface under consideration is catalytically active might
be construed as indicating that the term might equally well have been
used to mean that the adsorbed molecules are in some active state.

Since the surface of the chromite catalyst under consideration is cata-
lytically active for the combination of carbon monoxide and oxygen at
temperatures of 100-200°C., its adsorption of both of these gases was
studied over this range in temperature, noting particularly the rate at
which the adsorption process takes place. The purpose of the investiga-
tion was to measure the extent to which the adsorption takes place, and
also to obtain sufficient data on its rate to permit the calculation of the
encrgy of activation associated with the processin each case.

APPARATUS

The apparatus used in making these measurements was essentially the
same as that described by McKinney (6) and used also by Taylor and

! From a dissertation submitted to the Faculty of the Graduate School of the
Johns Hopking University in partial fulfillment of the requirements for the degree of
Doctor of Philosophy June, 1935,
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Strother (8). Like McKinney’s apparatus, it was so designed as to permit
the measurement of adsorption at constant pressure, with its rate, and also
to measure the adsorption at constant volume in order to plot the iso-
thermals.

The gas buret used in these measurements was graduated in hundredths
of & cubic centimeter, and the distance between these graduations was
over & millimeter,—large enough so that fractions of a division could be
estimated with considerable accuracy. The buret was surrounded by a
water jacket through which 8 constant stream of small bubbles of air was
kept Rowing in order to insure uniformity of femperature along the length
of the buret. A thermometer, graduated in fifths of a degree, was sus-
pended in the water jacket, and the temperature was recorded each time

a reading was made.
THE CATALYST

The sample of copper chromite used in the adsorption measurements
was the Copper Chromite No. 1 prepared and tested for ite efficiency by
Lockwood (4). At the conclusion of the adsorption measurements, the

TABLE 1
Efficiency of copper chromite No. I afler the adsorption measurements
TEMPHRATURSD CONVERSION
*C. por cend
139 40
166 85
181 100

catalyst was egain tested, using the same apparatus used by Lockwood.
The results obtained were, within a reasonable experimental error, the
same as those of Lockwood, which are summarized in table 1.

MATERIALS

The gases used in the adsorption measurements were very carefully
purified before being placed in their storage bulbs. Each gas was passed
through its purification train for at least an hour, in order to sweep out the -
air, before being admitted to the system.

EXPERIMENTAL RESBULTS

Adsorption of oxygen al conslant pressure

The adsorption of oxygen at & pressure of 350 mm. Hg was studied at
temperatures covering the range over which the activity of copper chromite
as a catalyst for the air oxidation of carbon monoxide varies from prac-
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tically no activity at all to 100 per cent conversion of carbon monoxide
to carbon dioxide.

In order to make the results at different temperatures comparable, the
catalyst was heated, before esch run, to 300°C. under 400 mm, Hg of
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F1q. 1. Adsorption of earbon monoxide and oxygen on copper chromite at 350 mm,
‘ of mercury

carbon monoxide, and then thoroughly evacuated. Lory (5) states that
any surface chromate formed is reduced by carbon monoxide at 100°C.
The treatment given the catalyst, then, should surely prevent any chromate
formed during the previous run from interfering with the results, All of
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the runs were checked several times, and the curves obtained could be
duplicated within about 2 per cent. The data on the adsorption of oxygen
are represented graphically in figure 1.

It is evident from the figure that the adsorption of oxygen at these tem-
peratures exhibits the one chief characteristic of activated adsorption to
which Taylor called attention,—a rate which, over the temperature range
studied, shows a marked inercase with increasing temperature. In this

TABLE 2
Aclivalion energies of adsorption of ozygen on copper chromile

ABOUNT E (1N Kd-caL.)
ADBORBED
100-125°C. 100-150'C., 125-160°C. 150-176*C. 150-200°C. 135-300°C.

0.00500 15.43

0.00626 16.78

0.00750 17.41 16.19 14.79

0.00875 17.7

0.01000 19.11 17 .50 15.60

0.01125 20.51

0.01250 25.51 22 .62 18.66

0.01500 22.04

0.03 9.59 9.31 8.09
0.04 9.46 9.54 9.63
0.05 10.19 10.29 10.40
0.06 11.76 11.53 11.28
0.07 13.07 12.29 11.41
0.08 16.50 13.79 10.76
0.09 17.19 10.61
0.10 160 .89
0.11 10.98
0.12 11.03
0.13 11.61
0.14 12.72
0.15 15.64

case, not only the rate, but also the extent to which the adsorption occurs,
increases greatly with rising temperature.

If, at two temperatures T, and T, adsorption takes place to the same
extent in the time intervals {; and ¢, the energy of activation to be asso-
ciated with the adsorption process over that temperature interval may be
caleulated from the equation

h_ K ._1__.__!_)
L= R\T, T,

Calculating, with this equation, the energy of activation, E, from the
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data illustrated in figure 1 on the adsorption of oxygen at constant presssure
by copper ehromite, we obtain the values for F listed in table 2.

The fact that the activation energies for the lower temporature ranges
come out considerably higher than those at somewhat higher temperatures
ig due to the fact that the calculations at the lower temperatures involve
& much more nearly saturated surface, since the total amount of adsorption
which takes place at these temperatures is so much less. At the higher
temperatures, the energy of activation is rising to similar values as more
of the gas is adsorbed.

Adsorption of carbon monozxide al constanl pressure

The adsorption of carbon monoxide on copper chromite at a constant
pressure of 350 mm. Hg was studied at the same temperatures used in the
study of the oxygen edsorption.

A great deal has been written, particularly by Burrage (2), about the
importance, when comparing the rates of reaction found in different runs,
of being certain that the surface of the absorbent was in the same condition
at the start of each run.  When cach earbon monoxide run was made aftor
simply pumping off the gas from the previous run at the temperature at
which the run had been made, the results obtained could not be checked
and appeared to be without meaning. Ividently the condition of the
catalyst surface at the beginning of a run varied considerably, according
to whether the previous run had been made at & temperature higher or
lower than that at which the succeeding run was to be made.

It was decided to make & set of runs after giving the catalyst a definite
treatment, the same treatment being used before each run. The catalyst
was first heated to 275-300°C. for an hour under & definite pressure of car
bon monoxide. Then the catalyst was thoroughly degassed, and allowed
to cool down to the desived temperature. Runs made in this manner
could be checked to within 2 to 5 per cent. A set of data from such runs
is shown graphically in figure 1.

These runs, in which the condition of the catalyst surface should have
been about the same, indicate that the amount of adsorption is less the
greater the temperature. Obviously, it is impossible to apply the formula
used before to the data of figure 1 and to caleulate energies of activation.
It is apparent, however, that the order in which the curves fall is deter-
mined by the amount of instantaneous adsorption.

This part of the adsorption has the characteristics of van der Waals
adsorption. Benton (1) stated that in most cases the van der Waals
adsorption disappeared at about 200°C. above the beiling point of the gas.
However, he found & type of adsorption which showed the speed char-
acteristic of the van der Waals adsorption with carbon monoxide on copper
at 110°C., while the boiling point of carbon monoxide is - 192°C.  The
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van der Waals adsorption in the ease of carbon monoxide on copper chro-
mite appears to be prominent even at a temperature nearly 400°C. above
the boiling point of the carbon monoxide, as is shown by the 0.11 cc. per
gram adsorbed instantancously at 200°C. A brief run was made at 300°C,,
and the l-minute reading at this temperature, in cc. per gram, was 0.03,
the curve starting out similarly to those for oxygen at the lower tempera-
tures, This would indicate that finally, 500°C. above the boiling point
of the carbon monoxide, the van der Waals adsorption is disappearing
from the picture,

If we take the 1-minute reading for each of the carbon monoxide runs,
whatever it may be, as zero, and plot the amount adsorbed over and above
this fixed quantity against time, curves like those in figure 2 are obtained.
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Fio. 2. Activated adsorption of carbon monoxide on copper chromite

These curves are similar to those for oxygen, and are suitable for the cal-
culation of energies of activation.

Sinece the amounts adsorbed used in plotting the original adsorption
versus time curves of figure 1 are obtained by subtracting one experimental
value from another nearly the same size, the percentage error in the reading
is greatly multiplied by the time the adsorption curves are obtained. The
final curves, those of figure 2, are obtained by repeating the process of sub-
tracting one value from another very nearly the same size. Thus the
original numbers (the voltimes read on the gas buret) have now shrunk to
new values numerically only about one-fiftieth of the size of the original
ones, and it is to be expected that as & consequence of this the percentage
errors will have grown fo large proportions.

Nevertheless, it is possible to take these last curves of figure 2 and to
ealeulate from them fairly consistent energies of activation, although the
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agreement is quite naturally not nearly as good as in the case of the
adsorption of oxygen at constant pressure. Some of the caleulations of
energies of activation are summarized in table 3.

The rapidity with which a considerable amount of earbon monoxide is
adsorbed on the chromite suggested that perhaps something approximating
& monomolecular layer is formed at once, and that the “activated” adsorp-
tion consists of building up a thicker layer.

TABLE 3
Ernergies of activalion: carhon monoride on capper chromite

E (1IN mao-cAL.)
AMOUNT ADBORPED
125-150*C. 125-200%C. 150-200°C.
0.0100 8.17
0.0125 7.92
¢.0150 9.34
0.0175 10.11
0.0200 11.06 8.01 7.16
0.0225 11.29 8.64 7.07
0.0250 11.74 8.45 6.49
0.0275 11.38 8.42 6.67
0.0300 10.42 8.28 7.01
0.0325 9.70 7.83 6.7%
TABLE 4
Carbon monoxide adsorption in the firsl minute
TEMPERATURE ADSOBPTION

. aloms per gram

100 5.54 X 100

125 5.26 X 10

150 4.75 X 10

175 4.16 X 108

200 2.76 X 10

Lory (5) studied the amount of chromate that could be leached off sam-
ples of various chromites with water, after the ehromites had been heated
in the air to form a surface layer of the chromate. From the data which
he obtained in this manner, he caleulated the number of chromium atoms
on the surface of the catalyst. For copper chromite he obtained the value
4.11 X 10'* atoms of chromium on the surface for each gram of the catalyst.

The sample of copper chromite used in these measurements was prepared
by following Lory’s method to the smallest detail, and may be assumed to
have approximately the same number of surface chromium atoms. If we
assume that the adsorption takes place on the chromium atoms, then a
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monomolecular layer must be considered as one molecule of earbon mon-
oxide to each surface chromium atom, or about 4.11 X 10 atoms per
gram. The observed amounts of carbon monoxide adsorption in the first
minute, converted from cubic centimeters per gram to atoms per gram
are given in table 4. Obviously, the amount of this rapid adsorption is,
at the temperatures studied, of the same order of magnitude as that re-
quired to form a monomolecular layer on the surface of the catalyst.
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Fia. 3. Adsorption of carbon monoxide on copper chromite at constant volume

Adsorptior: of carbon monoxide at constant volume

The different character of the adsorption versus time curves for carbon
monoxide, as compared with those for oxygen, suggested that the processes
taking place were not of the same nature.

In order to obtain a better understanding of the question of the adsorp-
tion of carbon monoxide, it was considered worth while to obtain the data
necessary to plot the isotherms for the adsorption of carbon monoxide,—
the total adsorption of all kinds when equilibrium had been reached. With
this in mind, constant volume runs were made at seven temperatures,
covering the entire range where the catalyst is active. The data thus
obtained are shown graphically in figure 3.
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DIBCURSION

The adsorption of oxygen by copper chromite appears to be a straight-
forward process. It seems probable that it is simply a chemical reaction,
that of surfaee chromate formation, At the temperature range over which
the adsorption was studied, which is the important range as regards cataly-
gis, the activated adsorption is the only process taking place, so that there
are no complications introduced by concurrent reactions,

The case of the adsorption of earbon monoxide on copper chromite is
not so simple. Two adsorption processes combine to give the observed
results, and it is only by separating the two and considering each one indi-
vidually that we can obtain any understanding of either one. The curves
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Fi1c. 4. Bummary of carbon monoxide adsorption

of figure 4 represent both the sum of the van der Waals and the activated
adsorption, and each one separately. Considering only the one pressure
used throughout the rate measurements, 350 mm. Hg, curve 1 is taken
from the isotherms in figure 3, and shows the total amount adsorbed at
equilibrium at this pressure and at each of the temperatures considered.
These amounts diminish regularly with increasing temperature except in
the neighborhood of 150°C., where a sharp maximum is observed. It
would be expected that this maximum, coming at such s high femperature,
would be due to the activated adsorption rather than to the van der Waals
variety.

Curve 3, which shows the 1-minute readings from the constant pressure
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runs, bears out this expectation. This eurve may be taken as representing
the van der Waals adsorption alone at each of the temperatures. Evi-
dently this type of adsorption falls off rapidly with rising temperatures,
and exhibits no maxima or minima.

The difference between curves 1 and 8, tlien, must obvioysly represent
the total amount of activated adsorption which takes place. This is repre-
sented graphically in curve 4, and the maximum in the region of 150°C. is
very pronounced. The temperature range in which the eatalytic efficiency
of the chromite in assisting the combination of carbon monoxide and
oxygen rises from about 40 per cent to 100 per cent is shown by the shaded
area. In this range of temperature the amount of activated adsorption is
considerably less than the amount of van der Waals adsorption, although
it appears likely that this condition will be reversed at a somewhat higher
temperature.

Curve 2 is the representation of the 30-minute readings taken from the
curves of figure 1. The difference, then, between this curve and curve 3
will be the amount adsorbed at each temperature in the interval from one
to thirty minutes, and will be proportional to the rate of the activated ad-
sorption. This difference is represented by curve 5. It is evident that
there is o maximum in the rate of the activated adsorption at about the
same temperature at which we find the maximum in the extent to which
it takes place.

These maxima in the amount of activated adsorption and in its rate
suggest that perhaps there are two distinctly separate and entirely dif-
ferent processes taking place at the surface in addition to the van der
Waals adsorption, which, for the moment, we are neglecting. Both of
these processes, of course, would be included in a general definition of ad-
sorption as any way in which a gas is taken up by a solid. But although
each takes place at a measurable rate, the amount of one falls off with
rising temperatures, whereas on the contrary, the amount of the other
becomes greater as the temperature becomes higher.

In figure 5a the solid line curve is a duplicate of curve ¢ in figure 4.
Similarly, in figure 5b the solid curve is a duplicate of curve 5 in figure 4.
In each case the broken-line curves marked & and b are arbitrarily drawn,
regular curves which, when added together, give the curves with the
maxima.

It does not seem wholly improbable that what we have been considering,
then, as the activated adsorption of carbon monoxide on the chromite
surface might possibly be really the summation of two distinctly sepa-
rate processes, which, although in no sense do they work at cross pur-
poses, nevertheless vary in a different way with temperature, These two
processes, if such exist, could then be represented by curves of the type of
those drawn in broken lines in figures 5a and 5b.
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In figure 5a these curves will represent the extent to which these proc.
esses take place before equilibrium is reached at a pressure of 350 mm.
Hg and the temperatures indieated, while the curves of figure 5b would be
proportional to the rates at which the processes take place.

If we may represent the adsorption as the sum of two such hypothetical
processes, one of them, that represented by b, diminishes with rising tem-
perature, not only as regards the extent to which it oceurs, but also in the
rate at which it takes place.

It must be remembered that the differences between the adsorption
curves for carbon monoxide are not large in comparison with the values
involved. It may be possible that experimental errors are responsible
for the maxima obtained in figures 4 and 5. However, the fact that the
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Fia. 5. Activated adsorption of carbon monoxide

maxima occur in the same temperature interval in each case and ure so
similar appears to bring the hypothetical processes suggested into the realm
of possibility. If they do exist, perhaps one of the processes is one of
solution, or diffusion, or some such phenomenon. At any rate, the exact
nature of the two processes is of no importance as regards the relation of
the adsorption process to catalytic activity, as we shall see directly.

In the range over which the efficiency of the chromite as a catalyst for
the oxidation of carbon monoxide nears 100 per cent, the adsorption of
carbon monoxide is falling off rapidly from its maximum, which makes it
seem doubtful that it is of major importance in the mechanism of the
catalytic reaction.

As the temperature is increased over this range, however, the adsorption
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of oxyeen rises extremely rapidly. It seems more likely, then, that the
determining factor in tho activity of the surface is the adsorption of oxygen.
A suggested mechanism which secems reasonable is that the oxygen is first
adsorbed on the chromite surface with an energy of activation of the order
of those calculated. If the temperature is high enough so that the adsorp-
tion of the oxygen reaches sufficient proportions, any earbon monoxide
passing over the eatalyst surface cither reacts directly with the. adsorbed
oxygen, or clse is first adsorbed and then reacts, after which the earbon
dioxide produced is dezorbed.

Lory suggested that the catalytic activity was due to alternate oxidation
of the chromite surface by oxygen and its reduction by carbon monoxide.
If the term “adsorption” is defined as including all ways in which & gas is
taken up at a solid surface, without regard to the nature of the binding
between the surface and the adsorbed gas, adsorption would of course
include the oxidation of the surface chromium atoms by gascous OXYEen.
So in the strictest sensc there is no real difference between the suggested
mechanism and that proposed by Lory.

However, since the oxidation of the chromite is probably a process
involving the addition of oxygen to the surface chromium atoms only, it
seems wise to speak of it as an adsorption process, thus emphasizing the
fact that it is a surface phenomenon,—jor the surface is all-important in
contact catalysis, At least, until it may be shown that the binding of the
adsorbed gas to the surface is identical with that between atoms of the
surface material and of the gas in their known compounds, it appears more
to the point to use the term “adsorption” rather than “oxidation” to
describe the process.
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The purpose of the present article is to show that the equation given in
a recent paper (2), expressing the relation between turbulence and depth
of the ocean, applies equally well to the decrease in temperature and to

TABLE 1
Relation between lemperalure and depth

LAXKE CAYUGA LAKE BERECA
O = 16.0; K = 06.004; log & = —7.90150 O = 16.0; K = 4.142; log b = ~531822
D ! 0 D i ¢
melers °C. mhieters *C.,

0 20.0 0.0 0 20.0 0.0
10 19.8 0.2 b 19.4 0.6
14 19.6 0.4 10 19.0 1.0
15 19.0 1.0 12 18.8 1.2
16 18.6 1.5 16 18.4 1.8
17 16.1 3.9 16 17.3 2.7
18 13.8 6.2 17 14.9 5.1
19 11.5 8.5 18 12.3 7.7
20 10.1 9.9 19 11.1 8.9
25 7.9 12.1 20 10.2 9.8
30 5.9 14.1 25 6.8 13.2
40 4.8 15.2 30 5.8 14.2
§0 4.5 15.5 40 4.8 15.2
60 4.5 15.5 50 4.3 15.7
70 4.4 16.6 I 70 4.2 15.8
80 4.2 5.8 80 4.2 15.8

100 4.1 15.9 100 4.1 16.9
121 4.1 15.9 120 4.1 15.9

the penetration of solar heat and cosmic rays with increase in depth of
fresh water lakes. Of the accumulated date given in the literature (3),
two examples of each topic will suffice to illustrate these phenomena.
The methods of caleulation and of tabulation are fully discussed in the
paper referred to (2). The results of the present calculations are pre-
sented in three tables and are illustrated graphically in six figures. In
113
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TABLE 2
Relation between heal and depth
LAKS CAYUGA LAKE BENECA
H oy o 2000; K o 2493 log k = —3.83047 H o = 32000, K = 1,860 logk = ~2.00803
D -~ H D i~y H

melers calories calorice melers colories calories
0 26900 0 0 32900 0
10 18800 8300 10 21000 11900
20 AB00 20000 20 10800 22100
n 3100 23800 30 6600 268300
40 1800 25100 40 4500 28400
50 1400 25500 60 3800 29600
60 1100 26800 60 2600 30300
70 860 26040 70 2000 30800
80 590 20310 80 800 32100
100 320 26580 100 800 32100
150 200 32010

TABLE 3

Helation between depth and cosmic ray ionization

LAKE

ARROWHEAD

agM LAKE

I o 53.00; K = 1.043; log k = —0.58787

I = 80.00; X = 1.113; log k = —0.47903

D I (obed.) | £ (ealed.) 1 D 1" (obsd.) | I' (ealed.) I
melers melers

0.82 43.80 43.80 9.20 0.85 64.10 62.70 17.30
1.50 37.50 38.00 15.00 1.00 60.10 60.10 19.90
2.00 33.50 34.49 18.41 2.00 43.80 46.61 33.39
3.00 20.50 29.25 23.75 4.00 30.40 31.38 48.62
4.00 25.50 25.38 21.72 43.00 3.62 3.52 76.48
5.00 23.10 22.17 30.77 50.00 3.30 2.96 7.4
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
8.2 17.33 15.90 37.10

10.64 14.62 13.10 39.90

15.80 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 3.76 49.24
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F1g. 2. Relation between temperature and depth-~Lake Seneca
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F1a. 4. Relation between heat and depth—Lake Beneca
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Fia. 5, Relation between depth and cosmic ray ionization—Lake Arrowhead

Fi6. 8. Relution between depth and cosmic ray ionization—Gem Lake
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table 1 are given the depths (D), the temperatures (¢), and the total drop
in temperature at each point (0); in table 2, the depths (D), the solar heat
(—H) in calories per unit of surface, and the total drop in beat at each
point (H); and in table 3, the depths (D), the cosmic ray ionizations (1)
per unit of surface per sccond, and the fotal drop in cosmic ray ionization
at each point (I).

CONBTRUCTION OF THE GRAPHS

The constants (K and log k) necessary for the construetion of figures 1
and 2 were obtained from the data given in table 1 and the straight line
equation

log /(00 ~ 0) = Klog D + log k

those for the construction of figures 3 and 4, from the data given in table 2
and the equation

logH/ (Hy, -~ H) = Klog D 4 log k

and those for the construction of figures 5 and 6, from the data given in
table 3 and the equation

log I/(Io — I) = Klog D + log k

The quantities with the infinity subseripts (6., Hew, and I,) were readily
found from the graphs of the respective equations, which may be written
in the general form

Y = Yo keKlog:/(l + keiﬁoux)

This iz obvious from the symmetry of the curve when y is plotted against
log z; for if the second derivative of ¥ with respect to log 2 is placed equal
to zero, ¥ = $y.. The values of these quantities, together with those for
K and for log k, are given at the head of each table.

DIBCUBBION OF THE RESULTH

A glance at the graphs will show that the experimental values distiibute
themselves closely along the caleulated curves, and, considering the uncon-
trollable experimental conditions, the fit in each case is as good as can be
expected. This is especially frue of the experimental points in figures 1,
2, 3, and 4. However, the experimentsl values shown in figures 5 and 6
represent 8 much higher degree of experimental control, and it seemed
worthwhile, therefore, to place in table 3 calculated values alongside the
experimental ones for comparison. The agreement is quite satisfactory.
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In conclusion it may be noted that the similarity in the behavior of the
three processes; presented in the three tables and in the six graphs, is not
aceidental. A comprehensive treatment of these and of similar processes,
ineluding the derivation of the generaiequation, isreserved for & final paper.
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The decomposition of dibromomalonic acid into carbon dioxide and
dibromoscetic acid

BnC(COOH)g — CO; 4+ Br HCCOOH (1

was studied in  previous paper (1), It was shown that the univalent ion
decomposes spontaneously, the undissociated acid and the divalent fon
being stable.

The carbon dioxide cleavage of S-keto- and a-nitro-carboxylic acids has
been examined by Pedersen (2). From the fact that a,a-dimethylaceto-
acctic acid and «,a-dimethylnitroacetic acid take up bromine with the
same velocity as they decompose, he concludes that an intermediate un-
saturated compound is first formed by the eleavage;

CH;-CO+-C(CH3hCOOH —

CO; 4+ CH;COH :C(CHs)s — CH,-CO-CH(CH,)g
X N (2)

CHs: CO-CBry(CH,)s 4 HBr
N +C+(CHj;)y-COOH —

COs + HOON': C(CH,); — 0N - CH(CHj),
X 3)
&

O;N-CBr(CH,)s 4+ HBr

The structure of dibromomalonic acid bears some analogy to that of
f-keto acids. A mechanism analogous to that of scheme 2 is therefore
suggested:

HO:CO-CBr,COO~ —

CO; 4 HO-CO~:CBrs —» ~0-CO-CHBr,
Xs (4)
(-

>

=0.CO-CBrs + HBr
121
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In order to fest this suggestion some bromination experiments were
carried out. It was shown that bromine is taken up during the decom-
position. Bince neither dibromoacetic acid nor dibromomalonic acid reaets
with bromine under the experimental conditions, an intermediate product
is surely responsible for the disappearance of bromine.

EXPERIMENTAL

In order to compare the results with those of the previous communica-
tion (1) the experiments were carried out at 25°C, and in the following
solutions of hydrochloric acid and potassium chloride: x M HCl 4- (1 ~ x)
M KCl ;x M HCI + (0.2 — x) M KCl; and x M HCl 4 (0.1 — x) M KCl.

1.0}
o o o} o 5 ¢ & ® B ¢
05
0 A A i 't L AL '} A b e e A 'y A I i < A 2 iy i ——1
0l a5 10 1% 20

Fia. 1. Abscissa: moles of hromine added per mole of dibromomalonic acid.  Ordi-
nate: moles of bromine used per mole of dibromomalonic acid. CBrC(Co0H): =
7.26 X 107, — theoretical value if all the dibromomalonic acid reacts aceording
to scheme 4b. (@ @, experiments in 0.1 N hydrochloric acid; © ©, experiments
in 0.1 N hydrochloric acid and 0.9 ¥ potassium chloride.

In addition, known amounts of bromine and dibremomalonic acid were
present. A suitable time after the start of the reaction an excess of 0.1 N
arsenious acid was added. The arsenious acid reacts instantaneously with
bromine.

As05 4 2Bry 4 2H;0 — A2,05 - 4Br 4 2H*

but does not react with the other substances present. The excess of arseni-
ous acid was titrated with bromine water.

In most experiments the dibromomalonic acid was about 0.007 M.
The amount of bromine taken up during the reaction increases with in-
creasing bromine concentration. However, when the initial concentration
of bromine is about 0.012 M, further inercase does not inerease the amount
of bromine taken up (figure 1).
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The amount of bromine disappearing when the reaction is allowed to
proceed until completion also depends upon the concentration of hydro-
chloric acid, as shown in table 1,

The fact that only a fract/on of dibromomalonie acid reacts with bromine,
and that this fraction is independent of the bromine concentration within
& large range of concentration, is not in accordance with scheme 4. Part
of the dibromomalonic acid must be converted into dibromoacetic acid
without forming an intermediate productcapable of reacting with bromine.

The following mechanism of reaction is suggested.

HO-COCBrCO0~ —— HOCO-:CBry + COs
HOCO-:CBry 125 HO .COH :CBr, B HO . CO-CBry + HBr 4

HOCO - C-Bry B HO-CO-CHBr,

TABLE 1
Bromine laken up by dibromomalonic acid

Cnccool), = 7 X 107%; Cpy, = 12 X 107, n = moles of bromine reacting per
mole of dibromomalonic acid

z M HCI x M HC) x M HCI
HOl (1 ~ 53 M KC1 0.2 —x) M KCI (0.1 - 1} M KC)
fa n A
M
1.00 0.852
0.76 0.859
0.50 0.8688
0.25 0.838
0.20 0.815 0.820
0.10 0.792 0.795 0.781
0.08 0.753 0.780 0.770
0.05 0.718

It fulfills the requirement, and it sceme likely that the first step of the
reaction is much slower than the following end thus determines the rate
of the reaction. But of course other mechanisms may be proposed.

Without stating anything definite about the mechanism of the reaction,
it is obvious that two reactions take place simultaneously. The one leads
directly to dibromoacetic acid, the other to the formation of a product
which reacts with bromine, If the ratio of the velocities of these reactions
is (1 — n): n, we see that, at the time ¢, when ¢ moles per liter of carbon
dioxide have been split off, nc moles per liter of bromine have been used.
If the initial concentration of dibromomalonic acid is ¢y, 7o moles per liter
of bromine have been used at the end of the reaction. I'rom the expression

Co —~ € Ny — NC
0 ---log 0

-kt = log
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it is readily seen that &, corputed by means of the development of carbon
dioxide, should be identical with ¥ computed from the disappearance of
bromine, when we substitute the amount of bromine actually taken up for
the amount which would be taken up if only tribromoacetic acid were
formed,

In table 2 k, is the velocity constant previously found for the carbon
dioxide cleavage. #; is the velocity constant of the bromination eomputed
as just explained. #; does not differ much from ky, indicating that the
assumption of the formation of an intermediate unsaturated compound
iz correct,

In order fo show that the presence of bromine does not interfere with
the first step of reaction 5, the velocity of the carbon dioxide cleavage
was determined by the method previously used in 0.1 M hydrochloric acid,

TABLE 2
Velocity eonstants of the brominatlion
CBrC(CO0H), = 7 X 107% Cpy, = 12 X 107% ¢ = 25°C,

x M HC) x M HCI 2 M HCI
HOl (1 - 3) M KCI (0.2 — x) M KCI 0.1 — x} & KCl
X1 ke % 100 ke X 1 kX 18 ky X 10t ky X 108
M
1.00 2.83 3.07
0.75 3.25 3.51
0.50 3.98 4.30
0.25 4.41 4.71
0.20 . 4.70 4.07 4 .46
0.10 4.48 4.75 4.26 4.50 4.81 4.64
0.08 4.22 4 .87 4.40 4 .46 4.25 4.68
0.05 4.10 5.4 4.24 4.73

containing bromine of the same concentration as in the bromination experi-
ments. Without bromine the velocity constant was 4.31 X 10-3, with

bromine 4.30 X 10-3,

v BUMMARY

The mechanism of the decomposition of dibromomalonic acid has been
studied.

It has been found that simultancously with the carbon dioxide cleavage
bromine was taken up. The rate of the reaction of the bromination was
approximately the same as that of the carbon dioxide cleavage.

From this result it was concluded that the first step of the reaction was
the formation of an unsaturated compound.
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THEORETICAL CONBIDERATIONS

The viscosity of & bulk liquid is known to be increased by the presence
of a suspended particle. The complete mathematical treatment of this
problem for the case of spherical particles has been solved by Einstein (1).

Jeffery (5) has extended the work carried out by Einstein, for the case
of ellipsoidal particles, Great difficulties were encountered in the solution
of the problem and the results were left in & rather indeterminate form,
owing to the fact that & number of motions were possible for a given set
of boundary conditions.

Eigenschitz (2), assuming that the ellipsoidal particle so orients itself at
the time ¢ = 0 (beginning orientation) that its axes coincide with the princi-
pal axes of deformation of the fluld, calculated, both for pure motion of
deformation and for plane laminar flow, the value of this numerical factor

in terms of ratio of length to diameter. His results for plane laminar flow
are as follows:

<=

where a = the long axis of the ellipsoid,
b = the short axis of the ellipsoid,
y and %o = viscosities of solution and solvent, respectively,
v = volume of particle, and
V = volume of solution. :
We applied this equation to stearic acid dissolved in carbon tetrachloride
as well as to lecithin in the same solvent.

1 Published s Journal Beries No. 1383, Minnesota Agricultural Experiment
Station.

Y This paper ia taken from a thesis pressnted by Robert M. Theis to the Faculty
of the Graduate School of the University of Minnesota in partial fulfiliment of tha
requirements for the degree of Master of Science, June, 1935.

125



126 HOBERT M. THEIS AND HENRY B. BULL

VISCOBITY MEASUREMENTS

Measurements were made with the Ostwald type of viscosimeter. For
8 cc. of carbon tetrachloride the time of out-low was about 90 seconds,
while for the same volume of water it was over 120 seconds. The neck
of the instrument was drawn out to about half its thickness to facilitate
the recording of an accurate starting point, This narrow constriction was
etched with hydrogen fluoride, as also was the capillary tube. The instru-
ment was kept filled with cleaning solution when not in use, espeeially
overnight. The densities of the solutions were determined by means of
a pycnometer, which was accurately calibrated. As the apparatus must
be extremely clean to get reliable measurements, the following procedure
was followed: The apparatus was washed twice with waste carbon tetra-
chloride, once with pure carbon tetrachloride and once with acetone, and
dried by evacuating.

The stearic acid used was recrystallized from benszene. It melted at
69°C., which indicated that it was quite pure. The solutions were pre-
pared by dissolving & known weight of stearic acid in carbon tetrachloride
and making up to correct volume. The data are given in table 1 and
graphed in figure 1.

Fikentscher and Mark (3), taking into account the process of solvation,
have proposed the following formula:

17._1..._..‘.:9;’:_"1.‘_’.,.
% ~ 100 — &¢

where & is the volume occuplied by 1 g. of substance in solution (volume
of solvated particle), ¢ the concentration in grams per 100 ce. of solution,
and “e” equals 2.5,

&cin the denominator of the above expression is analogous to the b term
in van der Waals’ equation of gases, The value of the constant “e" will
be 2.5 for spherical particles ouly.

Treating “a” and & as general constants and rearranging the above
expression in the following form, one obfains:

¢ 100 1

P B I

e G a
where

ﬂtn“!""l
%o

The variables in this equation are f—- and ¢. If one plots ;’_‘.’.. as ordinate
sp W

and ¢ as abscissa, a3 is done in figure 1, a straight line with intercept equal
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to !&%] and with & negative slope of 1/a is obtained. From the values of

the slope of the line and the ordinate intercept, a is 0.885 and & is 4.185 ce.
per gram,

TABLE 1
Viscogity of soluliuns of stearic actd in carbon letrachloride
O " oo
2.0 1,0809 24.72
16 1.059 25.33
1.0 1.0387 25.82
0.5 1.0186 26.87
27
o
26
N
O
W
25
| l
1O 20
CONCENTRATION
Fra. 1

The specific gravity of stearic acid at room temperature is apprbximately
0.85. This corresponds to a specific volumeof 1.17cc. On the other hand,
the apparent specific volume from viscosity measurements turned out to
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be 4.185, about 3.5 times the expected value. There is no reason to believe
that & gram of substauce should eccupy the same volume in both the solid
state and in solution. However, when solvation takes place, in the case
of stearic acid, the carbon tetrachloride becomes part of the stearie acid
particle, so that the apparent specific volume now becomes the volume
occupied by 1 g. of stearie acid plus an unknown number of grams of carbon
tetrachloride, but this total volume is ealculated on the basis of 1 g. of
stearic acid.

We do not know whether the solvent is included between the particles
of solute or & shell of solvent is built around each particle. In either ease
the particle assumes a definite shape with some deformability, so that the
solution still behaves as a homogeneous liquid. The value of the con-
stant “a” (found) indicated that stearic acid does not form spherieal par-
ticles in solution. Assuming that we are dealing with ellipsoids of revolu-
tien instead of spheres, we applied Eisenschitz’s equation to defermine
what ratio of length to diameter corresponds to the value of the con-
stant “a,”’ obtained experimentally. If we assume that the motion of the
particle is plane laminar flow and that the ratio of length to diameter is
@ to 1, then the value of “a’’ by the abuve equation is:

0.159 (6/1) 0.884

= Tgn 12 =
which corresponds to the value of “a” (0.883), found experimentally.

From x-ray date of Francis, Piper, and Malkin (4) the diameter of a
stearic acid molecule is 3.7 to 4.0 AU, and the length of a single molecule
is 23.4 A.U. (this is calculated on the basis of the above work). This will
give us a ratio of length to diameter of approximately 6 to 1.

The lecithin was prepared by & modification of the method of Suey-
oshi (7). The reagents were carefully purified and tested for their purity.
Analysis of the lecithin gave the following results: total nitrogen, 1.835
weight per cent; phosphorus, 4.094 weight per cent; N:P ratio, 1:1.007;
amino nitrogen, 0.39 weight per cent.

Van Slyke analysis shows a high contamination of cephalin (21 per cent),
but since the N:P ratio iz practically 1, it indicates that the material
obtained is free from other lipids. The presence of cephalin would hardly
affect viscosity measurements, as there is little difference between the mo-
lecular structure of lecithin and of cephalin.

In table 2 are the results of our viscosity measurements of lecithin in
carbon tetrachloride at various concentrations. These values are graphed
in figure 2.

Treating the data obtained for lecithin in the same way that we did for
stearic acid, we found a similar relation between viscosity and concentra~
tion. A comparison of figures 1 and 2 will disclose the fact that the points
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TABLE 2

Viscosily of solutions of lectthin in carbon telrachloride

N " oo
11 1.4020 22.357
9 1.3318 24.111
59 1.2200 25.121
3.7 1.1410 20 .24
1.8 1.0848 .71
O
“H
3
1
\3*“'
o
prd
O
U 2
24
N
| | | | I
20 4.0 80 [T 100
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do not lie on s straight line for small concentrations, If one rewrites the

ordinate in the form ;;i:%u it can be seen that small errorsin ¢ —no will greatly
affect the results. This usually oceurs for small concentrations where 9
is not mueh different from o,

Carrying out the same sort of caleulation for lecithin as for stearic acid,
we found ¢ = 1.99 cc. per gram and g = 1.78.

Assuming that lecithin forms ellipsoidal particles and applying Fisen-
schitz’s equation, “a” from experiment corresponds to a 17 to 1 ratio of

length to dismeter, i.e., if a/b is 17/1 then:

_ 0158 (17)
T loge 34

According to Leathes (6) the cross section of a lecithin molecule is about
70 (A.U.),? which corresponds to a dismeter of a little over 8 AU. Fora
17 to 1 ratio of length to dismeter the length of lecithin molecules would
have to be about 136 A.U. This corresponds to the length of four lecithin

molecules in a straight chain.

= 1,70

CONCLUBIONS

The information which we hope to gain by this type of research is not
as complete as expected. The discrepancy lies not in the fact that the
measurements yield results which are not reliable, or that we are dealing
with too complicated a material, but that we are handicapped in the appli-
cation of equations based on purely theoretical grounds. Thus it can
readily be seen that when one tries to apply the Eisenschitz equation to
experimental results certain limitations arige, as for example: (1) The
equation of Eisenschitz has been derived under the assumption that
a>>b. As the ellipsoidal particle approaches that of a sphere, the equa-
tion ean no longer be applied. (2) The question arises as to whether the
equation can be applied to cases where there is a formation of long chains.

If the ratio of length to diameter of lecithin is too small to apply the
above equation to the results obtained, then lecithin must be approaching
the form of an oblate or prolate spheroid. However, if we assume that
the cquation is applicable, then lecithin forms chains of four molecules
on the average.

More experiments must be performed to determine the limitations of
Eisenschitz equation, as well as the applicability of the same to associated

systems.

SUMMARY

1. Viscosity measurements of stearic acid and lecithin dissolved in
carbon tetrachloride were made at various coneentrations, and a linear
relation found when c¢/7;, is plotted against c.
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2. The application of the Eisenschits equation to experimental results is

discussed with reference to ratio of length to diameter of both stearic acid
and lecithin,
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I. INTRODUCTION

One of the outstanding achievements in the atilization of agricultural
wastes in the manufacture of industrial chernicals is the development of
the furfural industry. The furfural is produced by heating oat hulls at
ahout 60 pounds pressure with about 5 per cent sulfuric acid for five or more
hours (14, 16, 5). The yield is ahout 50 to 60 per cent of the theoretical.
The studies reported in the present communication have to do with the
production of furfural from strong xylose solutions by various combina-
tions of hydrochloric acid and sodium chloride, in order to establish general
prineiples of procedure which could be applied directly to the agricultural
material or to the xylose-containing hydrolysates made therefrom. The
presence of the salt decreases the solubility of the furfural, ensuring its
more rapid and complete removal by the solvent. The salt likewise in-
creases the activity of the acid. This latter phenomenon has been studied
with reference to various hydrolytic actions (2, 3, ¢, 6, 7, 8, 9, 10, 11, 20).
Ingeneral, the hydrolytic action of a strong acid, such as hydrochlorie acid,
is proportional to the “apparent’”’ hydrogen-ion concentration, which is
conveniently expressed in terms of pH. So far as the authors are aware,
this principle has not been applied to a dshydration action such as the
production of furfural from xylose. Adams and Vorhees (1), Hurd and
[senhour (13, 14), and others have employed salts in this reaction for the
purpose of reducing the solubility of the furfural in order to facilitate
distillation.

I, GENERAL PROCEDURE AND PRELIMINARY EXPERIMENTS
A. General procedure

The aqueous xylose solutions plus the dehydrating agents were refluxed
with an immiscible solvent in which furfural is very soluble. These sol-
vents included -benzene, toluene, and carbon tetrachloride. Toluene is
the solvent employed in the studies here reported in detail. The purpose

133
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of the solvent is twofold. It removes the furfural as formed, thus cutting
down the opportunity for polymerization of the furfural in the presence
of the dehydrating reagents, and it also permits the building up of high
concentrations of furiural in the solvent, thus allowing an casy and eco-
nomical separation by distillation.

The concentration of furfural in the toluene was determined by specific
gravity measurement with o Westphal chainomatic balance. Quantitative
experiments showed the specifie gravity of toluene~furfural systems to be
& linear function of the concentration of furfural. Tolucne was refluxed
with equal volumes of the sodium chloride-hydrochlorie acid solutions of
the strength employed in subsequent experiments; there was no signifieant
change in specific gravity. The toluene solutions of furfural, obtained
by action of the sodium chloride~hydrochloric acid systems upon xylose,
were shaken with sodium sulfite. The specific gravity was restored to
that of the pure toluene. These toluene-furfural systems were subjected
to fractional distillation, The distillation curve corresponded to that
obtained for known furfural-toluenc systems. The furfural so obtained
was identical with pure furfural.

The xylose was analyzed by three different methods, those of Shaffer
and Hartmann (18), Slater and Acree (19), and Kline and Acree (16). The
purity was found to be 95.5, 96.2, and 95.5 per cent by the respective pro-
cedures, with an average value of 95.7 per cent. Since the theoretical
yield of furfural from pure xylose is 64 per cent, the maximum yield from
the xylose used would he about 61 per cent.

B. The infiuence of volume rativs upon yields of furfural

In table 1 are given data showing the influence of volume ratios upon
the yield of furfural from 20 per cent xylose refluxed for five hours in the
presence of 0.60 N hydrochlotic acid-40 per cent sodium chloride. The
concentrations of sodium chloride and of xylose throughout this paper
are expressed in grams per 100 ce, of acidused. It is evident that the yield
of furfural increased slightly up to a ratio of 67:100 and was practically
constant beyond that point. In subsequent experiments the toluene and
aqueous systems were employed in equal volumes.

C. Influence of xylose concenlralions on yields of furfural

In table 2 are given data on the yield of furfural from various concentra-
tions of xylose refluxed for five hours in the presence of 0.50 N' hydrochloric
acid-40 per cent sodium chloride. The results show a decrease in yield
with increase in xylose concentration. In subsequent work a xylose con-
centration of 20 per cent was employed.

D. The effect of certain salis

Preliminary experiments showed some interesting effccts of salts upon
strong xylose golutions. For example, 250 cc. of water was added to 75 ¢.
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of xylose end 75 g. of ammonium chloride. The solution was heated on a
hot plate; a strong odor of furfural was soon evident. However, the fur-
fural could not be readily extracted from the mixture by means of benzene,
toluene, or carbon tetrachloride. On vigorousshaking, the mixture proved
to be an excellent emulsifying agent for the solvent. When subjected to
distillation the furfural began to distill over at about 110°C. At 120°C.
the mixture had a strong tendency to foam and the furfural distilled in
such amounts that each drop was diphasic. These results indicate the

TABLE 1

Effeet of varying volume ratios of toluene with 20 per cent xylose solution with 0.60 N
hydrochloric actd and 40 per cent sodium chloride for five hours

TOLUENE AQUEGUS BOLUTION “;'.‘333&?&1‘?&3&«” ""‘i‘&%’: OB RAL PR
<e. (- o, grams
20 103 19.4 20.8
3b 93 3.8 30.7
H 03 53.8 30.7
100 150 62.9 31.8
|0 1o 67.2 333
124 184 67.0 33.2
64 93 79.9 3.0
150 188 80.0 3.0
50 50 100.0 33 .6
TABLE 2

Effect of varying concentrations of xylosc, using 0.60 N hydrochloric actd and jO per cent
sodium chloride for five hours

- [rr—

YIELD OF YUR- PRIt CENT OF YIELD OF FI'Re PER CENT Q¥

—————

N YLOER PURAL ¢BR 100 u.] THROREYICAL XYLORE FURAL PER 00 G.] THEOREBTICAL
OF XTLOSE YIBLD QP XYLOSH rYreLp
per cent per tent
4 42.5 70 30 29.4 48
8 40.0 411] 40 28.0 46
10 39.4 65 50 20.5 42
15 36.0 50 60 22.7 : 37
20 33.6 5

formation of an interinediate product, which is insoluble in the golvents
employed but which at higher temperatures yields furfural readily. Simi-
lar results were obtained with ammonium sulfate, ammonium dihydrogen
phosphate, and ammonium tartrate.

Strong solutions of aluminum sulfate and of zine chloride also gave fur-
fural on boiling with concentrated solutions of xylose, but in these instances
the furfural was readily extracted with the solvents. Strong solutions
of sodium chloride, calcium chloride, or of sodium sulfate did not lead
to the formation of furfural.
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TABLE 3
chlorie acid-sodium chloride
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Yields of furfural from 20 per cent zylose solution with various combinations
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TABLE 8-—Concluded
wommaueey | i o 2 poUHs _ 4 HOUNRS 0 nouRy 8movRs
or HCI tdaletstntanlsrlalalelaln
N per cand
1.50 0 {-024{4172 7.113.913.513.519.8r19.120.0
5 | -0.881{90.79.8] 9.5/18.0/18.6(18.6125.4i25.7i25.7
10 | —0.52 14.513.513.2]24.025.1'8.430.3 31.8
15 | —0.68 |18.0/18.2(18.2120.0{ [28.2034.4] [33.8
20 | -080 220 [22.4/38.0] [30.038.0] |34.7
B | —0.84 1262 25'135'7L 83.0135.1]  135.0
% | ~1.0881.0f [28.8)30.9) [35.53¢.0] [35.0
% | —-1.22131.6 36.8‘36.8 30.3(34.2] 350
0 | -~-t.3632.80 (31.689.20 [86.7134.9] [35.0
% | —1.50 38.9] [87.1/34.7] [35.0
2.00 0 | —0.45 [18.4/12.6]11.5/17 .4(17.0/20.4
5 | —0.59 |17.6017.4{15.9123.4/23.4/24 6
10 | -0.78 [28.5123.4[21.9[28.6] [28.8
I | -0.87 28.31 [24.6l32.4] 31.6
0 | -1.04031.5 [|28.2033.8 I3
% | =1.18 3550 [30.034.01 [35.5
3 | —-1.3236.00 [32.4185.0] [35.0
3% | —1.4636.4] [33.0034.7 Is6.3
40 |-1.060i85.00 I35.60880 (3.3
4% | —1.74 13670 [36.0(36.4] |[38.7

—

f = experimental yield of furfural, in grams produced per 100 grams of xylose.

Ji = yield caloulated by the relation log f = @ - 0.028 3 per cent NaCl

S = yield asread from » diagram of log f against pH for &1l values for all combina.
tions of sodium chloride and hydrochlorie acid.

Il THE YIELD OF FURFURAL IN THE PRESENCE OF YARIOUS COMBINATIONS
OF 80DIUM CHLORIDE-HYDROCHLORIC ACID

In table 3 are given data for the yields of furfural from 20 per cent xylose
in the presence of 0.25, 0.50, 0.75, 1.00, 1.50, and 2.00 N hydrochloric acid
with concentrations of sodium chloride from 0 to 45 per cent for various
periods of time. The data show the marked effect of the presence of the
salt. The highest yield without salt is 20 per cent at 1.50 N hydrochloric
acid after six hours. This same yield was given in two hours by approxi-
mately the following hydrochloric acid-sodium chloride systems: 0.50 N-
40 per cent; 0.75 N-30 per cent; 1.00 N-25 per cent; and 1.50 N-15 per
cent. The highest yields are 35 to 40 per cent, or 57 to 65 per cent of
theoretical.

IV. THE RELATION OF YIELD OF FURFURAL TO THE pH oF THE sobpium
CHLORIDE~HYDROCHLORIC ACID SYS8TEMS

In table 4 are given data for the pH values of 0.25 N hydrochloric acid
in the presence of varying concentrations of sodium chloride. These values
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were determined potentiometrically. No corrections were made for dif-
fusion potential, Data are also presonted showing the effect of the sodium
chloride upon the solubility of the furfural. 'While the “apparent” hydro-
gen-ion concentration inoreased nesrly ninefold, the solubility is decreased
only to one-third,

The relation between pH and concentration of sodium chloride for
table 4 is

pH = 0.60 — 0.028 X per cent NaCl (1

Also, for a given time period, the yield of furfural is a linear function of
the “apparent” hydrogen-ion concentration, through a major portion of the
curve, The deviation from this linear relationship is associated with

TABLE 4
L ffeet of sodium chloride upon the plf of 0.85 N hydrochloric acid and upon the solubility
of furfural* af 26°C,
FER CENT pH HAPPARENT" RELATIVE | pURFURAL IN | YURPURAL IN | DISTRIBUTION

NaCi Cut Out TOLURNE WATBR RATIO
0 0.57 0.273 1.00 2.9 0.60 0.207

) 0.46 0.346 L.27 2.908 0.52 0.174

10 0.32 0.476 1.7 3.06 0.44 0.144
15 0.18 0.654 2.39 3.10 Q.40 0.120
20 0.07 0.880 3.156 3.14 0.36 0.114
25 ~0.09 1.228 4.50 3.19 0.31 0.007
30 -0.25 1.763 6.46 3.20 0.29 0.091
35 -0.37 2.331 8.54 3.25 0.25 0.077

* Boven por cont furfural in toluens used, 50 cc. of 0.25 N hydrochloric acid, and
50 ce. of toluene—furfural solution.

decreased yield, due to polymerization of the furfural and other factors
which cause & marked darkening of the reaction mixture. During the
range for which equation 1 holds,

log f = a 4 0.028 X per cent NaCl (2)

that is, the logarithm of the yisld of furfural is a linear funetion of the con-
centration of salt and also of pH.

Equation 2 was applied to all the hydrochloric acid-sodium chloride
systems; these values are given as f in table 4. The agreement is entirely
satisfactory through ranges in which the yield of furfural is a linear func-
tion of the “apparent’ hydrogen-ion concentration. In general the rela-
tion is linear up to about 22 per cent yield of furfural. This treatment
permits the caleulation of yields below 10 per cent, which are somewhat
erratic owing to the low concentrations in the toluene.
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Graphs of pH against furfural yield (f;) for the 0.25 N hydrochloric acld-
salt combinations for the 2-, 4-, and 6-hour periods permitted the caleula-
tion of the pH of other concentrations of pure acid, on the assumption that
the yield of furfural i3 a {unction of pH only. Such values are given in
table 8, There are also included data for various concentrations of hydre-

TABLE 8

The pH values of 0.60 N,0.75 N, 1.086 N, 1.50 N, and .00 N hydrochloric acid as cal-
culated on basts of yields with 0.86 N hydrochloric acid-sodium chloride systems,
compared (o pH values as calculated from the activily coefficient of hydrochloric acid

concmunaiion| o ouins susrumas o PH oM vascea o 1 HC!
lat B
Molar | Molal | 2hrs. | ¢k, | Ohrs. [Average| <+ 5&::3? y'm h‘;}{};m pH ~ pli
0.2510.25 0.761 | 1 025 060| O
0.60}0.60) 0208 027 0.206) 027107571 0.995 | 0.50 0.30 | -0.03
07510676 { 0.04f 0.09] 0000 0010780 1{ 1.03 0.8 0.11 { —0.04
1.00 | 1.02 [-0.02] ~0.02] 4-0.01] ~0.01{0.815| 1.07 |[1.09 | ~0.04 | 4+0.03
1.50 | 1.4 |~0.24} —-0.23 —-0.24/ 0901 | 1.18 | 1.82 | ~0.26 | 4+0.02
2.00 | 2.08(-0.508 -Q.40 —0.45} 1.04 1.37 [ 28] -0.45 0
TABLE §
Values of pH of various combinalione of sodium chloride and hydrochloric acid®
NoRuALITY oF HCI
FER caNt NaCl —
0.25 o0 | o 100 tw | 200
0 0.60 0.27 0.07 -0.01 —0.24 -0.45
5 0.46 0.13 -0.07 —0.135 -~0.38 —0.59
10 0.32 -0.01 —0.21 --0.29 -~0.62 -0.73
15 0.60 -0.15 ~0.35 ~0.43 -(.068 -0.87
20 0.04 -(.29 - ~{.49 -0.57 -{}.80 -1.04
25 -0.10 -0.43 —0.63 ~0.71 -0.9%4 ~1.18
30 —{}.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 —~{.62 ~(.85 -1.05 —-1.13 -1.36 —1.60
45 ~0.66 -0.99 -~1.19 -1.27 -1.50 ~1.74

* Data for 0.25 N hydrochloric acid based on experimental data {rom the relation,
pH = 0.60 — 0.028 X per cent NaCl. Data for other concentrations calculated from
table 5, using the relation pH = b — 0.028 X per cent NaCl.

‘chloric acid caleulated from the activily coefficients given by Randall
and Young (17). Our value for 0.256 N hydrochloric acid is pH = 0.60
as compared to 0.71 caleulated from the activity coefficient, Relative
values of the activity coefficients, 4/, were used to correct our values to the
basis of the data of Randall and Young. Itis evident that the pH values
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calculated from yields of furfural in the presence of the pure acid agree
remarkably well with those caloulsted from the activity cooffielents,

It was noted above that equation 2 applies, within specified limits, to
all combinations of hydrochlario acid and sodium chioride. The assump-
tion seems warranted that the pH of other concentrations of acid decreases
at the same rate as obtained for 0.25 N hydrochloric acid, that is,

pPH = b —~ 0.028 X per cent NaCl (3)

Values 80 calculated are given in table 6.

Graphs were construeted by plotting log f against pH for the 2-, 4-, 6-,
and 8-hour periods. Each curve included all the data for all combing-
tions of hydrochloric acid and sodium chloride for the given period.
From thess graphs the furfural yicld for each pH value was read. The
data =0 obtained are given as fy in table 4. It is evident that, within
experimental accuracy, the yield of furfural from 20 per cent xylose solution
in the presence of hydrochloric acid-sodium chloride combinations is
determined by the pH values of the wide variety of combinations emnployed,

V. BUMMARY

Studies are reported on the production of furfural from strong xylose
solutions using hydrochloric acid-sodium chloride solutions as dehydrating
agents. The xylose—hydrochloric acid-sodium echloride systems were
refluxed, at atmospheric pressure, with toluene. The furfural yield was
determined from the specific gravities of the resulting furfural-tolucne
solutions. The concentrations of hydrochloric acid used were 0.25, 0.50,
0.75, 1.00, 1.60, and 2.00 normal, each in the presence of 0, 5, 10, 15, 20,
25, 30, 35, 40, and 45 per cent godium chloride. The yield of furfural was
twice as great for 4 per cent xylose as for 60 per cent xylose, Detailed
experiments were performed for xylose at 20 per cent concentration for
* which the yield in furfural is about 20 per cent less than for 4 per ceit
xylose.

The yield of furfural is increased about one-third for each 5 per cent ad-
dition of sodium chloride up to a furfural yield of about 22 per cent. From
this point the increase in yield is less. Forall cases, fora given time period,
the yield of furfural is, within reasonable limits, dependent only upon the
pH of the hydrochloric acid-sodium chloride combinations. That i8, the
yield is dependent upon the thermodynamic degree of dissociation of the
acid (the activity coefficient).
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INTRODUCTION

The use of the simple Stokes’ equation in the determination of viscosity
rests upon & number of assumptions. According to Arnold (3) these are:
(a) there is no slip between the medium and the surface of the sphere; (b)
the velocity of fall is small; (¢) the sphere is rigid; (d) the discontinuities
of the medium are small, compared to the size of the sphere; and (e) the
liquid is infinite in extent.

The cylinder containing the liquid is immersed in a constant~temperature
bath and fixed in an accurately vertical position. The sphere is introduced
axially into the liquid by means of a glass tube passing through a stopper
at the top of the cylinder. Ladenburg (8) released the sphere beneath
the surface by means of an electromagnet. The velocity of fall is deter-
mined over the middie third of the liquid column; the timing lines should
extend around the cylinder in order to avoid parallax. The liquid must
be free from gas bubbles and convection currents. Lemin (9) found in
measuring the viscosity of glycerol, that it was necessary to wait ten
minutes between the passage of the spheres in order to obtain consistent
results, The requirement of spheres is casily met by the use of ball-
bearings, which are made in standard sizes with an aceuracy of 0.001 inch.
Ladenburg (8) found the velocity of fall of spheres with corroded surfaces
to be identical with that for spheres with polished surfaces. Lemin (9)
stated that with very small spheres the slippage must be taken into account,
but that this factor i3 not significant with sphere sizes employed in the
laboratory viscometer. Gibson and Jacobs (7), Poynting and Thom-
son (11), and Allen (1) have emphasized the fact that there is a lower limit
to the viscosity which can be measured with the falling sphere viscometer
and an upper limit of the size of the sphere which can be employed using
the simple Stokes’ equation.

! This work was supported in part by a grant from the Industrial Science Re-
search funds of the Towa Btate College for the study of the granulation of honeys.
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The simple Stokes’ law may be formulated as

g = 2(d, -;vd!) gr (1)

in which v = velocity of fall, dy = density of sphere, d; = density of the me-
dium, n = absolute viseosity of the medium, r = radius of the sphere, and

g = the gravity constant.

It is evident that the extent of the liquid and the height of the column
of liguid are factors in the rate of fall of the sphere.  Ladenburg (8) applied
two linear equations to the simple Stokes’ law to correct for variations in

the extent of the liquid and for the height of the liquid column, His cor
rection for the “wall effect” is

o(l + 2.4r/R) = v, (2

in which v is the observed velocity, v, the velocity in infinite medium, »
the radiug of the sphere, and B the inside radius of the cylinder. The
above relation has been verified, within limits, by Gibson and Jacobs (7),
Lemin (9), and others. Lemin found the relation to hold for values of »/R

up fo 0.08.
The correction for the “end effect’ is

v(l 4 3.3r/h) = v, 3)

in which % is the height of the column of liquid.
Sheppard (13) derived an empirical equation in an endeavor to extend

the wall correction to wider ranges of r/E. His relation is

¢
T.-:*.Tg-{-m (4)

in which T is the observed time of fall, T, the time of fall in infinite medium,
and C a constant. With reference to the above equation Gibson and
Jacobs (7) state, ‘‘Although the expression may fit the author’s date when
sujtable constants are chosen, this does not prove that the value of T,

is the correet one.”
Equation 4 may be written,

log (T~ T,) = ~2log(B/r — 1) 4 log C (5

The above equation was applied graphically to the data of Lemin (3)
(see table 2) for the viscosity of glycerol. The value of T', so obtained
gave a viscosity of 20,5 poises. This is higher than the three lowest values
given by Lemin and 2 poises higher than the value using Ladenburg's

correction.
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Gibson and Jacobs (7) suggested that the viscometer should be cali-
brated by using a liquid of known viscosity; they employ the relation,

m_ (d ~ )T,
w = = T, (©)

In regard to the above equation Bingham (4) states: ‘“Workers have
felt dependent upon calibrating liquids, and since there is a dearth of
calibrating liquids of high viscosity, liquids are often chosen in which the
velocity of fall is too great for strict application of 8tokes’ law and a cor-
rection has to be made.”

The work here was undertaken during the course of studies on various
properties of honeys as correlated with their tendency to granulate (6).
Chataway (5) found the water content of honeys to be correlated with
viscosity as determined by the falling sphere viscometer and gives tables
for this purpose. The value of 7/R for his viscometer was 0,317, which
involves a large correction factor. He points out in a second communica-
tion that his tables apply only for a viseometer of the same dimensions
a8 cmployed by him.

The determination of the viscosity of honeys is complicated by the
fact that some samples have been shown to exhibit an anomalous behavior,
For example, deBoer and Kniphorst (2) found the viscosity of heather
honey to be decreased by stirring, with subsequent increase in viscosity on
standing. They describe the phenomenon as an example of thixotropy.
Paine, Gertler, and Lothrop (10) noted that certain honeys show a slight
deerease in viscosity with increase instress. Scott Blair (12) made detailed
studies of the thixotropy of heather honey under shearing in beth its
undisturbed (“‘gel”) and stirred (“sol”) forms. In both cases, the vis-
cosity increased at low stresses, but in neither case was there found any
sharp eclastic limit (yield value). The sol form showed (considering its
high viscosity) only a very small deviation from truly fluid behavior.”
He describes a viscometric test to characterize honeys having thixotropic
properties.

EXPERIMENTAL

In tables 1 to 6 are given data for the viscosities of various liquids with
various values of r/E and k. The data for castor oil, glycero), and a sys-
tem of colophony-turpentine are adapted from the literature, while those
for a system of colophony-turpentine and for two honeys were determined
in thesc laboratorics. It was found that, within limits, the determined
vigeosity is an exponential function of »/R such that,

log (n, ~ b) = mr/R + log (1, — b) (7
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TABLE 1
Viscostity of castor oil at 20°C.

Caleulated from data of Qibson and Jacobs (7). A = 25.5; r = 0.07%4
Fid /R L v, Yo 1y
2.2710 0.0350 10.66 10.55 9.91 8.73
1.750 0.045¢ 10.84 10.78 9.89 9.67
1.050 0.07506 11.51 11.39 p.856 9.64
1.000 0.07%4 11.88 11.76 10.08 9.88
0.570 0.1385 13.36 13.21 89.79 9.80
0.426 0.1870 15.43 15.27 9.80 10.54

*+ In this and the following tables r = radius of sphere, & = inside radius of ecylin-
der, »; = viscosity calculated by simple Stokes' law, 5, = viseosity corrected for end
effect by Ladenburg equation 8, ney = viscosity for infinite liquid caleulated by equa.
tion 11, nz, = viscogity for infinite liquid caleulated by Ladenburg equation 2.

TABLE 2
Viscosily of glycersl at 18°C.
From data of Lemin (9). 4= 30.0;r = 0.0764

R r/R L "' e "
4.84 0.0184 16.0 18.8 18.3 18.1
2.90 0.0274 20.3 20.1 19.2 18.9
2.36 0.0338 20.2 20.0 18.9 18.5
1.70 0.0467 20.6 20.4 18.8 18.4
1.43 0.05657 21.1 20.9 18.9 18.6
1.30 0.0610 21.3 21.1 18.9 18.4
0.860 0.0923 22.7 2.6 18.8 18.4
0.435 0.1825 20.8 20.5 19.4 20.5
0.280 0.2835 37.3 87.0 17.3 22.0

TABLE 3
Viscosily of colophony-turpenline
From data of Ladenburg (8)

r/R rih g "' Mo ",
0.0107 0.00312 1306 1382 1357 1347
0.0141 0.00414 1415 1396 1363 1348
0.0189 0.00312 1424 1409 1364 1349
0.0213 0.00625 1438 1406 1358 1338
0.0249 0.00414 1447 1427 1367 1344
0.0283 0.00826 1458 1417 1348 1328
0.0340 0.00312 1490 1475 1389 1362
0.0376 0.00825 1491 1461 1394 1340
0.0460 0.00414 15156 1494 1368 1349
0.0800 0.00826 1516 1475 1847 1318
0.0880 0.00825 1600 1568 1378 1346
0.0801 0.00826 1681 1636 1379 1348
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TABLE 4

Viacosity of colophony-turpentine at 25°C.

R r /R A 7y o | e "
2.15 0.1587 | 0.074 33 5.3 74.1 64.3 62.9
2.16 0.2381 0.111 a3 84.0 82.4 65.7 5.1
2.15 0.3170 | 0.147 33 95.9 2.9 67.5 BR.7
2.15 0.3070 0.185 33 102.9 98.9 64.4 68.5
0.55 0.1181 0.215 22 116.7 113.7 67.5 75.0
2.16 0.5000 | 0.232 33 121.7 115.9 85.0 4.4
0.56 0.1587 | 0.288 22 150.5 147.0 67.6 86.9
2.15 0.6350 | 0.295 33 150.9 141.9 63.6 83.1
0.56 0.2381 0.433 22 214.7 265.2 66.0 130.6
0.bb 0.8170 0.576 22 645 .6 616.3 77.8 258.7

TABLE 5
Viscosily of holly honey at 26°C.

R r r/R & Nr 1, Yoy "L
2.15 0.1181 | 0.085 33 238.1 235.3 212.6 207.8
2.15 0.1587 0.074 33 29.1 245.2 212.1 208.2
2.16 0.2381 0.111 33 265.1 238.9 206.4 204 .4
2.15 0.3170 | 0.147 33 285.5 276.7 201.1 204.5
2.15 0.3970 0.185 33 306.0 294.3 191.8 203.8
2.16 0.5000 0.232 33 367 .2 349.7 196.4 224 8
2.15 0.8350 0.295 33 451 .2 424 .2 190.1 248 .4

TABLE 6

Viscosily of sourwood honey at 26°C,

R r /R A " ny L /7
2.15 0.1181 0.055 33 3.7 727 65.7 64.3
2.15 0.1587 0.074 33 76.8 1.6 65.5 64.1
1.25 0.1181 0.095 30 9.2 8.2 64.8 83.7
2.15 0.23%80 | 0.111 33 85.2 8.2 66.3 65.7
1.25 0.1687 | 0.127 30 89.0 874 66.9 86.9
2.15 0.3170 0.147 33 95.1 92.2 67.0 68.1
2.15 0.3970 | 0.186 33 104.3 100.2 65.3 69.4
1.25 0.2381 ¢.191 30 107.0 104.2 66.8 7.6
2.15 0.5000 | 0.232 33 121.3 116.6 65.4 4.9
1.26 0.3170 | 0.254 30 128.7 122.4 64.4 16.0
2.16 0.8350 | 0.205 33 150.1 141.2 63.3 82.6
1.25 0.3070 | 0.318 30 158.2 148.7 61.3 8.0
1.25 0.5000 | 0.400 30 216.0 204.8 59.6 104.5
1.25 0.635 0.508 30 372.1 347.8 61.3 156.8
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in which », is the determined viscosity, ,, the viscosity in liquid of infinite

extent, and b is a constant.
Equation 7 may be written as,

M= b e (8)

O 1
=3

Ny —

While there was some variation in the value of m, the average value was
2.4, which is identical with the factor in the Ladenburg equation (equa~

tion 3) for correction for the wall effect.
It was also found that b is proportional to »,, or,

b = 0.700n, (9)

Substituting in equation 8

Ne — O'Zjn ~ [(y2.4r/R
N — 0-7’7:: =D (10)
and,
Ei = 0.3 X 10%® 4 0,7 (11)

A table of values of 0.3 X 10%47® ag s function of r/R permitted the
calculation of g, for the data in tables 1 to 6. Somewhat more con-
cordant results were obtained by making & correction for end effect, using
equation 3 (Ladenburg’s). These values are given as »,”. Values are
also given for »,, as caleulsted by equation 11 and by means of Ladenburg's
equation {equation 2) for correction for the wall effect. It is at once evi-
dent that while the Ladenburg equation is valid up to a value of r/R of
about 0.100, equation 11 gives concordant results up to a value of #/E of
about 0.500. Through the range of validity of Ladenburg’s equation, the
two methods of calculation agree within reasonable limits. It should also
be noted that the values for 5, for the honeys, as calculated by means of
equation 11, show some tendency to decrease with increase inr/R. This
drift is in harmony with the thixotropie properties of honeys as previously

cliscussed.
SUMMARY

An equation has been derived by means of which the wall correction for
the falling sphere viscometer can be made for values of r/R up to

about 0,500,
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INTRODUCTION

‘The uso of the polyhydrie aleohols in the titration of borie acid with alka-
lies is & well-established analytical procedure. 'The inerease of the dissocia-
tion constant of the acid in the presence of various polyhydrie aleohols
and phenols was studied extensively by Boescken (1). The subject was
studied further and comprehensively reviewed by Mellon and Norris (2).
The authors became interested in the fate of certain sugar aleohols and their
anhydrides in the animal body (8, 4) and in bacterial culture media (5).
The differences in effect were 30 striking that a comparison of the influ-
ences of these substances on the titration curves of boric acid suggested
itself. Previously van Romburgh and van der Burg (8) have messured
the difference between the electrical conductivity of borie acid in mannitol,
mannitan, and isomannide solutions.

MATERIALS

The mannitol used in this inves