
A. 
B. 

c, 

(iii) Group VIII 
(iv) Group Xb 



258 Y. MARCUS 

suitable. The ~ansition metals include those which form “SOW ions”, and although 
for them tbe methods discussed here do not yield exclusive information, they have 
provided much useful information on the species formed. 

(i) Group Vlb and the hexaoaknt actirzides 

Chromium(Il1) does not form strong chloride complexes =in aqueous solu- 
tions, and anionic chloro complexes are apparently not formed at all. This is 
possibly due to the strong binding of water in the aquo-ion, and the inability to 
assume tetrahedral coordination, as do iron(III) and gallium(IIf), of comparable 
ionic radius. The non-formation of anionic complexes is seen in the non-sorption 
on anion exchangers from hydrochloric acid of any concentration”-6, even nat 
from ethanolic acid’, nor is it extracted by the secondary amine Amberlite LA-l 
hydro~hIoride~. It shows very low ~st~bution c~fficien~ when extracted by 
methyldi~tylammonium chloride, 8% in trichiorethyleneg (D = 0.02 in dilute 

HCl, D - 0.09, in 10 N HCI), and it is doubtful whether extraction as an anionic 
chlorocomplex occurs. 

Chromate ion is, of course, a stable anion, aed CrV’ dots not form chloro- 
complexes in aqueous solutions, It is extracted welt from difute HCI solutions 
with tertiary amine hydr~lorid~~ c, and sorbed on anion exchan 
HCI concentrations it is reduced. 

MoIybdenum(VI), on the other hand, does form chlorocomplexcs, and the 
extractability of MO”‘ from HCl above co. 6 M by ether is well known. As molyb- 
date solutions containi he anion MaOe2- are ~~duaffy acidified with HCI, 

polymeric auions are firs rmcd, which are partly proto~t~ as the pH decrease% 
so that the average negative charge per MO” atom decreases until it reaches zero 
at the isoelectric point, about pH = 1.1. At sufficiently high MO”’ concentration, 
hydrated MOO, precipitates at this PH. Above this pH, MO”’ migrates to the 
anode, below it to the cathode, while below pH = 0.7 (i.e. above ca, 0.2 M HCl) 
the moly~~um is to a large part present’ i-i3 as MOO,“. At still higher HCl 
concentrations, chlorocomplexesi3 start to form, as observed by the renewed 
anodicmigrationof Mov‘above 2 MHCI, and from spectropl~otometricstudies*2D1 ‘. 
At this stage, sign&ant extraction with oxygenated solvents starts, and d log 
O/d log cm-i for anion exchangee’6g”8 or amine extractioni4*’ ’ changes its si 
from negative to positive (Fig. 1). 

Extraction with neutral ~~~~~ (ethers and ketones1g-21, TBPz4, adi- 
ponitrile” and other solventsz3), has been studied by a number of authors, the 
most thorough investigation being that of Diamond20*21. In some cases it was 
found that the ratio H” : MO ‘I Cl’ in the extracted species is 1: 1: 3 (e.g. for adi- : 
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with log K* = 2.45, log /F--2* = 1.3 and logj3’,* =a -2.69 bein ~ ._I_ 
equilibrium constants for the reactions MoO,Cla s MoO,Cla, MoO,Cl, S 
MOO,= +2 Cl-’ and MoO,Cl,fCl- + MoO,CI,-, and A = 0 for Dowex-I, 

A = 0.20 for Dowex-2, A = 0.40 for Am~rlite I and A = 0. for the Hya- 
mine extractant. The constants /?‘_ a* and j?‘r* also account well for the spectro- 
photometric data, which yield at and a3r7. The presence of anionie -hlorocom- 
plexes in the aqueous phase above 6 N WC1 is confirmed by electramigration 
results’3. In the regian where the cationic species are important 2-4 M HCI, the 
data scatter #~iderably and there are doubts about the mon 
species” ‘**i, so that the reaction MOO,‘” +2 Cl- + MoO,Cl, 
is only tentative. 

There arc very few data for WV’ in the literature. The anion exchange 
behavior resemblesz5 that of MO”‘, including a ratio of 8 betw 
and X-l nss. Below 6 M HCl WV” is proba hy~o1~~ and poly- 
meric? ‘, above 6 M MCI there are only three , so that a q~nti~tiv~ 
evaluatiou is impossible. The points are consistent with WO,Cl, in the resin and 
WO,Cl, along with WOaC13- in the aqueous phase, but many other combinations 
of species arc of course as good. 

The hexavalent actinides, U and Pu”‘, have been s~died rather 
extensively by means of ionexch [vent ~x~~ction torque. The ca- 
tionic species MOL2*, stable in dilute acid solutions, are well established from 
other (e.g. spectroscopic) studies. In dilute HCl solutions they are known to com- 
plcx with ehloridc ions to give MOaCl’ and possibly also M02Clz, as obtained 
also from distributionz6 and cation exchange*’ stu 
on anion exchanges from HCI solutions above a 
t~ct~int~a~nchydr~~o~desolutio~10*3z-34~and 
but are only little extracted into diluted TBP 34040. The spectra of these ions sorbed 
on anion exchangcrs3’o4” or extracted into aminc3’ or TBP3“ solutions have been 
measured and some information on the species n these phases is thus 
available. The spectrum of Uv’ on an Xl0 resi bles somewhat that in 
~n~ntrated LiCl solutions 41 but diiers from t , vt on a X4 re.sinJL ab- 
sorbed from either WC1 or LiCl solutions, which is to that of tertiary amine 
hydrochloride extracts”*“, and to a solid” (C H,O(H,O),(UO2Cl.&. 
These, in turn, differ from the spectra of U0,CI.+2” in solids or solutions3’, or 
of U”’ extracted into TBP solutions, or in TBP containing additional dry HC13P, 

n ident~~42 with U03C13-. The st~ctu~ and the bonding of the 
compound prepared by Ryan , a spectrum resembling that of X4 resin 
and amine hydrochloride extr not been established but Ryan proposed 
the hydrogen bonded structure [UO,Cl, - H,O(H - Cl,U02]3-. This spociea 
is possibly too bulky to be absorbed on the mo y crosslinked resin which 
xcounts for the Werent spectra. The s on the resins r mbles also 
the s a of UOIClz and UO,C&-, possibly ~ydro~n bonded, so’ that the 
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presence of the te~c~o~de s ‘es in the resin is by no means ~b~sb~. It does 
not agree with loading results, or with sorption from slightly acid concentrated 
LiCl solutions, which yields a resin (X4) spurn similar to that of the s 
sorbed from HCI. 

Tumi o the d~t~bu~~n m u~rnen~, it can 
is good agr ent between vario thors’ results for 
change and extraction with undiluted TBP, tbe cmves 

n (Fig. 2) that there 
for both anion ex- 
displaced para.UelIy 

2. Disiribution data Empty symbois: anion exch fiited symbols: 
extraction. 0 ref. 25 *d ref. 29 (D,), and 0 ref. 14 og Ku* = 1.19; 

a ref. 30 log Ku* = 1.09; 35. andV ref. 39 lop; A&* == 1.69;mref. 36 and 4 reC 
38 log Ku* = 1.45; - calculated from eq. 2 with Ku* values stated. 

for different resin preparation or (low) ~n~ntr~~on~ of Uv*. The species in 
TBP having been identified3” as ~CEIa0),,2TBP)]*U0,CIJe (The species 
[H(H,O), - 3TBP]+ UO&&- has also been proposed3B)S the data could be fitted 
with the equation 

log D - log E=*+1 d-Iog~-Z*‘u~Z+~_~*‘a~‘+li-~~*‘a) (2) 

with the effective stability constants log p-%*’ = 0.7, log p-r*’ = 1.0, log J?r*’ = 
- 1.7, (or log ki* = 0.3, Iog kz* = - 1.0, log ks* = - l-7), and the ~~bution 
parameter log K* = 1.69 for data at tracer Uv’ concentrations35~37, and log K* = 
$45 at hi r ~n~~~~tio~ (0.02-0.09 M)36--3g. The variable d is the coucentra- 

Ccwrdln. C%cm. Rev., 2 (1967) 237-297 
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Manganese(U) shows the curious behavior of D increasing first when a little water 
is added to anhydrous ethanolic HCI, and then decreasing strongly when more water 
is added’. Most elements show an immediate decrease. Distribution coefficients 
of a few thousands arc exhibited in 95 ok ethanol or isopropanol 0.1-0.3 M in 
HCIS. Smaller D values arc observed in methanol, or at lower alcohol concen- 
trations. 

(iii) Group VIII 

One of the earliest (1892) applications of the solvent extraction technique 
to inorganic complexes was the extraction of Fe”’ with ether from HCI solu- 
tionss5. Similariy, the usefulness of anion exchangers for the removal of metal 
complexes from concentrated electrolyte solutions was demonstrated for Fe”’ and 
HCl in the earliest days of the development of stable strongly basic anion ex- 
changcrs56. The Fc’u-chloride complex system has been studied very thoroughly 
since then. The extraction of Fe”’ with various oxygenated solvents (ethers, keto- 
nes, etc.) has been summarized by Diamond and Tuck5’, and their conclusions 
concerning the species present in the different phases and the effects of several 
concentration variables on the distribution are quite acceptable 

Solutions of anhydrous Fe “’ chloride in anhydrous solvents (such as ethers, 
ketones, etc.) have been shown spectrophotometrically to contain only iron tri- 
chloride molecules, solvated with one solvent molecule58~5g, FeCIJ*S. When anhy- 
drous HCI is added, disolvated tetrachloroferric acid forms, HFeC14 - 2S, which 
has a low solubility in the solvent ” The appearance of isosbestic points in the . 
spectrum show that only two species arc present. Equilibrium constants wcrc cal- 
culatcd for the reaction FcCI,+HCI P HFeC14 in a number of solvents’*. 

When water is added gradually to a suspension of solvated tetrachloroferric 

acid in the solvent, the solid dissolves, and complete dissolution is attained when 
3-5 moles water per mole Fe”’ are addcd5’v6’. The spectrum of this solution is 
identical to that of Fe”’ extracted by the same solvent from HCI solutions and 
these spectra have been studied by several autbors6’-6s_ They were found in every 
case to be similar to the spectrum of solid tetrachloroferrates, or to solutions of 
the potassium or ammonium salts in ethers 66. Furthermore, an infrared study 
showed the C=O band shifts for the solvent in Fe”’ extracts to be the same as in 
HCI extracts with no other shifts, for a large number of solvents, and observed 
no shift in anhydrous KFeC& solutions6’. Finally, a Raman spectroscopic study 
showed the ether extracted iron to be bound tetrahedrally to four chlorine atoms”‘. 
All this proves that the extracted species7’-74 is H(xH20, yS)+FeC14-, contrary 
to earlier beliefs that FeC13 (or Fe,C16)68, HIFeCl, and H,FeCl,“’ or H(xH,O)‘- 
FeC14S2-70 are the extracted species. 

The dissociation of the ion pair H(xH,O, yS)‘FcCl,- and its association 
to higher aggregates obviously depends on the dielectric constant of the solvent, 
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saturateds7~7J-83 with water and HCl. This problem is strongly connected with 
the dependence of D on the Fe”’ concentration. In solvents of low dielectric con- 
stant, association to ion triplets and higher ag occurs’ s ‘, and therefore 
an increase oi cr, will increase D. In solvents vely high dielectric constant 
(e > lo), ionic dissociation occurs, as shown by the conductivity of the organic 
phase, and the anodic migration7g*8’*82 of Fe”‘. 

In addition to the oxygenated solvents, such as ethers, ketones, ‘carbinol, 
etc., many otber types of solvents have been used to extract Fe”’ from aqueous 
HCl solutions. The extraction into inert solvents (benzene, Ccl,, C2H2C12, etc.) 
was found t 4. Solvents with donor atoms other than oxygen, such 

as sulfur in or nitrogen in a~~o~i~le~2 show behavior similar 
to oxygenated solving, the donor atoms ass th the hydrogen ion of the 
extracted species. ~tra~on with TBP has imed to be an exception, in 
that the solvent w thought to coordinate y with the Fe”‘, in order to 
assure a coordination number of six 73*74*84. At low I-ICI concentrations a third 
power dependence of B on crBL was observed, and at high cHcI, a second power 
dependence, and this was taken to indicate the formation of FeCl, - 3TBP and 
H(FeC1, l 2TBP). It was however shown that in all cases non-solvated FeCl,- is 
the Fc”’ species, and the TBP associates, like the other solvents, with the hydrogeu 

ions”‘**‘. The change in salvation number, also observed with other solve& 
is due to competition of coextracted HCI, The published data for undiluted 
TBP 36*74*87*88, are unfortunateIy in d ent, so that no useful analysis of 
these data can be made, until a dcpenda t of data is available. 

traction of Fe”’ with amine has recently been studied 
by several author 94*89-g6, and sumacs by ~uyckae~s et al.g*. The spectra 

show54*89*9s that the Pet”’ species is FeCt,-, and not 
olvents discussed previously. This is so under conditions 

where the slope (a log D/8 log ~~,~c’)cn~,c~~ is both one (high cpc)g2*g4 or two 
(tracer Fc “’ ) p**g2. At high Fe”’ conccntratioas saturation experiments”, as weu 

as the slope, indicate the formationg5 of R,NH I,-. At low cFc the second 

power dependence could be interpreted as an iation of this species with 
excess R,NHCl to ve R,NHCl - HNR3+ f with two R3NH+ cations 
hydrogen-bonded t the chloride anion, or as a dipole-dipole association of 
R,NH+Cl- with R3NH+FeC14-. 

As rn~~~o~~d above strong sorption of t on anion exchangers from 
concentrated UC1 derno~~t~ a long tim 056 and several authors have 
studied the dis~bution of Fe”’ and its d ndence On crer ccl and cH47’49*s6*Q7’88, 
giving data with fairly good agreement st~b~ti~n coeff’cients were found to 
independent of cFa up to a loading” as high as X0%, and independent of substi 
tion of LiCl for NC1 at constant u up to 9 M chloride”. Above this concentration 
D was lower in HCl than in LiCl solutions of the same a. In view of a similar 
behavior of the li t absorption properties of the aqueous solutions, the decrease 

Coordin. Chcm. REY., 2 (1967) 257-297 
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in D was interpreted as due to the formation of the non-absorbed ion-pair HFcClo 
in the aqueous phase. The constant log K* = -4.6 has been calculated for the 

reaction FeCI, + H+ +CI- G? HFeCl,+ in the aqueous phase from data of D for 

HCl solutions. Using this constant for mixed LiCI-HCI solutions (using the same 
yi,,c, and a’ as in pure HCI, as an approximation) gave good agreement with the 
data. The distribution results fitted well the expression 

log D = logK’+plog a-log(P’_,*a-‘+B’_,*a-’ 

+1 +~‘~+a+~*c‘,+c,-~*,,~2) 
(3) 

withp = 1 for FeCl,- as the resin species, log /I’_-28 I; 2.1 (for FeCIS a FeCl’+ + 
2Cl_), log /3’-1 * = 1.40 (for F&l, e FcCl,+ + Cl-) and log /PI* = - 1.92 (for 
FeCl,+Cl- at FeCl,-). The value p = 1 was selected in view of the tendency 
of Fe”’ to form Fe&-, and this is confirmed by the reflectance spectrum of Fe”’ 
on the rcsingg. 

Very littlc has been published about the Fe” chloride complex system. This 
ion is removed within the first 10 column volumes when elutcd even with 12 M 
HCl”‘. its D not exceeding 8. The limiting slope of a(log D-p log 6)/a log a at 
high a is +0.3, -0.6 and - 1.5 for p = 0, p = 1 and p = 2, respectively. There is 
no certainty that Fe” is sorbed as an anionic complex at all. There is no informa- 
tion for deciding on the resin species, and too few data for analyzing the D US. u 
CUNC. The secondary amine Amberlitc LA-l hydrochloride was found to extract 
Fc” slightly from concentrated HCI”‘. 

The chloride complexes of cobalt(II) are less stable than those of iron(IiI), 
but the striking color change from the pink, octahedral Co’+ to the blue, tetra- 
hedral cobalt(II) species has led to many studies of this system. 

The stability of the cationic complex species CoCl+ has been studied by a 
cation exchange method by Trtmillon’ Oz. using an ingenious frontal analysis 
method to amplify small differences in the resin affinities of two similar divalent 
cations, such as nickel and calcium or cobalt and nickel. Assuming that cationic 
complexes arc not sorbed by the resin, that calcium does not form chloride com- 
plexes and that only monochloride complexes are formed, the constant log & = 
-0.6 was found for CoCl+ in a 1 N divalent metal medium (chloride and nitrate 
of nickel (or calcium) and cobalt, ionic strength 1.5 M). A more detailed study at 
0.691 M ionic strength, maintained by perchloric acid, and tracer cobalt concentra- 
tions showcd’03 the formation of both CoCl+ and CoC12, using Fronaeus’ method. 
At the concentrations of chloride used (below 0.6 M) there was no evidence for 
the formation of species higher than CoCl,. The formation constants found arc 
rather high (log PI = 0.69, log /Iz = 0.51), and since unreasonably high affinities 
for the resin of CoCI+ were found in this study, the results require being checked. 
Results more in keeping with the known low stability of the cobalt complexes were 
obtained by using cation exchange paperlo (log /,?I = 0.21, log /Iz = - l-O), but 
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for both ~ydro~blo~~ acid and Iithium chloride. As for TBP extra~tian“‘, 
the dis t~i~u~on e~ndent on the cobalt coacentra- 
tion, since gluttons at practi (at the pa&ion of the blue colored 
band on the anion exchan show the same elution constants 
E = (i I, where i is the fractional inte~titial vofume as elutions at tracer 
cobalt ~tions~ i5. Wnfo~u~~t~ly, whikt this early workii4 ~~n~iQs only 

ere D is appreciably la r than zero, subsequent 
**ii’, treat them as-a tinuous curve with ap- 

e more information w subs~quen~y 
and l~~iurn chlori e soIutionss3011~, 

and their mixtures at constant total chloride concentrations”‘. It was found, as 
for other element, and as far TBP extraction, that D in I2 M lithium chloride is 
about a Quadra-fold r than for 12 ~ydro~~~o~c acids3*i16, and at 
stant chioridc comxn on, D falls sm thly with ingrain acidity” i ‘. 
was attributed’ I7 to f~~atioR of - in the aqueous phase, not absorbable 
by th in, but other explanations of the “WC1 effect” are also po~ibie~~~. 

cobalt species in the resin is nerally believed to be tc~ahed~ COC~,~ -. 
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as evidenced by the inte blue co10r~~*rt~. Blue tet~~~~ abase) chloride 
species include ii’ besides CoCi,z-, also COC&(H~O)~ and CoCl,(W,O~-. The 
distribution curve from hydrochloric acid (Fig. 3) was found“s to paratlel the 
optical absorbance curve at 624 rnp, attributed to the species COCI~(H~O)~, but 
this fact cannot throw light on the species in the resin. The reflection spectrum of 
cobalt(H) on the anion exchanger” * shows that CoCl,*- is probably the major 
s es in the resin“9. A ~mpli~tion arises from th arent ability of the 

sorbed from hydrochloric acid to hydr -bond with acid“‘, 
ation has not yet been presented in d he possibility that 

CoCI,W,Q)-, rather than COCI,~-, is the major species in the resin, already 
suggested by Noore and Kraus’ ‘*, is supported by the small crosslinkin 
(a factor of about 1.7 bet n 10% and 4% crosslinked inii6, ch~~cteristic 
more of mo~o~~gative than of dinegative resin species). Lo ng of the resin from 
hydrochloric acid also does not support the species CoCl,*- as the predominant 
cobalt species in the resin ‘*O. More work is ncedcd to settle these points. 

The amine extraction behavior of cobalt(II) follows in general the same lines 
*98*121*122. In th e case of hydr~~ioric acid, part of the 
ailable for the cobalt because of its being found as the 
-. The spectra of the organic solutions corrcspond clo- 

scly 54*‘22 to coci**-, and loading of the amine salt phase‘*‘ also shows that 
Cocl.2 - is the principal cobalt species in the organic phzz. The “hydrogen ion 
e&et”, i.e. the binding of nd by bichloride formatian, is of similar magnitude 
in anion exc~~n extra~ion from hydr~hloric acid. Hence, the pre- 
sumed formatia CI,- in the former and CoC1,2- in the latter case, 
requiring respectively one and two organic phase ligands would mine 
extraction curve to show a more negative slope than the anion e ve at 
high hydrochloric acid concentrations. This is the a y observed behavior 
(Fig. 3). 

Cobalt chloride is SOT on an anion exchange in from n~~aqu~~ 
media both in the presence’ and in the absence of excess chloridc’2S*‘a4. Both a 
strongly basic resin such as Dowex-I 5*123 or Deacidite FFi24, and a weakly basic 
one, such as Deacidite H‘24 may be used with solvents such as alcohols”, ace- 
tone ‘ *‘* ‘ 24 or ~methylform~~de‘2~. In the absence of excess chIoride the metal 
is sorbed as the neutral chl~~de~ CoCl,, and no ions are releared into the solution 
in exchange. The attainable Ioading of the resin under ons1s3 increases 
with water content, reaching about 1.25 tmW cobalt with 22% water 
in acetone. No cobalt is sorbed in a completely anhydrous system123. Again, 
there is no information on the actual species in the resin or in the equilibrium 
solutions. 

Hexamine ~b~t~~ ions are slightIy, though defi~~ly, sorbed on an anion 
exchanger (Dowex-1 x 4) from chloride solutions”‘, showing a maximaI D N 0.5 
at about 5 M lithium or sodium chloride, and for high concentrations of the 

Cowdin. CAcJn, Rev., 2 (1967) 257-297 
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t inc se after a shalio in- 

~~~~ of chloride camp are hardly ~~cl~~v~. 
Nick~~~I), altbou ueous solutions, diced 

from it in concentrated chloride solutions by formi chloride complexes much 

more reluctantly. This is reflected above all by its r sorbability on anion ex- 
changers, and its poor extractability by solvents that extract cobaIt(Il) well. 

The cation ~xcb~n~~ technique of TrtSm nto2 shows nickel to co 
somewhat with cb~~~d~ ions to yield NiCl+, IO = -066 at an ionic st 

cium chloride-nitrite 
at 0.69 A4 

the formation of ~iC~~,*lo = -0.04. The ~irnos~ com- 
ons, and the unr 

ion antic cf NiCI+ 
some doubt on the validity of the conclusions r the species foxed and 
their stability (c$ the case of cobalt(H), above). ues found by chromato- 

graphy on cation exchange pa 
more reasonable. 

Nickel chloride is poorly extracted by most or nit soivents~~‘8~~~. It is 
however, ~xt~~ct~d from its ~n~nt~~t~d us solutions by 

ch, and from this it was c 
that the ~q~~~~ s 

ch a d~~~tc conch& 

the soIuti~~~ far from ideal. 

cients (rn~rn~l 
chloride solutions (abo 13 M), a value D 
nickel to be extracted for its absorption spectrum to be dctcrmined’12. The species 
cxicting in the TM? phase was found to be tetrahedral NiCl.,‘-. No spectral data 
are available on nickel extracted from conc~~tr~t~ nickel chloride so~utio~~~ 

may be NiClz 0 2TBP, in a 
cd to an ~~~r~i~b~~ 

D - 0.01 for ~ickei~i9 in 
chloride solut 
show that Ni 
13 M LiCI. 

NickelQI) is not sorbed on an anion exchan er from hydrochloric or lithium 
chloride soIutions48*“‘*“s. This holds even for y crosslinked resins, con- 
taining 16 or 24% DVB t2’. It is, therefo that anionic compl 
nickel are not forced in aqueous hydra ric acid or lithium 
tio*s” 14,119. u SC of ~~a~o~ic hy~ochl~~c acid 
of nickel(EI)‘, but in 95 @A isopropanoi, 0. 
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from 96 % acetone 0.05-O. 1 M in HCl nickel(I1) is sorbed with D values’ exceeding 
1000. (Note that the figures quoted in various parts of reference 5 are inconsistent). 
Howcvcr, nothing is known zbout the species formed by nickel(H) in the resin 
under these conditions. 

Among the platinum metals, cation exchange has been applied particularly 
to the study of Ru’u and Rh”’ chloride complex species. The cationic species can 
be separated from each other, including the resolution of geometrical (cis-trots) 

isomers, and from the neutral and anionic species130-‘3z. The ruthenium species 
were idcntifIed’30~‘3’ as Ru’+, RuC12+ and cis and frans RuCl,+ by dctcrmining 
the charge per ruthenium atom by accounting for the amount of eluting cation 
required to displace a given amount of ruthenium from the resin, and the charge 
per species from the dependence of the distribution coefficient on concentration. 
Similar methods were used to identify the analogous rhodium species132. Contrary 
to some statements in the litcrature’33, Rh”’ d ocs sorb on a cation exchanger 
from perchloric acid solutions, provided it is in a cationic form, i.e. the solution 
does not contain more than two chloride ions per rhodium ion134. Chromatography 
on a cation exchangei, impregnated paper”’ follows the same behavior as does 
elution from a cation exchange resin column, and a bivalcnt and a monovalent 
cation, RhC12+ and RhC12+, could be identified by elution with 0.145 M 
HCI. 

Paramonovar3’ applied her method of rclativc absorption curves to a study 
of Ru’” species in perchloric-hydrochloric acid mixtures. Relow 0.07 M chloride 

RUDE + was found to predominate, while Ru(OH),CI, is also an important 

spccics. This method, howcvcr, is not rcliablc, and the spccics found need con- 
firmation. 

The platinum metal ions are not extracted well from chloride solutions by 
most solvents. Thus diethyl ether extracts only traces of I%“’ but larger amounts 
of iridium (D - 0.05) (oxidation state unspecified) from 6 M HCI”. More ap- 
preciable distribution coefficients are obtained with TBP and TOP024*1’7*1 38, but 
even with these reagents D hardly exceeds 10. With TBP extractant, n increases 
from low values at 1 M HCI to a flat maximum at 4-9 M HCl for all metals studied, 
inc.casing in the order Rh”‘, Pd”, Ir”’ and Pt’“. The oxidation states of the 
species actually extracted were, however, not checked and it was found that part 
of the iridium in the system was Ir “‘. The species extracted are thought to be 
complex chloro acids (the TBP solvating the hydrogen ions), rather than solvated 
neutral metal complexes, however without any substantiating data. Chloride com- 
plexes of the nitrosyl ruthcnium(III) cation arc also extracted by TBP from hydro- 
chloric acid solutions, the extracted species’3g being probably (HTBP,,aq),+ 
RuNOCl,‘-. Dialkylphosphate dithioic acid extracts palladium(H) very efficiently 
from hydrochloric acid’*’ solutions, even better than it does other elements which 
form acid insoluble sulfides, such as gold(III), copper or mercury. Other thio 
derivatives of phosphorus esters arc expected to behave similarly. 
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data c~~~~ng the: ~~oo havior of the p~~~i~urn 
metal chloride cornp~~~~ is relatively more abun 

The ~~~bu~io~ of Pd” and I%*” was studied at high resin ioadi 
the results for Dowex-1 x 10 at 4-l 2 M HC1(3-28 O/o loading) arc surprisia 
to those obtained at low loadings (4 2 “4 for a difEerent resin, Amberlite IR-400, 

0&.3El? symixds: 
xref. 14; - 

‘42e These latter data extend down to 0.1 M HC1, and cover also 
~“1 I’.‘“’ Ir’V and ruthenium, at an unspecified oxidation state. Data have also 
been ‘preseked” for Kh“‘, Ir”‘, Pd”, Ru’“, Pt’“, Ir”‘, and OS”’ in graphical form, 
unfo~un~t~Iy on a s 
Those for IY’“~ I%‘” a 
for Ir”” oaly up to 0.5 
obtained for 1 the latter show D incr 
hydrochforic ac’ o the ~~~a~or of the other 

d in this range’36. 

the solution, e.g. 
ch r~~~~g two chloride ions into 

IrCie +zi=- ;Ft Ircts2- +2c1- (4) 
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rather than sorbing as a neutral s ies and then reacting with ligands in the resin 
to yield an anionic complex. That this is the with the robust iridium and 
platinum complexes does not imply that all systems behave in this way. Ind 
It”’ readily exchanges its ligands both with those in solution and in the resin, so 
that the kinetic measurements with labelled chloride could not be used to deter- 
mine the sorption reaction. In sodium chloride soiutions it appears’43 that Ir”’ 
is ia the form of I<H,O),Cl 4-, and sorbs as such on the anion cxcba 
very small ~o~lj~~ing effect on the dist~butio~ of this metal certainly 
the sorption of a mononegative species. The distribution coefficients 
relationship: 

log &I‘2 = d - log a (NaCl) (5) 

p~~~ict~ for such a case. The data in hydr~loric acid obey a similar exp 
but they extend to a somewhat hi her range of chloride concentration (or e 
activity), where the species Ir(H,0)C1,2- becomes important14’, and the data 
can be reprcscnted by Fig. 4. 

fog &r* = d-log a(1 Cks*s) (in HC1) (6) 

with the constant ks,* = 2 f 1, which is not too far from k5 = 4.7 dethroned 
at 40-50” in z 3.75 M HC104 medium’45. 

Analysis of the other systems studied skews agreement between the data 
and the expressians (Fig. 4) 

log D, = K,+2 log d-2 log a (7) 

for M = I%‘“, IrlV and, surprisi = OS”‘, signifying the predominance 
of the species PtC1,2-, IrC16’- in both phases. The former two arc 
in agrccmcnt with the chloride ligand exchange data144, and the latter, which 
should perhaps be written as OS(H~O)CI,~-, is in line with the results for Irtut 
where, however, I~~~O)~C~~- predominate. Since no details were given, it is 
not excluded that the osmium was present as OS’“, i.e. the species OsC1,2-‘, more 
in line as regards the order of sorbabititics (i.e. Khl) with Ir’” and Pt’“. 

The data for Pd”, which ht be expected to form PdC142- in both phases 
and, therefore, also conform to . (7), do not do so, but apparently they conform 
to (Fig. 4) 

log f&j” = a’- log a’(1 -+ ks*k,*a2) @I 

instead. Thus the main species in the resin to be PdC16*- while in the 
solution it is PdCl,a’ at low, and PdCte4- hydrochloric acid concentra- 
tions. This result was obtained by combini ta of Kraus and Nelson2*s6 
aed of Berman and ~c~~de~4~, using di values to account for differ- 
ences in resin crosslinking, water content, etc. This makes the analysis of the data 
somewhat uncertain. Still, the su estion that PdC1,4- is stable at high chloride 
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already n made by several autho~146-1~8, and ~l~~ou~h it has 

d for co~~~tra~o~s lower 1 A#, it may be true for the resin 
r~~oric acid ~~~n~ra~~~ ~~~~~* - 0.3.) 

The data for the other platinum metal chloride ~rnpiex~ are either insuf- 
ficient or conflictin tit Rut”) to be amenable to analysis. 

t been applied extensively to the platinum metal 
chloride complexes, although they should be readily extractable, since they occur 
mainly as anionic species. The extraction of Ru’” by 5% TiOA in xylene from 
hydroc~~~~ acid solution has been studied decrease some- 
what with i~cre~in~ avidity (from 4.6 at 0. I 
of Rh”“’ by ZOO/, TiOA in ~y~~net4g is much om 1.3 at 0.1 

WCI), ~onside~n r ext~~tant co~~nt~ti~n. A 1 
ary amine (C , r o 2) and t~amyIa~~e have also 

plied” so. It has not been stated ~vhether the amines were n~utral~ed to ammonium 
chloride salts p~vious to the meta at the ~~~~t~tion levels 
used (e.g. 0.82 N t~amylamin~ in M hydrochloric acid) part 
of the amine could remain free, and act as a stro ractant by direct coordina- 

tion to the platinum metal ions. Thus in the 0.3-3 M HCl Pt”’ shows . 
100, and even Ir’u shows D > 1 below, 2 M HCI. Definite extraction by 
hain a~~yl-ammo d~monstrat~d~ ‘e*t ‘t*t sz 
h&t ammonium 

~h~oro~rnpl~x anions, which have 
as PtCI,‘-, IrCl,J- and RhClG3 , 

secondary amino Am~rlite 2A-2 has n applied in carbon tctrac~~o~de and in 
cycl~hexa~~ solutions to extract c 
chlorate solutions~s3. In the former, it w 
log D, = log Kf2 log wever, for extraction from 
perchlorate solutions, a 31 on &-to, was found, but 
could not be adequately explained by any distribution mechanisms, Trioctylamine 
behaves like Amberlite LA-2 in this system. The spectrum of the extracted species 

~h~~vs it to be PtCIg2- in all the systems, and Ioadin of u~~eutr~~~ed amine by 
excess ~htoroplatini~~ acid shows 0.5 platinum atom 

ta (R~N~)~H~PtCl~ or (R~~~~~)~+~Ci~2-. Qu 
tractan~’ “, as also ~phe~~lpr~pylp~~sphonium ~hlo~d~’ ‘& were found toextract 
Run*, Rhm, Pd”, b-t”, and OS”” well from ~hIo~de solutions into such dilu~uts 
as chloroform, alcohols, ketone, esters, etc. The d~tTibu~on data for the amine 

us systems reported are, however, ins cient for a de ed analysis. 

(iv) Group Ib 

Like the platinum meal ions, co 
plexes with ch~o~de io~s~ thou not 

silver and gold form strong com- 
i.e. key are in rapid 



~~~1 ions of tb 
ia sorption. Ion 

The cation exchan avior of copper(U) in dilute halide solutions has 
at of Co” and Ni” nd the torments given ~bav~ 

od apply also to 

oride complex for ble from these 
sadism” 

The ex~ct~b 
ated ~~~v~n~ such 

,110,112,12~,i 

for u~~i~t~d T ven by auf hors 
mum around 7 

around 0.3 at 11 

as used before for the WC&-TBP syst 
de con~ntrati~~ in the TM? phase can be 

of the ratios 

~~~~ with the s 

that of 8 sohltion coat 0.7 mM CuCt, +0.7 
ies CuCI,” (absor g around 480 rnp, compared with 395 rnp for CUCI,~-. 

species CW!IJ” and CUC~,~- 

fo 
do not require it. 
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P)-, is, however, ina 
proh~~~e, accounti squally well for the pa~ici~tion of three molecuks in 

the species (obtain from the TBP concentration dependence) formulation 
of the sties is comp~tibi~ with ideas on the ext~ction of hydrochio~~ acid by 

~d~n~ study15t yields y = 1 in eq. (IO). 

The dependence of the distribution coefficient on the hydrochloric acid con- 
~ntr~tion indicts [eq. (9)] the p nce of Cu2+ and CuCl 
s~lu~un~, whrle CuCIs- ~~dornin~t~~ in con~nt~t~d WC] solu~o~~_ 
of a of CuCI,“ is incom taboo with the 
data ing to eq. (9). 

extraction of copper(M) by TBP from lithium chloride solutions is 
much better than from hydrochloric cid soiutions, as found for many 
elements, D reachin in 12 M LiCI compared to 4.2 in 
EEL The spectra of the extracts re~~rnb~~ those of extracts fro 
soIut~ons, but mltch r ~~thiurn ch~o~d~ con~ntr~tio~ are 
the spectrum attribute to that due ta CUC],~-, pro 
the lo ability of lithium compared to hyd err chloride into TBP. 

cloudy is ~x~~~~d from its co ntrated solutions by TBP 



is 

oric acid con~nt 
uatern~~ Salts, sue 

exit data on the s~~~~~on of c~~~r~~~ fro 

from sodium or calcium ch~o~jde ~oiuti~us’~~ on 
or MR wa c~u~idcred facilitated by the chloride 1 

r, that this is the 5o~t~o~ 

chi~ric acid~i 

in 6 M LiCt has 
logic acid ~oiution$ h 

oride solut~ou~ on 

rs ~ofa~t L-150 
resia, which can 

ed in ter~~s of the 
e r~~~~ of ~u~i~2 - 

t that the same 
should u~tur~iy 

dif%cult to decide between 

urve in Fig, 5, Since the data are very 
is CUCI,~“, it is 

WC1 concentrations of CUCI,~-, 
a, but i~~~~~tent with the TBP 

“explain” both tbe anion exchan 

on the axiom 



loaded on a column from chlorinated 6 M MCI, and eluted quantitatively by 
~~lori~~ted 0.1 Cl, but is not eluted co~p~~t~~y with plain HCI. 

Some inf tion on the anion exchange behavior of copper(I1) in non- 

aqueous or mixed solutions has been published. Coppcr(II) chioride, like the cobalt 
salt, is sorbed on a weakly basic anion exchanger from acetone or dimethylfor- 
~a~desolutio~s~ a4, probably thr~ushcomplex formation with the resin functional 

The sorption of Cu” from aqueous hydrocilIo~c acid solution 
nd to be much larger than fr aqu~o~ bydrochlo~c ac~ds”~4. The 

~nbancin~ effect at ( 1 M WC1 and ~35 “/, solvent is la 
smaller with ~t~~~o1 or iso~rop~~o~s*~ 64, but at hi 
solvent content an opposite effect of solvent an 50 
serveds. The ~~trihuti~n coefficients ob ncd in 95% isopro~~~ol, 0.01-O. 
PIa, 13 = 79,OOO to 87,ooO, may be corn red with those in aqueous 2-6 M 
B= 2.2 to 22, the latter hein he maximal value. R~ucin~ the isopro~~nol con: 
centration from 95 aA to 90 oA uces D by a factor’ 100. No appreciable 
amount of acid is moored with the co UCI, - 0.010 N IIet 
sol&m in 95% alcohols5, which rules out sorption of species such as WCuClJ 
or HCuCl,--. 

Very little has b n published concernin r solvent extraction 
of copper(T) from chloride solutions. Sulfur gents which have a 
high atTinity for ~e~~~ ~~~~s will extracl cop from hydr~blo~~ acid, where 

thioic acids extract even from 
order” 65 of e~cien~y Pd”, 

with a phosphorus atom is involved 
in the extraction of uppers from aqueous halide soiutions by t~phe~ylP~~s- 
phite’66 B),PCuCI, The distribution curve has a maximum around 
0.1 M HCL Corn n of c~lo~de ~mpIex~n Iy decreases the ~stribu- 
tion coefficients her concentrations. A tion of a tertia 

t~~i~~ amine salt (Bu~~~~l) in rn~~hylen~ cbioride is 
copper(I) from halide solutions t 67. CXhcr ~on~~hai~ ~rnm~~urn 

nts are exacted to extract cop I) from hydr~chlo~c acid sulu- 
not been demoustr~ted yet, in au&o with its anion 

This has beea studied and reported very efiy 0 , the 
from about 10 at HCl 

to about 2at 12MHC d for metal ions forming stable anionic 
which is ~ellk~o~ from other 

methods of stud loric acid solu- 
tions into di 
solvent. Raman s er extracts shows 
the form of the incur CuCI,- species. 
ion exchange and solvent extraction tee tud~n~ the copper(I) chloride 
compIexes. 



The tow stubby of silver chloride in water, or even in ~hlo~d~ &utio 
) forms ~fU~l~X oride axiom, has pro 

ge and solvent raction methods, alt 
for the study of tracer coacen ions. Distribution 

exchanger and chloride solutions arc expected to be extremely low, both 
e of an intrinsic r~l~~v~ly low affl~ity of silver towers the resin, compared 

use of its conversion to a neutral or to anionic 

specks. Being a “soft” cation”, i.e. hi My polarizable, silver(I) is not strongly 
solvated by solvents h en as donor atom. On the other hand, 
it does not form a mon -, since it is readiIy 
further ~rn~lex~, and form. Hence its low 

nated solvents. 
to ~rd~t~ 

strongly to silver an 
phosphorothioic a -dithioic acid extract silver efficiently 
tiox1s165.*6g, and t t~octyit~ophosphate showa D < 10’ 3 

ese extraction systems have, 

~o~urn chloride in Longer chain 
were used for more det~f~ stu~~*4~g16~~17*. 

tion ~~ci~ot was 
methyl dioc~i~mmonium chloride in t~c~oro~thylene”’ Amberlite 

lenc’60 or triisooctylammonium chloride in xylene’4g. Distribution 

for other systems) 
an in hydr~hlo~c 

co~~ntration in 
in the ~qu~o~ p as due to the ~x~~~ion of the silver 

vior of snivel) tracer in chloride solutions was 

dist~bution coefficients dec 

r than from hydroc~o~c acid solutions, (an efkct comparable with th 

silver ion concentration over a range of about 100, the decrease in D with in- 
ing hy~~~o~c acid con nt~tion above cr?. 0.X M WC1 bein 
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the distribution curve having a maximum at 0.12 M HCl. The.d&a were found”’ 
to conform to the expression 

log D = 4.78 +p log n-iog (1+ 10=a + 103.=az+ 1029z3) (12) 

with p = 2, signifying the sorption of AgCla’- in the resin, in analogy with the 
species in amine extracts discussed above. The power series in a shows the suc- 
cessive formation of A&l, AgCl,-, AgCls2- and AgClb3- at increasing hydro- 
chloric acid concentrations, the last mentioned species being formed only at very 
high concentrations. Thus AgCla2- is the major species in solution, over a wide 
concentration range, as it is in the resin. 

Gold(m) has been known to be extractable from chloride solutions for a 
long time173. It hydrolyzes and precipitates unless strongly complexed by chloride, 
hence no attempts were made to sorb it on cation exchangers in a cationic form, 
nor to extract it with acidic extractants. However, from concentrated lithium 
chloride or hydrochloric acid solutions gold(III) sorbs strongly on a polystyrene 
sulfonate cation exchanger’ 74, although certainly not as the cation Au3+. The 
gold@) species in the cation exchanger is probably ion-paired Li+AuCl, and 
H+_4uC14 respectively, but there is as yet no good explanation for this enhanced 
sorption. 

The extraction of gold(IlI) was first studied in detail by Mylius and Hutt- 
ner’ 73, who studied the distribution of chloroauric acid between diethyl ether and 
hydrochloric acid. They confirmed the formula HAuCl, for the species in the 
organic phase. It was also found that the distribution coefficients increase with 
increasing gold concentrations. Later, Poskanzer and coworkers175g176 studied 
the similar system with bisdichlorodiethyl ether as solvent and other ethers’77, 
esters17’, and alcohols82~“8 were also used to extract both tracer and macro 
amounts of gold(III) from hydrochloric acid. 

It was found that the variation of D with gold and hydrochloric acid con- 
centrations depends strongly on whether the solvent has a low dielectric constant, 
e.g. diethyl ether, promoting association to ion multiplets at higher concentrations, 
or a relatively high dielectric constant, e.g. bisdichloroethyl ether, promoting ionic 
dissociation. Dissociation was proved by electromigration experimentsa with 
diisopropyl carbinol in suitable diluents. It was found that gold is slightly extract- 
able into aromatic solvents themselves, without an oxygenated extractant (ben- 
zene”, log D = -2.0, xylenel”, log D = -2.7) this might involve some inter- 
action of the gold with the rr-electron systems of these solvents. In any case, 
extractionby oxygenated extractants(diisopropy1 carbino182,TBP1 7 g.l *O TOPO1 13 O, 
polyethyleneglycol’ ‘r) is much higher than by the diluents themselves, and the 
extractant concentration dependence may be used to determine the salvation of 
the proton in the extracted species (HS,(H20),,)+AuC14-. For TBP it was 
found17gn180 that x = 3, while y varies from one to four. A similar species was 
found for TOPO, although hydration is less than with TBP. The association of 



hydrogen and chlaroaurate ions, found in low dielectric constant solvents, was 
also assumed to occur in aqueous solutions at high acidities, to explain the acid 
dependence. Usin fistic assumptions, concerni species and activity 

very acclrrate data, the value fog Ku = K(H + + At&If,- 
HAuCI,) = -0.4 f 0.4 was determined by ether extract rS2 from O-1-2.5 M 
HCI. A value of lo = 0.04 was obtained from sofubifity measurements af 
(CH&NAuCf, in MCI-LiCf mfxtures, 10 M in chloride with cHc, varying’83 
between 0.01 and 1.8 M. In an organic solvent the constant is of course much 

2.42 for b~dichlor~th~iether (water ~turated)i 83, 3.4 in 
dfisopropyf ~rb~~~f-U-dichfor~~~2ene mixtur~~~ etc. 

The anion exchange behavior of gold(W) has been studied by Kraus’*53*‘B4* 
rsJ, and by Marcus’86 in hydrochloric acid, lithium chloride and mixed solutions. 
The data for hydrochloric acid can be reproduced by the equation 

fog D = 54o+fog ~-fo~(~~~o-~**~~) (13) 

where the invasion correction is applied for a monovalent anion in the resin, 
AuCf,-, and IO-“*’ is the constant for the reaction AuCf, -t- H” + Cl- it HAuCf,, 
since a2 = cH+ ccl-y’* ,,,-,_ The dat& for lithium chloride agree with equation (I 3) 
up to about 3 1M chloride, above which concentration those of Marcus’a6 con- 
tinue to obey this reiation on~itti~ the term in Q’, but those of Kraus’85 deviate 
strongly upward. ‘lR%is strong devi h sarption finds its counterpart in 
the high sorption on cation exchange resins (CA above). Th results for mixed 
litfkm chloride-hydrochloric acid solutions of constant m lafity (10 m) were 

to H+AuCf,- in the aqueous phase. with 
compared with the lower values quoted afire, 

ata are consistent with the species AuCfo- 
sorbed in the resin and predominant in dilute aqueous solutions, while some 
H”AuCt,- ion-pairs arc found in concentrated acid solutions. 

Little work was done on the amine extraction of gofd(fIT), probably because 
of the easy r~ucibi~ty of ~~fd(I~I~ by the amine sait or impurities in the amine 

fd(lI1) was fau~d18’ to be extracted as AuCf.,- both by t~rti~~ 
pyf or tributylamine) salts, or by quaternary ammonium (e.g. 

tetrabutylammonium or hexadecyftrimethyf ammonium) chlorides, as also by other 
extractants involving large cations, such as triphenylpropylphosphonium’“4 ar 

tetr~phenyfarsonium . Is8 The tet~c~foroaurat~ anion is suffkientfy stabfc so as to 

fiction as a Ia simple anion in such studi 
No application of ion exchaage or soIvent extraction methods to the study 

of gold(I) chloride complexes seems to have been made. 

(v) Group Ilb 

Zinc, like the other bivaf~~t first-row transition me 1 ions, forms rather 
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weak chloride complexes, although somewhat stronger than those of e.g. cobalt 
or copper. At moderately high chloride concentrations, anionic species are formed 
in aqueous solutions. These have been studied extensively by ion exchan 
solvent extraction methods. In fact, since the zinc ions are coIourIess, and a con- 
venient radioactive tracer exists, these methods are of advantage, p~cuI~ly at 
the higher ligand ~Qn~ntrations. 

Cation excha has been applied” a9 in a 0.69 M ~r~o~~hydroc~o~~ 
acid medium, and mation of the four cursive complexes ZnCI’, ZnClz, 
ZnCl,- and ZnCl,‘- has been found, usi Fronaeus’ method. As mentioned 
earlier, the constants found (log /Ii = 0 z = 0.49, log/J, = -0.19, 

log 84 = 0.18) are too high, because of changing a high fraction of the medium 
ions, and a too high apparent sorption of ZnCl’ cations on the resin. There are 
no detailed corroborative studies, using either cation exchange or extraction with 
cation-exchang (i.e. acidic) extractants. An indirect extraction method using 
the extraction zinc thiocyanate by hexone has, however, been applied to a 
study of zinc chloride complexes in a I ~sodium ~hlo~id~~rchlor~te rn~iu~~‘~~. 

values of the stability c~n~t~n~ could be obtained, ~o~v~v~r, 
= 0.3), because of the limited range of &and ~n~~ltr~~o~. 
ctaats on the other hand, have been applied directly to zinc 

chloride extraction in a number of studies. Thus tracer zinc(U) was found to be 
coextracted with macro-quantities of iron(II1) or gallium(III) from 6-7 M HCI 
into ether” “, althou h it shows negligible extractability by cthcr from 6 M I-ICI 

(D - ’ 9. Irving and Edgington 36 have studied the extraction 
of tracer zinc from hydrochloric acid with TBP while others have used tributoxy- 
et hyf phosphat and dialkyfdithioic acidlps, which are similar reagents. The 
results are not s ently detailed for drawin conrlusions concerning the s 
formed. Detailed have been made by Morris, Sho~andcoworker~~2~~~4, 
using TBP and s of zinc, both at trace and at macro ~n~ntrati~ns in 

hydr~hlo~~ acid, lit~~rn, sodium and c&urn chloride solutions, The 
found in the TBP phase depends on the con~~tr~tion of coextracted bulk 
When this is low, TBP solvates the metal ion directly, and the species formed is 
ZnCl, - 2TBP, with the Cl-Zn-CI axis linear (and hence the tctracoordinat 
complex square planar), as revealed by a Raman-spectroscopic study‘94. At hi 
concentrations of coextracted bulk chloride, e.g. hydrochloric acid, the species 
(H - 2TBP)CZnC1, - TBP which is also probably planar, is formed as an inter- 
mcdiatc”*. At the highest coextracted chloride concentrations, the species 
(Li - TBP)2+ZnC1~2- ant! (H. TBP)2+ZnC142-‘ are formed in the organic phase, 
in which the zinc is coordinated tetrah~ra~y by chloride ions, and the TBP 
SOhit~ the rno~ov~~nt hydrogen and lithium ions elusively “*i 94. Tb 
elusions are drawn from the solvent, acid and chloride ion ~n~n~~o~ 
encies, as well as from the Raman data. 

The distribution curves in hydrochloric acid, lithium and cesium chloride 



mbk ctosely those obt~~~d with a 
urn c~o~ide in t~c~or~~ylene)“’ 

in anion excha 
ents in the Periodic Table, the 3d transi- 

tion elements and gallium and germanium, zioc(II) is sorbed welllo,p anion ex- 
FS, even from dilute chloride solutions. Its distribution curve forh 
u~io~s has been given first by Kraus and Moore4a and has sine@ 

tially cotirmed by many others 6.49,100,117.171.1~5,1~~-198. (-&her ~~th~~ have 

studied the sorption of zine(II) from other aqueous chloride medias3*““7*‘61* 
185*L95*197*199V in non-aque or mixed m~d~as~164~200~203, and as a function 
0faIa lumber of variab 
~on~ntr~tion, etc. 

utions seems to 
the chloride 

Ie the capacity, i.e. ZnCI, is added per each 2 RCI), and from the 
erm at increasing zinc(U) coocentrations200~20’. The same species 

n found to account for the results at tracer loadin , from the cross- 

r zinc(II)-chlaride system is ane of th not-so-numerous cIass, 
where both an branch is found for the distribution 
Gurve in tbe accessible This is true for 
sotutjons2'"17.17"'"95." r stadium, cesiu ~rnrn~~jurn and 
su~tit~t~ ammonium Ghlo~id~17~*1g~~i~~, but not for lithium, swum, 

ium and aluminium chio~d~ ~~lutio~s18s*1 “*’ g7, where the dis 
~o~~~i~nts continuously i~~~~as~ with the chloride ~o~~entra~~~. me 
explanation of this “sccoudary cation effect” lies in the d%erent eff?ctive a 
the chlorides have in the resin phase, depending on the bulk cation. Taking this 
into account has been found to explain qua~titativeiy the diff~re 
lithium, sodium, podium, ammonium and c&urn chloride so 

imethyi substituted ammonium chlorides form a r 
the ammonium and the tetramethyl ammonium 
urn r~~rnble the ~ut~ssium 

that for these solutions be di~~~n~ amounts of 

hydr~h~o~c acid falls in line up t 
~ntr~tions. At 6 M total chloride, D falls from about 
LiCI, to about 2500 in 0.5 M HCl-5.5 M LtCl, to about 700 in 2 M H 
and to about 300 in 6 M I-ICI, Only a part of this decrease is explained by changes 
in the e~~Gtiv~ Ii nd actions in the s~iutio~, a, and in the resin, ri, The forma- 
tion of non-~dsorbabIe ~~~~I~- h n advanced as a ~ossjbl~ cause for this 

@ff&““‘. 
The stability constants of the speci formed in solution can be calculated 

Cafe. clh$Yn* ack, 2 (1%7) 257-297 
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from the depndence of U on s, and it was shown that the results conform to 
the expression”’ 

log &fY = log Kz,f210g d- 
_-log (10-0.61a-t+ 1()-l-J.18a-’ + I+ lo-O.ORa+ 1()-0.Jla2) (14) 

irrespective of the bulk cation or the crosslinking (which affects Kzn and a only, 
but not the p”* values, the coefftcicnts in lrhe power series in a). The constants 

B ‘i* were ~l~~l~t~~ using the t~o-~a~~~t~r approxi~~ti0~ of Dyrssen and Sil- 
Ienzo4 but they agree well with independently determined constants”‘6. The 
averag; charge of the zinc(Il), species $ varies from +2 in dilute solutions{ <O. I M) 

to -2 in concentrated solutions (a > 10, e.g. about 4 M HCI). Some other esti- 
mates of the average charge, using the Kraus and Nelson treatment”’ with dif- 

nt corr~ti~~s for activity c0~~ci~nts, lead to in~nsist~~t results’ 97. The frac- 
tion of zinc(U) in 6 M IX1 appearing as ZnC1,2- is, accordin 
Mizumachi has estimated about 67 % from his results’“7’ 

The distribution of the zinc has been studied as a function of the zinc(I1) 
concentration. An early report has given the elution constant E as a function of 
loadingzo6. e d~st~butio~ curve at 2 M total chloride20’ is from thr to six 
times lower at 0.01 M zinc(H) ~nce~tr~tion level than at tracer conccn- 
trations, for i-5 M HCI. As is mentioned above, the sorption isotherm, i;Zn as 
np function of ca,,, tends to a value of 0.5 ER, i.e. half the resin capacity20”*20’. It 

does so at lower zinc chloride concentrations, the higher the concenfration of the 
other chloride in the soIution (e.g. sodium chloride). As zzn is aIways I than 
0.5 i!,, Le. there are always more than two resin chloride ions per zinc chloride 
sorbed, the conclusions reached by Tr~millonzoo that ZnCI,- is sorbed alsng with 
ZnCl,2-, is not reasonable. The sorption af zinc from a sodium chl nitrate 
solution onto a chloride-nitrate resin has been interpreted*” in of the 

in the resin, so that the concentration of free chloride ions 
in the resin is ven by Gt = GZI tta) -4 C,, = ER-E.N03-4 Ezn. Using th 

m a miss-action-lo~v~xpr~~ion, and ~suming constant 
ctlefficients at constant total solution concentrations of 0.4 and 3.0 M, the authors 
have concluded from their measurements that Zn’+ and ZnCI’ predominate at 
0.4 M NaCI, and ZnCl,- and ZnCl,*- predominate at 3.0 M NaCl, at zinc 
loadings of the resin up to 15 “f,. 

?hc di~t~bution efficient of zinc(XI) varies strongly with the crow-ljnking 
of the resin, D, increasing by it factor of about 3 as the crosslinking increases from 
2% DVB to 10 or 12% DVB, in hydrochloric acid’g7*208 as well aslg7 in lithium, 
sodium143, potassium, ammonium and cesium’71*‘97, chloride solutions. This 
increase has been interpreted” ” in terms of the electrostatic interactions to form 

n the ne~~v~ly charged zinc chIoride s its and cations in the 
ndent on the e&ctive dicfectric constant in the resin. The relatively 

large cross-linking sensitivity is taken as indicating that the zinc is present. as a 



doubly charged species, i.e. ZnCl,2 -. Other structural features of the resin, such 
oup from trimethyl methylene ~mm~~um (Dowcx-1) 
thy~en~ ammonium (Dow~x-2) have relatively small 

f ~in~~r~, addition of anhydr~~ and mixed aqueous 
di~tribut~~~ coeficients in dilute c~~~~d~~o~ution~. 
I, in this 

The increase o with ~t~~~al content is stow up OA, but is 
very rapid thereafter, e.g. from 80 in aqueous solution, to ethanol, 

at SO% to 6.8 x IO4 at 95 % and to 1.2 x IO6 in ~~olute ethanol, in 0.3 M 
solutionss*z02~203. At higher chloride concentrations D decreases rapidly, 

the curves being steeper in o nit media than in aqueous solutions, as, e.g., the 
rousts for tetramethylamm m chloride in water aud % ethanol show19’. 

curve for lithium c~lo~d~ corny down, when su ent ethanol has been 
~dd~d’~~ the curve ~orni~ 

for lithium chlori 
of acetone to 
fan added fore n causes a 

at low ~~~centrations~ a 
Up to 30% acetone, the 
is the tendency of the 
0.5 ER1 i.e. the higher the stability of ZnCl,*- in the resin phase2e0. In absolute 
ethanol, on the other hand, the resin species seems to be ZnCI,, since the distribu- 

for tracer zinc(TX), in th hydrochloric acid and lithium chloride solu- 
ts out with a h~ri2ontal lotions and 

minant species in t in, while the speci 
4 ion associates ’ or Li”), as the 

~~Io~d~ concentration incr . S~~i~~aliy, for etha 
tions, the distribution data foflow the expression 

= tog K,, (1 +10”‘9ta2-l- 106**ea4) (15) 

with log Kzn = 6.60. The crosslinkin effect which is considerable in aqueous 
solutions (see above) becom slight in methanol solutions, and almost 
vanish~ in ethanol soluti~~~2~Q, a n pointing to the irn~~an~ of species with 

n ~oi~~~~ out, the cxtr~cti~~ of ~~~~~) from chloride 
s~~utio~~ by solutions 0 -chain ammonium chlorid ~rnbi~ strongly the 

. 
~x~~~n~e behavior From 0.1% up to 10 mine, there is a 
power de~nd~n~ of D on the m~thy~di~tya~mmo ~~~~~~t~tion in 

thyIene for dilute as well concentrated hyd acid, lithium or 
ium chloride’ 71. It has n ~onciuded from this that the extracted species is 
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2- (R,NH), “ZnCl, _ A detailed analysis of the dist~bution curve for zinc(H) tracer 
between a quaternary ammonium chloride, Aliquat 336 in benzene, and lithium 
chloride solutions has been made*“, taking into account the considerable amount 
of invasion of electrolyte into the organic phase. Using essentially the Marcus- 
Coryell treatment, stability constants for the aqueous phase have been calculated, 

poorly with those of other workers;. No ~~pI~~~tion for this discrepancy 

change and extraction behavior of cadmium(H) has received much 
Icss attention than that of zinc(H), altho they arc similar, and good sorbability 
and extract~biIity can he expected. The method has been ap 
to cadmium~lcium c~~rid~-~rchlor a instant ionic st 
of 0.1 1w”‘. The apparent selectivity constant for the ~dmium~l~um exchange 
depends an the chloride concentration, since the concentration of free cadmium 
ions decreases as complex formation proceeds. The sorption of CdCl” ions in the 
resin has been neglected, and an association constant log pi = 1.62 at 25” (in- 

t~rn~~tu~ from 0” to 9s‘) has been found. Appiyin~ 
the cation exchange. rn~t~od, emplayin a ~tion~xchanger-i 
Grimaldi and coworkcrsXQ4 have found much too low first a 

log Pi =j 0.26, but a reasonable value for log Q2 = 1.9. The f YV precision of their 
method has been acknowledged by these authors. 

Very little is known about the extraction of ~drnium(ri) from chloride 
solutions by solv~tin~ saIvents, and no systematic study of this pr~bI~rn has been 
made. In survey-type sSudies D values for the extraction of cadmium(H) from 
hydrochloric acid similar to those for zinc were found for undiluted TBP24, and 
somewhat lower values at low hydrochloric acid concentrations for 5% TOP0 
in toIuene’s. 

More info~~tion is ~vaiIabIe encoding the anion exchange sorpti 
havior of cad~um~1). Leden*i’ has already Ion o found that cadm 
sorbed on an anion exchanger from a 0.01 M CdC12 solution, and even better if 
0.5 M NaCI is also present. Hc assumed that the species sorbed on the resin is 
CdCI,-. The same species has been assumed by Fomin and co-workersZ’3, who 
found that D varies little from 0.8 A4 to 1.2 A4 KC1 but dec 
2.0 1ci KCl. The choice of the resin species is, however, unimpo 
activity coefficient ratios at different chloride concentrations, as done by the 
authors. From the distribution of cadmium chloride between the two phases in 
the absence of added chloride, Harris *i4 has calculated the stoichiometric activity 
coefficients of this salt, using the Donnan law. These are twenty to forty times 
Iower than those of the corn~~ble saIts, cobalt and barium chlorides. The frac- 
tion of uncomplexed cadmium can, in principle, be estimated from these measure- 
ments, and is found low indeed. As the cadmium chloride concentration increases, 
its concentration in the resin reaches the definite 1imiS i& = 0.5 cit. When sodium 
chloride is present, this occurs at lower cadmium concentrations, the higher the 



talon of this salt200. Thus the ~dmium s 
of sodium and cadmium 

ncentrations csdmium(l s sorbed in amounts proportional 
CdC12 species, as estimated from know 

Fronaeus” treatment. The same o~~~~on 

for aqu~u~ hydr~hIor~c acid so1~~~ 
the di~t~butjo~ data for invasion. dinting his study 

M HCI, he has found a good ~ropo~i~~~lity of Do = 

The sooting of ~drn~urn~r~ from rochloric acid solutions has been 
as well as that from lithium chlo- 

befog to the txp 

-“+1+10-Q.lSa+18-0.85Cr2) (16) 

forrn~ti~~ of u~s~rbable ~~dCI~ is ~ssurn (i.e. the uflc~ar~ed HCdC13 is salted 
out from the resin phase with its high ionic concentration). Other explanations 
for t&e acid east are, of cou also ~o~ibI~. 

ixed and non-aqueous ‘media have also been used for union exchange 
f the cadmium(H)-chloride system. The behavior of cadmium in aqueous 

ethanol is similar to that descr For zinc above, D increasi owly up to SO% 
ethanol and more rapidly at h er ethanol contents. But 
solutio~s2~~ and mixed aqueo h~nolic s~lutionss*2i9 

vca hydrochloric acid or lithium chloride ~~ce~tratio~s, in a 
has the higher D values ‘c3. No expJanati~~ for this Italian is im- 

appoint. The distributor of ~drniurn~~~ 
and mixed aqu~o~s~thano~c solutions cxhi 

at constant mole fraction of lithium chlo~de in the mixture D shows a minimum 
as the fra~o~ of ethanol is increa d2” 9S This demo~strat 
selective in swelling and ion sol n on the one hand, 
seIecting a reasonable concentration scale on the other, since such a minimum 
appa~atly is not found when the lithium chIoride concentration on the molar 
scaJe is held constant (c$ la for zinc at 0.5 LiCi)20z. In a~hydro~ et~a~ulzo3 
the data for hydrogen chloride solutkms ~a~~ been found to folios the expression 

(17) 

tted to the exertion 

-‘+2 fog ~-Iog(1+~‘,*aa+g2*a4) 08) 

n. aem. Rev., 2 (1967) 257-?97 



288 Y. MARCUS 

The first expression, with log Kcd = 5.20, signifies that CdCI, is the species in 
the resin throughout the concentration range, whcrc the solution species vary 
from CdC12 to H+CdC13- as the concentration increases. This is analogous with 
the cases of zinc(H) and mercury(II). The second expression, however, allows for -- .- 
the formation of the species H+CdCI,- in the resin, with pi yi i-r = WCdCIs-) 

v* uccK13I~cJcI~ ti2, and the solution species are then CdC12, H+CdCl,- and 
H1+CdC142-, as the chloride concentration increases. The experimental data do 
not permit a choice between these possibilities. From lithium chloride solutions, 
however, the data indicate that CdC12 is the resin species, while Li,+CdC1,2- is 
formed in solution at the highest concentrations. 

Little has been published concerning extraction of cadmium(II) with long 
chain ammonium chloride solutions. In survey-type studies, its behavior was 
found to rescmblc50~51 that of zinc(I1). Specifically, extraction with 10% Amber- 
lite LA-l in xylcnc shows D - 30 betweeni6’ 1 and 8 M HCI, and 2(i% TIOA 
in xylcnc also shows good extractability14g. 

Mercury(I1) forms strong complexes with chloride ions, so that if a concen- 
tration of chloride about IO- ’ M and stoichiomctrically equivalent to that of the 

mercury is present in a solution, practically all of the latter will be bound. Thus 
although tracer mcrcury(I1) is sorbedon a cation exchanger from perchloric acid 
(D = 110 at 1 M HC104 on Dowex 50 x 4), very small concentrations of hydro- 
chloric acid suffice to decrease the distribution cocficicnts drastically, D being 
negligible22o above 0.1 M HCI. In lithium chloride solutions, however, D starts 
to increase again above 2.4 M (D = 0.12) but reaches only rather low values even 
at 8.4 M (D = 1.60)2”. Sorption here is possibly due to invasion of the resin by 
undissociatcd I IgCI,, although it is only a very minor spccics in the aqueous 
phase at these concentrations of chloride. 

The species HgCI, formed at stoichiometric concentrations, although very 
stable, can still undergo reactions to form other species. The distribution method 
has been used to study the reactions 

HgCI, + Hg2 + --, 2 HgCl+ (19) 

HgCI, G H&I+ +CI- (20) 

2HgCI, it H&I, (21) 

HgClz+KI- e HgC12+.“- (11 = 1.2) (22) 

HgCI, + HgA, z=t 2 H&IA (A = Br-, I-) (23) 

HgCI* + nA- $ HgCI,A,+(2 - m)Ci- 

(,I = 1.2.3.4, Vl=0,1,2, ,1+,,1 <4) (24) 

utilizing the distribution of '~molecular" HgCI, between an “inert” organic solvent 
and aqueous or molten nitrate solutions. The results of more recent investiga- 
tions 222--22* agree well with those of older studies22g-233. 
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ext~~~bIe by inert solvents, rn~rcu~~1~ ehIoride can, 
o by a v~ety of other soiv~n~_ ~iethy1 e r extracts 
hydro~~o~c acid, giving Q = 0.2 at 0.5 NC1 and 
TBP extracts mercury(II) chloride quantitatively from 

dilute solution, but does not extract excess chloride present, contrary to the bc- 
havior of bromide and iodide ions where Li+HgBr,- and Li*H 
~t~~~~ble*~4. However, when dissolve in pure TBP, there is a maximum in a 
continuous variation plot for rn~r~~~(I~ and lithium cblo~d~~~~~~onding to 
the formation of Li+ When lithium bromide or iodide are added to 
morgue chloride in simiIar mixed species are formed, and lithium iodide 
in addition also causes 1 to be formed in the TBP solut~on23~. The distribu- 

loric acid shows a maxi around 
at 0.01 A4 HCl, and deer at con- 

WCi. Tbc Raman spectrum in TBP of the individual 
solvated by TBP), Li+ HgCIJ - and 
ochloric acid, have also been measu 

of mercu~(I1) from hydr~bloric acid has 
tson2, but no details were 

distribution coefficients were observed even with very dilute chl 
and mercury cannot eluted from the anion ex~han c with chioride6. Some 
further information is table in work eon~rnin ion of rn~r~~(I~ on 

E- P, with D = 3.8 at O.! M MCI, decreasing to 
7 

I i~umac 8 measured the distribution of mcr- 
twit Dowex-I x 8 d s~Iuti~~s of hydr~blo~c acid, ~~tbiurn chloride 

and mixtures of the two. Wherry up to about 2 M chloride there is little effect 
of the cation, there is considerable difference bctweea the curves above this con- 
~ntr~ti~n, that for 
lithium chloride s 
for Li’ in the lithi 
~~urnac~i assum t-bed in the resin 

4 exist in soiution, (above 
2 M WCI), in order to explai trations in the rna~~-action- 
law expressions at constant chloride concentrations he obtained values 
for the ~~ui~brium constants. 

was also included by Marcus a 
must be mononegative, since they found the relationship 

-log L&=o, - const* (25) 

to hold for hydro~hio~e acid solutions. sodium or ~thium c~o~de solutions, 
on the other hand, they found the expe relationship 

fog 4, = log &s-+-2 lag (2s) 

Cm&in. Ctrcm. Rev.. 2 (1967) 257-297 



melt with the data.and co~cl~io~s of M~rn~chi* t 
in and in the s 
e formation of 

from HgCl, in a~~~c~~*~t~-forrn anion exc~a~ r in the presence of low con- 
centrations of chloride ions could the: studied, a constant ionic 
tec~~iquez3’. Thus far the resin log Ks = 2. I5 

solution and in, the 

resin there 3s a ran 

i~dep~udent of ionic stre units 
us in a ~rc~lar~t~ form 

(27) 

Mizum~c~i found for 4 c~l~oride rn~di~rn and chlorid 
(I kg-‘), while EIie and Marcus found for a 3 IW pert te m~di~rn and 

- “). Thus it is much mote 
c large te 
in than in ioos~ c~~o~d~ resin. 

loses its ~redomi~ 

~erc~iorat~ tons, Q as the mcrcu 
to macro c~~~~tr~t~o~s. Tr~rnilf~n’~~ s~o~~~d that although D decrease 
- 10S at trader rn~~ur~~~~ ~hI~ride (with no added c~iorid~) to 42 at 

ows the ex~r~sto~ 

are formed in the ethanolic solu- 

s, but ~~~ Little work in this 

rlite LA-I in xylene (I.3 > 
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but lower outside this range). Th results wan confirmed by other worker with 
the same cxtra&ut and also with tri-iso-octylamine5’. 

C. REVIEW OF CIILORJDE SPECIES FORWED 

The data reviewed both in Part I and in the p 
definite information concemin the species which are important at various chloride 
concentrations. In many cas equations could be found, relating D with (I or 
with cut, through appropriat ility constants. 

For most metals it has possible to tabulate the s ies predominating 
at various con~~trations of hydr~hIo~c acid, as shown in Table 1. Such a 
tabulation gives information of more immediate use than the stability constants, 
as compiled e.g. in ref. 1, Part 1. In many cases, however, there arc uncertainties 
concerning the dominant species, particularly when hydrolysis is important. 
The test should consulted for detailed information, as far as it is availabk. 

TABLE 1 

METAL CWLQRII)E CDMPLF3t SPECIES PREDOMINANT fN HYOROCHLORlC ACiD SOLWRQNS OF VARIOtJS CONCFNIWI- 

TIONS, As OBTAINED FROM ION EXCilANGR AND SQLVEM E.lCFRA~IO;Y DATA 

HCI, M 
_-,~ - --_ “_x_I_________ ----.. x_-i_ ~~ 
M 0. f-o.5 O.S--2 2-4 4-6 6-9 g-12 ----- f&?J 

M’ (Li-Cs) M + + MC M’ bl+ 
M” (Be-Ea) M t* zt” M’+ M’+ Ml+ 1 
Al”’ AP AIS” Al” Al’” AIs* Al’+ ^II_ 

“,:::’ 
sc=+ SC” SCJ’ SC= ScCl’C ScCI*+ ? 
p+. YeI”+ 

Lp La’+ tnc1= 
L”“’ 

LaCl,+ L&II, 
Lu’t LuCl”+ 

Am611 
LuCl*” LuCls+ 

Ams+ AmCiS” AmCI,+ 
Cf”’ ci=+ CiCI”” era,+ 
zr, Iif” 

$Y 

[M(OH),Js” M(OH),CI+ M(OZC),Clt M(Ow)Ck M(OH)CI,“- MCI,‘- 
Th’+ ThCIs* ThCIp __l_ 

u”+ uCla+ UCI~“+ uCl,*+ uCl,*- 

sv 
Pl#+ PUCF” PuCISr* FUCIs” PUCl,‘- PtlC&‘- 
vo=* 

Nb, Tztv ~(o~~~~*- ? 
Pav P&OH),*+ P~(Ofi),Ci, Pa;oH),cl,- PaCI,- PaCK,*- ‘2 

Mov’ MOO*“+ MOO&& MoO,CI, MoO,Cl,- MOO&I, 
WV’ WO&I, wo&l,- WOICI, 
UV’ UO*” UO*Cl l wo,ci* UO,Cli uo*a,- uo,a,- uo&l,- 
Mn” Mnl+ MnCI, MnC1, MnCl,- M&l,- MnCl,- 
Ft? f Fe’+ FcCt** Fw3~” FCC&C FCCl, 

2: 

FCCl,- Fe- 
CO”+ cwf coc1* Coa+ cocl, 
Ni*+ Nil+ Ni+” NiCI+ NiCl+ - 

Ru”’ 
Ruw 

RuCI,* 

Rh’” 
Ru(OH),Cl, 
Rha,+ 

~~ - 

. CJawr. Rev., 2 (1967) 237-297 



SlP 
Pb”’ 
hsf’t 
Sb”’ 
Sb” 

pi 
.Ih”V 

Pa” 

frC”J,- 
PdCl,4- 

IrCI,‘-- 
OKI,*- 
PtCJ,“- 
CUCI+ 

CJs”- 
HAUCJ, 
ZnCi,- 
MCdC& 
HHg$34- 
Gas+ 
XnCf, 
ncr,-- 

SnCJ,- 
P&cJ,- 
As(OH),CI 

Xl,‘- 

PdCl*4- 

IrCJ**- 
OsCJ,‘- 
PtCl,~- 
CUCJ, 

znt3**- 
CdCI,“- 

Go”’ 
XnCJ, 

Cl*‘- 

S~Cr4- 
PbCJ,“- 
AS(OH),CI 

PdCI‘4_ Pd~l*4- 
Irq- 
frc&“- 
osc&*- 
Pa.*- 
cut-r,- 

ZnCl,” - 

Cec&“- 
SnCJrz- 
PbCJs- 
? 
SbClr . 
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