
Elsevier Publishing Company Amsterdam 
Printed in The Netherlands 
Coordktion Chemistry Reviews 

METAL-CHLORIDE COMPLEXES STUDIED BY ION-EXCHANGE AND 

SOLVENT-EXTRACTION METHODS 

PART I.* NON-TRANSITION-MEIXL IONS, LANT&WIIES, ACTINIDES, AND d" TRANSKlTC3N- 

METAL IONS 

Y. h9ARCUS 

(Received January 23rd, 1967) 

CONTENTS 

A. Introduction 
B. Complexes according to the periodic groups 

(i) Groups Xa and Ha 
(ii) Group IIIb, lanthanides and tervalent actinides 
(ii) Group IVb and quadrivalent act&ides 
(iv) Group Vb 
(v) Group IIIa 
(vi) Group IVa 
(vii) Group Va 
(viii) Group Vfa 

Symbols 
References 

HDEHP di(2 ethylhexyl)phosphoric acid 
TBP tri-n-butyl phosphate 
TBPO to-n-buty~phosp~e oxide 
TOP0 tri-noctylphosphine oxide 
TXUA tri-iso-octyknine 
TNOA ti-n-octylamine 
TTA thenoykifiuoroacetone 



196 Y. MARCUS 

A. INTRODUCTION 

..,: ,: 

The formation of complexes between metal ions and anionic ligands in 
solution has been studied by a variety of methods. The chloride anion has received 
special attention, and in a reu At compilation’ of stability constants, one seventh 
of all the pages concerned with inorganic ligands is? used for the chloride ion 
(another seventh is used for the hydroxide ion and hydrolyzed species). Chloride 
ligands form strong complexes only with “type B” (Ahrland-Chatt) or “soft” 
(Pearson) cations, while with the majority of cations, which are of “type A” or 
“hard”, the complexes are weak, and are formed only at high concentrations of 
ligand. For such concentrations, ion-exchange and solvent-extraction methods are 
admirably suited2, and indeed a great deal of information on chloride complexes 
has been obtained using such methods. 

The present review deals with information published till the end of 1965 
. concerning the species formed, and their relative stabilities in solution, mainly 

aqueous solutions. A number of authors have compiled data on the distribution of 
the various elements, at tracer concentration of their ions, and at different oxida- 
tion states where applicable, between ion-exchange resins or organic solvents and 
aqueous chloride solutions, in particular hydrochloric acid. Such compilations, 
presented usually in the form of a periodic table with plots of log D (the distribu- 
tion coefficients) against cncl (the hydrochloric acid molar concentration) as first 
presented by Kraus and Nelson3 for anion exchange, are very useful as general 
surveys. The data presented are, however, usually in too small a scale for making 
possible a detailed analysis in terms of the species formed and their relative stabil- 
ities. Such compilations have been published for a cation-exchange resin (Dowex- 
5OX4)4, cation-exchanging extractants (dodecylbenzenesulfonic acid5 and bis(2- 
ethylhexyl)phosphoric acid)6, neutral extractants (tributyl phosphate (TBP)‘, tri- 
butylphosphine oxide (TBPO)’ and tri-n-octylphosphine oxide (TOPO)‘, and 
basic extractants (Amberlite LA-l lo, triisooctylaminelo, Primene JM-TL1) and 
quaternary-ammoniumll and -arsonium” ion-pair extractants. Some of these 
compilations are summarized in one publication”. 

In the following the various elements are discussed individually according 
to their groupings in the Periodic Table. For each element (and oxidiation state, 
where applicable) the results obtained with cation exchangers (resin and liquid), 
neutral extractants and anion exchangers (resin and liquid) are discussed in turn 
and compared. 

In this first part, non-transition-metal elements are discussed, i.e. I) those 
ions with a rare-gas electronic core: groups Ia, IIa, IIIb (including the lanthanides 
and the tervalent actinides), IVb (and the quadrivalent actinides), and the quinqe- 
valent states of group Vb; and 2) the post-transition groups: IIIa, IVa, Va and 
Via. The fist set contains invariably “hard” (Type A) ions, while the heavier 
elements of the second set are definitely “soft” (Type B). Their chloride complexes 
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can rarely be studied by spectrophotometric methods, and only few of them have 
reversible electrodes for potentiometric studies. In some cases, therefere, ion ex- 
change and solvent extraction have yielded most, and in many cases much, of the 
information available concerning the formation and stability of the chloride com- 
plexes. 

This information, concerning the aqueous chloride solutions, can often be 
summarized in terms of the average ligand number E, as a function of the chloride 
concentration, and in some cases even in terms of (effective) complex-formation 
constants &*, which relate the experimental distribution coefficients D to the 
(effective) ligand activity G, to the average ligand number E, and to the fractions 
of the metallic ion Mm+ in the form of the various complexes MCI,,“-“, cc,. It is 
gratifying to note that in many cases the results obtained with diverse distribution 
methods can be correlated with the same parameters for the aqueous phase (i.e. 
the A*. cr, or E), as indeed they should be, if the premises and assumptions of the 
distribution methods used are valid. Inductively, this gives us some confidence 
in using them for new systems. 

B. COMPLEXES ACCORDING TO THE PERIODIC GROUPS 

(i) Groups la and Ila 

The alkali metals and alkaline earths are not, of course, expected to form 
any chloride complexes. Indeed, anion-exchange elution experiments of traces of 
these metal ions, even with concentrated HCI, gave elution peaks within what 
could be taken as the void column volume for a variety of resins and HCI con- 
centrations (Dowex-1 with 7,11 and 12 M HC1’2-‘3, Dowex-2 with 12 M HC114* “_ 
They can thus be assigned to the group of elements not absorbable from HC13> 16. 
Possible exceptions may be Li’ and Be”, which are slightly retarded in concen- 
trated HCl, showing D values of 0.06 and 0.09 in 12 M HCI respectively. In con- 
centrated LiCI, however, Be” shows appreciable sorption on the resin, D = 8 being 
attained in 13 M LiCl’. The other elements are not sorbed from aqueous LiCl. 

Going to mixed solvents’ ’ yields appreciable sorption on anion exchangers 
in some cases. In solvents which were 96 ‘A organic and 0.2 M in HCI, the values 
of D for Can were zero for methanol, 1 for ethanol, but as high as 20 for isopro- 
panel, 160 for dioxane and 340 for acetone. The values decrease at increasing 
water content, and for ethanol, where data were given, also at very small water 
contents, so that a maximum is obtained (D = 5.6 in 90% ethanol, 0.3 M in HCl). 
Sorption on the resin is most probably as uncharged ion-pairs. 

Neutral extractants, such as undiluted TBP’, TBP diluted with toluene”, 
or dilute trialkylphosphine oxides** ‘. 11, and basic extractants, such as primary-“, 
secondary-“, tertiary-” or quaternary-1g*20 ammonium chlorides or tetraphenyl- 
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arsonium chloride2’ in suitable diluents, do not extract these elements from HCl 
solutions at any concentrations. : : 

Lithium chloride, alone of the alkali-metal and alkaline-earth chloride&% 
soluble in many organic solvents to an appreciable extent. This alone does not 
make it. extractable from aqueous solutions, but a number of solvents do indeed 
extract it fairly well, in spite of the great loss of hydration energy. TBP extracts the 
salt22p 23 yielding a species in which the lithium is hydrated by four molecules of 
water, and associated with the anion, log K,, N 5.323. At high lithium chloride 
concentrations the activity of water is lowered sufficiently for TBP to substitute 
for it partly in the solvation shell, and at still higher concentrations aggregation 
seems to set in. A concentration of ca. 1.85 MLiCl in TBP is attained by extraction 
at room temperature. 

Amine, although not alkylammonium-salt, solutions are also capable of 
extracting lithium chloride. A 40 ok solution of triisooctylamine (TIOA) in toluene 
extracts lithium chloride from concentrated solutions up to a concentration of 
nearly 1 M24. Hydrogen ions from hydrochloric acid displace the lithium very 
easily. The other chlorides (except beryllium) are not extracted by amines. 

Acidic extractants do extract these elements from HCI, in exchange for 
hydrogen ions. For HDEHP the first- and second-powers dependencies on (HX)/ 
(H+) expected for the alkali-metal and alkaline-earth ions were obtained6. For an 
unexplained reason, dodecylbenzenesulfonic acid in a 1: 1 mixture of ether and 
ethylacetate 5, extracts Cs’ with D proportional to (HX)‘-6(H’)-‘. The extrac- 
tion of Ben with dialkyl phosphates 26 shows some pecularities. Above 3 M HCI, 
chloride was found to be present in the extracted species. The chloride-concentra- 
tion dependency of D points to the formation of BeCl+, with log K1 = -0-66. 
Cation-exchange studies from concentrated BeCl, or MgCl, solutions containing 
high concentrations of HCl sbowed sorption of the cations to a higher extent than 
the capacity of the resin 27 This points to the sorption of a species with lower . 

charge than two. 

(ii) Group IIIb, Ianthanides and tervalent actinides 

It is convenient to separate the discussion of Al”’ and SC”’ from that of 
Yin, lanthanides and tervalent actinides, since unlike the former two elements, the 
others show similarities, and specific group differences. Although Al”’ is known 
to form the tetrachloride complex in certain non-aqueous media, its interaction 
with water is so strong as to preclude chloride complexing in aqueous solutions. 
It does therefore not sorb an anion exchanger from any concentration of HCl”* 13. 
Unexpectedly, perhaps, its sorption. on a cation exchanger from 0.3 M AlCl,- 
12 A4 HCl points to the formation of a species with charge less than three”. 

Scandium, on the other hand, does form chloride complexes in aqueous 
solutions to some extent. Cation exchange in 4 M perchloric-acid medium showed 
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M HCl, while 50% TBP in chloro- 
form2* extracts scandium fairly well from 4 M HCI (and even better from mixed 
4 M HCl-HCIO,) and 25 % TBP in benzene giveszg D = 70,5% TOP0 in~~htene 
gives I1 D = 1 and 1% TBPO gives8sg D = 0.1. The trialkylphosphine oxides 
show maximum D at 6 M HCl, but TBP gives D decreasing with lower HCi con- 
centrations. In the range l-8 M HCI, D varies at the third power of a = c,ca&ncr, 
indicating that no chloride complexing occurs in the aqueous phase, but the curve 
levels off at the highest HCl concentrations. Writing the extraction reaction as 

scam3 -” +(3--n) Cl-+x TBP = ScCl, * x TBP (1) 

leads to a decrease in the slope (8 log O/a log a) as n increases. A rough calculation, 
which ignores changes in TBP concentration by binding of hydrochloric acid, 
shows that ii = 1 around 9 M HCI, and it approaches 2 at 12 M HCI. 

Although long-chain ammonium chlorides do not extract SC”’ from HCl 
(D O_Ol)*-1L19.20 it shows significant sorption on an anion exchanger, Dowex-1, 
with D, = 0.2 in 7 M and D, = 1.0 in 12 M HC112. It shows even higher values 
for LiCi solutions” and ethanolic HCla’, where it shows maximal D at 95% 
ethanol. This behaviour is consistent with the TBP results discussed above. 

The tervalent actinides, lanthanides and Ym form weak complexes in dilute 
chloride solutions. The extraction of Yrrr with oxine from 3 M Na(C1, ClO,) was 
found3’ to depend on the chloride concentration, and it was concluded that the 
whole series of complexes YCl,3-“, with n = 1, 2... 6 is formed, log &, = 1.02- 
0.15 n. From this it follows that at 2 M HCL the predominant species would be 
YCls3- but this is not consistent with all the other evidence. More likely is the 
presencd of some YC12+ _ m 1 M Na(CI, ClO,) solutions, along with Y3 +, as found 
from extraction data with dinonylnaphthalensulfonic acid32. This reagent was used 
also for the lanthanides, showing the formation of MC12+ and MCllf, with 
stability constants shown in Table 1. Constants of similar magnitude were also 
obtained in an extraction study with di@-(1,1,3,3-tetramethylbutyl)phenyl)phos- 
phoric acid or thenoyltrifluoroacetone, TTA(HX) from acid perchlorate media 
for some lanthanides and Am rn 33*34. These reagents, as well as HDEHP6 show 
the expected proportionality of D with (HX)3/(H’)3 in dilute solutions. The cation- 
exchange method has also been applied for a number of elements3 5--37 with results 
in general agreement with those discussed above (Table 1). 

Cation exchangers were used to study the chloride complexes of the tervalent 
actinides. Grenthe3* found that AmC12+ and AmCl,+ are formed in a 4 M HC104 
medium and from the constants (Table 1) it may be estimated that in 4 M LiCl 
about two-thirds of the Am”’ occurs as AmCl, +. Similar conclusions were reaclied 
by Ward and Welch3’, who studied Punt, Am”’ and Cmrrr by cation exchange, 
finding MCl,+ formation above 1 M HCl. 

Coordin. C/rem. Rev., 2 (1967) 195-238 
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TABLE 1 

. 
STABILTTY CONSTANTS OF LANTHANWE- AND TERVALENT ACIINWE-CHLORIDE Cdk&EXES OBTAINED 

_-.. 
;BY ION EXCHANGE AND SOLVENT EXTRACTION 

carkvz log n; Ref_ log Kz Ref. 

Y=+ i-O.04 32 
Las+ -0.05 33 

-0.22 34 -0.42 34 
Ce3’ -0.05 33 -0.6 32 

-0.07 32 
;0.10 35 

PrJ+ -0.05 33 
Eu3i - -0.05 33 

-0.05 32 
-0.02 37 -0.6 37 
-0.15 34 -0.57 34 
-0.10 36 -0.72 36 

Tmzf -0.10 33 
-0.12 32 

YbS’ -0.20 33 
LU3f -0.40 33 

-0.35 34 -0.22 34 
PII=- -0.23 39 
Am=+ -0.05 33 

-0.23 39 
-0.16 38 -0.58 38 

-0.05 36 
-0.15 34 -0.54 34 

CmJ+ -0.22 39 

Turning now to more concentrated solutions, it is found that chloride com- 
plexing remains rather weak. Undiluted TBP shows D increasing with Z4’ for 
12MHCI:forLaD=0.03,forY7D=0.1,forTbD=0.3andforYbDisashigh 
as 30. The distribution coefficients decrease rapidly with decreasing TBP and HCI 
concentrations. Diluted trialkylphosphine oxides are ineffective extractants**gy”. 
Relatively-high distribution coefficients were obtained for the tervalent actinides, 
and Cf’u was found to be easily separable from Cm”’ in 12 M HCl using TBP4’. 

Anion exchangers do not sorb Yrr’, the lanthanides” and the tervalent 
actinides42, nor do various long-chain ammoniumchlorides extractthem’-’ On lg* 2 ‘, 
from aqueous HCI solutions, even the most concentrated. Some sorption from 
alcoholic HCI on anion exchangers does however occur18’30*42. Distribution 
coefficients of about 20 are obtained” for Dyrrr and La”’ in 97 % ethanol, 0.3 M 
in HCI, and lower values at lower alcohol and HCI concentrations. This sorption 
need not, however, involve formation of anionic species in the resin, since La”’ 
when eluted with solutions 2 M in HCI and above 50% in alcohol, was found43 
to be retarded on pure cellulose paper to the same extent as on a paper impregnated 
with an anion-exchange resin. 

Higher sorption on an anion exchanger was observed from concentrated 
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LiCI; for Dowex-1X8 at 87” and 10 M LiCI, D, values were obtained3’, varying 
from 0.25 for La”’ to 0.40 for Ce lx*, then roughly linearly to 0.90 for Lu”‘, with a 
slight dip for Gd”‘. Low D, values, 0.2-1.0, were also obtained for U*n, ‘Np”’ and 
Purr1 under similar conditions 32 but for Am”’ and higher actinides, appreciable , 

D, values are obtained, ranging from 4 to 20 for Am”’ to Es”’ for the same 
conditions’l. : -. .._ 

Marcus has recently discussed the anion-exchange sorption from concen- 
trated lithium chloride solutions 46 of the lanthanide and tervalent-actinide ions. 
From the dependence of the anion-exchange distribution coefficients on the cross- 
linking of the resin and on the acidity of the solutions, it was concluded that the 
predominant species in the resin is MC14-, while from the dependence of the 
effective chloride activity in the solution, it seems that MCllf is the major species 
in solution. The distribution can be described in the range 8.0-13.5 M LiCI by 
the reaction 

MCl,_:++i Cl-+pz s MC13,,P- 

with p = 1. The distribution data conform thus to the expressions2 

log& = log Kh*+p log a = -2.52+log d 

log DL” = log K ru*+p log ti+1og/K_r*a = -4.35+log ti+log a 

(2) 

(3a) 

(3b) 

log DAm = log K**+p log a+1og &*a = -4.12+log d+log Q (3c) 

log Dcf = log Kcr*+ y log a+Iog /3- r*a(l +(&_2*/~_ l*)a) = 

-3_25+log cz+tog a (l+lo-= a) iW = 

An examination was made46 of the extensive data on the extraction of these 
elements with long-chain alkylammonium chlorides from cont. lithium chloride 
soIutions474g. For the lanthanides, extraction begins above 7 M LiCI, but D 
hardly exceeds unity4*, even under the best conditions (12 M LiCl, 1 M or 35 oA 
(w/v) TIOA in diisopropylbenzene, for Eu “I_ For the actinides, D values exceeding 
100 are easily obtained. The dependence of the distribution coefficients on amine- 
salt concentrations (second power), and on the acidity, as well as on the chloride 
effective activity in the aqueous phase, lead again to MC12+ as the major species 
in that phase, in accord with the anion-exchange data. The finding46 of one lithium 
ion extracted per americium ion, and consideration of the amine to be aggregated, 
makes the following reaction plausible, at least in the case of americium: 

AmCI,‘+2 Cl-+Li++2 ACCI- S A2+Li+(AmC16)3- (4) 

where A+ is an aggregate of the amine salt having dissociated one chloride ion. 
The distribution coefficient can be described by 

log Dti = log A&* + P log &WC, - 
-p log (1 +KH*cH+ aY ~HCI) + (2n - 9 log a 

(5) 

Coordin. C?zem. Rev., 2 (1967) 195-238 
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withp = 2, n = 2 and i = 1, these being the indexes of the species in th$,:organic 
phase Ar+Li, _i+ [AmCl, +,, +p _iy-“-P. The constant KH*, pertaining to -the acid 
dependence, is the effective equilibrium constant for the reaction A+CI- + H+ + 
cl- * A’HCll-. Although there is no direct evidence for the participation of 
lithium. ions in .the extraction of the other elements, the fact that much higher 
extraction is obtained from LiCl solutions;. than from, say, CaCI, s01utions~~ of 
the same effective ligand activity, points to this being generally so. 

Cation-exchange data for cont. HC150-52 or LiC14’ point to higher com- 
plexing ofthe actinides than the lanthanides in the aqueous phase. Higher covalent 
binding for the actinides has been observed spectrophotometrically45, and if ion 
pairing is the same, higher total complexing of the actinides should result. Higher 
D values for anion-exchange or amine extractions, as observed for the actinides, 
correlates often with higher complexing, and is consistent with the cation-exchange 
behaviour. Cation exchange results in concentrated hydrochloric acid show a 
value of - 1.2 for (a log (DAJDPm)/a log a)50, so that l-2 more chloride ions 
should be bound to Am”’ than to Pm In The above analysis of D vaIues for anion- . 
exchange or amine extraction, however, indicates that approximately the same 
species are formed for both series in the aqueous phase (MC12+ or MCI, in 
7-12 M LiCl). This inconsistency cannot as yet be explained. 

(iii) Group IVb and quadrivalent actinides 

It is convenient to discuss the elements belonging to these groups together, 
because of the similarities of behaviour observed, for all these elements in the 
quadrivalent state. 

Titanium(III), like its neighbour Scm, was found to be only slightly sorbed 
on an anion exchanger, showing D, = 0.5 in 12 M HCl12. It can therefore be classi- 
fied with the other non-absorbable tervalent elements3* 14. Quadrivalent titanium 
is highly hydrolyzed in dilute HCl, and is sorbed on a cation exchanger (showing 
D values decreasing with increasing HCl concentrations) probably as a hydrolyzed 
species 53. It has been claimeds4 that the titanyl cation, TiOzf, is the species in 
solution below pH 1.3, and that uncharged TiOCl, is sorbed on a (weakly-basic) 
anion exchanger above 4 M HCI. In any case, sorption of anionic species, on 
(strongly-basic) anion exchangers starts above about 6-S M HC1’3*‘4*53g55, with 
D = 2.6 at 9.9 M and D = 66 at 11.7 M HCll. Parallel to this, also extraction 
with the secondary-ammonium chloride, Amberlite LA-l, in toluene is appreciable 
only above 8 M HCl 56 Other neutral or basic extracting agents show similar . 
behaviorI- I l 19-Z 1 . 

The chemistry of Zrrv and H’v-chloride complexes has been studied rather 
extensively, still, there is little agreement concerning the species formed. Hafnium 
was found to behave in general like Zr”‘, and the following discussion will be 
mainly in terms of ZrIV. Any scheme for the species formed in, say, l-12 M HCI 
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will have to account for the following experimental observations, some of which 
being unfortunately inconsistent with each other. 

Extraction with TTA from HCl solutions below 0.2 Mshows” the aqueous 
species to be highly hydrolyzed, whereas in the range 0.212 M a less-hydrolyzed 
species occurs in the aqueous phase; possibly even a non-hydrolyzed species”, as 
suggested also by cation exchange 5 ’ . At higher metal concentrations,: hydrolyzed 
polynuclear species were found to occur in the aqueous phase in cati@exchange 
studies5’* “. In a more recent cation-exchange study61, the complex formation of 
the species found at 2 M H+ and 4 M constant acidity in a H(C1, ClO,) medium 
was investigated. The addition of the first chloride ligand occurs readily6r (log kr = 
0.0, compare log k, = 0.3 found by TTA extraction5’, but the second one (log 
k2 = -0.9) adds with more difficulty. The suggestion of the formation of species 
with four ligands in the 2 M medium, and with three ligands only in the 4 M 
medium, with higher stability constants, seems rather unlikely. 

Extraction with TBP in benzene was found62 to yield a species with 2 TBP 
molecules and four chloride ligands extracted from 6-9 M HCI, most likely being 
ZrCl, - 2 TBP (the species (H - xTBP),Zr(OH),CI, is another possibility but should 
have x > 1, the observed value). At an acidity of 6.5 M and up to 0.5 M chloride 
in a H(C1, Cl0.J medium the extraction results require addition of three chloride 
ions to produce the extracted species. The results also show depolymerization of 
the species as the Zrrv concentration decreases. A later reinterpretation63 of these 
data, in terms of species with up to four chloride ligands in the aqueous phase 
(log kl = 0.92) at these low chloride-ion concentrations seems erroneous. A later 
TBP extraction study64, using tracer ZrIV, undiluted TBP and 4-12 M HCI, shows 
a fourth-power dependence of D on a in the range 4-8 M, declining to about first- 
power dependence in the range 9-12 M. At varying acidities, both addition of 
chloride ligands, and removal of hydroxide ligands must be taken into account. 

The anion-exchange behavior of Zrrv in HCl has been studied by a number 
of authors on a number of resins: Dowex-1 65. 66, Dowex-2’ 5* 67, Wofatit-SB- 
4006 6, and although there is no detailed agreement between the distribution curves, 
there is agreement that D > 1 starts about 5-6 M, and D increases to very high 
values (D > 1000) at 12 M HCI. At relatively-high Zr Iv concentrations, saturation 
of the resin from 11.5 M HCl gave66 a species with average negative charge of 1.7, 
and an average of 3.4 chloride ligands per Zr Iv ion, while saturation from cooled 
15.3 M HCl gave a ratio Cl:Zr of 4.0. These results are consistent with species 
[Zr(OH),Cl,]- and [Zr(OH),C14]2- in the resin. At these ZrrV concentrations 
little difference was observed for sorption from HCl and from 1 M HCl-LiCl 
solutions, which means that no OH- groups are removed from the solution species 
to give the resin species. The results at tracer ZrtV and HfrV concentrations” may 
be interpreted in terms of the reaction 

Zr(Hf) (OH),,Cl,,,4-“-m + i H+ +j Cl- + p a- f 

+ Zr(Hf) (OH),-&I,+-i+p 

Coordin. Gem. Rev., 2 (1967) 195-238 
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Accepting the value p = 2, obtained at higher Zrrv concentrations, the results for 
1 i-12 M HCI are consistent with i -f- j = 0, for 7-9 M HC!l w&b i-$-j = 3, and 
For 9-11 M HCI with values in between. Ethanol was found6* not to affect the 
sorption of Zr” from the su~ut~ons* 

The extraction of ZrrV (and Hfivj with ~~~~-chai~ tertiary-, (QJ. t~beo~y~- 
amine6~~7~, TNOA” and others’& and quate~a~-a~on~~m” chlorides) has 
also been studied. As the reagent con~ntrat~o~ increases, the depcod~ucy of D 
on it varies from second power6’ to third power?* to fourth ~ower63-70. At low 
Zrrv c~~ce~tratio~s, D was ~nde~endcnt of metal concentration6’. The general 
reaction 

Zr(~H)~~i~~~ H~~(~-n)~l-~p RT += R,ZrCI,,,+Z F&O (71 

was proposed7o to account for a fourth-power dependence of D on CI for HCi in 
the range 9-10 M, zero-bower dependence above 11 M HCf, second-bower depends 
ence of D on (~nd~~ned~ ‘~cbl~~de activity” at Low and fourth-dower at high 

ride concentration in (H, Li)CI solutions of constant acidity 7.6 M, and a 
more cum~i~~ted acidity dependence at cunstant chlo~de concentration. A p 
value of four could co~espo~d to ~ctal~gated ZrrV in the amine phase, unless a 
loose association of=1 with R2ZrCI, occurs70. 

A scheme of species more or less consistent with all these observations 
would be as shown in Table2, Thedata for HP follow very closely those of ZrrV, 
sh~w~~~ so~~w~~r bwer D on Anton exchangers and t~~ja~-amrno~~~rn c~o~de 
r~a~~~ts, with separation factors S-20. 

TABLE 2 

THE SPECKES OF zrtv M HCI 

(0.2 
0.2- 1 

1-2 
3-7 

7-S 

I l-12 

Anian exchange and 
tertiary amine 

rt N I at higher czru$ 
n = I at tracer ezrai 
at tracer czra4* O** n6 
ZrCt4 - 2 TBP e~tracted5~, 

D K u* (i.e. 2 H*+2 Cl-) 
ZrCIl + 2 TBP extracted4* 
from anion ~xchange~3, 

D a d (Le. 2 W-WI-) 

D 0c ff far TBP*” (i.e. HI+) 
species in anion exchanger=, high czr 
from anion exchange I% “?, L) Q: a” 
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Thorium ions, ~thou~ not much larger than Zrgv or HftV ions, are ap- 
preciably less hydrolyzed, and in acid solutions occur as Th4+. They associate 
readily with chloride ions, yielding various cationic complexes ThC1,4-“, n = 0, 
1,2,3, and perhaps also 4. Quantitative information was obtained by TTA extrac- 
ti~n~~* 74, at various ionic strengths, and the data at 4 M N&IO4 medium show 
good agreement; the calculated values of Fi increase gradually reaching just over 2 
at 4 M chloride. In agreement with this the average species ThClz2* is obtained 
by cation exchange? s in up to 5 1\F chloride solutions of H’+, Lii+, Na”, Mg2+_ 
and Ca2” _ Extraction with bis(2-ethyihexyl)p~os~horic acid in toluene76_ ’ 7 
showed by both sa~ration- and arid-decadence studies that one chloride ion 
accompanies the ThIV into the organic phase, being bound rather strongly, steric 
~udran~e preventing the Thrv to bind more than three phosphate anions_ The 
extraction with undiluted TBP29 conforms roughly to the presence of ThCIZzi in 
the aqueous phase in the range 3-9 M HCl, and ThC& - x TBP in the organic 
phase. 

Anion-exchange sorption of ZtKv starts above about 7 N HCl, and of Iifrv 
only above about 8 M HCl. It is therefore not so su~risi~g that no signi~~nt 
sorption of ThiV on an anion exchanger could be obtained even at 12 M HC16’. 
Neither is Th’V extracted sig~i~~ntly with TIOA in xylene” or similar 
reagents 8--1i_ rg-21, from HCI. With 12 M LiCl, (0.1 M in HCI to avoid hydro- 
lysis) on the other hand, D, = 6 was obtained6’ for Thrv on an anion exchanger, 
and D ) 1 for extraction with 20% TIOA in xylene4*. Significant sorption on 
anion exchangers is also obtained from alcoholic HC1’8_30_ 79* *O, and D w IO3 
is attained at 90% ethanol, 0.5 M in HCl. However, only a small part of the 
capacity can be sataurated with Th (about 7.3% from 96% isopropanoi, 0.5 ici 
in HCI). This sorption need not, however, be as an anionic complex, and pa~itio~ 
of a neutral complex could be the main sorption reaction, as suggested by the 
similar paper c~omato~aphic behavior of Thtv on paper impregnated with anion- 
exchange resin and with plain paperq3_ al. 

Pro~cti~ium~~, stabilized by a holding reductant, was founds2 to behave 
like Th” with respect to anion exchange from HCl solutions, showing negli~ble 
D even at 12 M HCI. Still somewhat higher complexing of Pa*’ than of Th”’ must 
occur, since it is extracted almost quantitatively (D = 19) by TNOA hydroc.hlaride 
in xylenes3 above 10 M HCI, in a manner similar to that of Zrrv and Hfrv and 
Contras to that of ThsV. 

The quadrivalent oxid~tiou states of cf, Np, and Pu have been studied rather 
extensively_ Extraction with TTAa4 and a ~tion-exchange study8’ showed ca- 
tion&complex formation for Puiv in a 4 M H(C1, ClC?,) medium of stability 
similar to those of Thrv; Z =I 2 is reached at about 4 M chloride. Extraction of 
NpIv with dodecylbe~en~ulfo~c acids6 and with HDEHP” from dilute HCI 
showed the aqueous species to be Np”‘, which is complexed at higher HCI con- 
centrations. TBP extraction of Np”’ showed ** third-power dependence on TBP 
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concentration, and a steep increase of D with HC1 concentration (for undiluted 
TBP), which parallels that of Thrv and Hf’v, except that it shows a maximum at 
8 M HCl. The curve for the extraction of Npsv with 10% TNOA in xyIene*’ 
is superimposable on that for TBP up to 6.5 M HCI and the same is observed for 
Fury, with Kr50~K&, = i70, K being the equilibrium constant for the extractiongo, 
At higher HC1 con~ntration the different invasion properties of the two extract- 
ants as regards HCI causes some difference. A rough calculation, disregarding this 
complication, shows n’ = I being attained not before 5 iM HCf, and E - 2 around 
7 M HCI, at much higher concentrations than for Purv. The extraction curve for 
Purv with TOfOg atso shows a maximum around 8 M HCI. The maxima for 
Nprv and Purv for the neutral extractants are due to competition with HCI for 
the extractant, and not to the formation of anionic species. These are hardly 
formed at all in 12 M HCI for Uxv and Np’q and only to about 75% for Purv, 
the species being identified spectrophotometri~allyg2 as PuCI,~-. The species 
extracted into the amine hydrochIoride phase was identified for all three e1ement-s 
as R,MCI,, from the dependence of D on the amine ~~centration, and from the 
comparison of the spectra with those of known compoundssq. Uranium(W) 
showed extraction behavior with TNOA from WC1 Iike8g NpIv. The extraction of 
Putv with amine hydrochloride leads to the values”* *’ E = I at 3-4 N HCI, 
E = 2 at 4-7 N HCI (in agreement with the cation-exchange resultsss) and n’ = 3 
at S-10 M I-RX Qualitative anion-exchange data show sorption of Purv above 
2.5 N HCig3, although it is easily eluted below 4 M NC1 and strongly held only 
above 8 M HClg4, whileq4 Nprv and6’* 94 Uiv are eluted below 6 M and held 
above 8 N HC.Xg4. A more detailed study, in which the oxidation states were 
controlled spectrophotometri~ally ” showed somewhat stronger sorption of Np” 
than of Urv, with I>, = 1 at 6, and 5 at 5 MHC1 for Uiv, Nprv and Putv respectively, 
and D, = 10 about 1 M HCI higher. The species in the resin were identified 
spectrophotomet~~l~yg2 as MCIs2-, the same Urv species being sorbed from 
cone. HCt. or LXX That the spectrum differs from that of MClG2- in solid com- 
pounds, but resembles that of MC1s2- extracted by te~ia~-ammonium chlorides, 
is explained 96 by hydrogen bonding to H30f . . . Cl in the resin (and R,NH” _. -Cl 
in the amine) even for resins equilibrated with LiCl solutions containing small 
amounts of HCI. 

The species of Th”, Urv, Np”’ and Pu rv, believed to predominate in HCI 
solutions of various con~utrations, as obtained from an analysis of anion- 
exchange65* 82* 92* q6, amine-hydrochloride78S 83* 8q* Q” and neutral phosphorus- 
esterzgs s** v1 extraction data, are shown in Table 3. 

Vanadium(iI1) and -(W) are only very slightly complexed in HC1 solutions, 
as evidenced by the small sorption on anion exchangers even in concentrated 



hf.lXAL--CHLORIDE COMPLEXEZJ OF NON-TRANSITION METALS 207 

TABLE 3 

SPEc3F.S OF QUADRIVALENT ACl’iNIDES M HCi 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
Amine - i-ICI 
M HCI above which lIJV > 1 (20% TIOA) 
Anion exchanger 
M HCI above which D, > 1 

R&JCf, RzNpCk 
>12 5.5 4.5 

R&C& R:NpCi‘ 
s-12 6 5 

Np‘f 

Npa+ 

NpCP* 

NpQ= 

Pu‘+ 

PuClJf 
PuCI.“- 

PI%&-+ 

PuClf 

Pucl&+ 
R,PuCI, 
3.8 
RzPuCI, 
5 

HCI’2-L4 (D ;5 I at 12 A4 HC112). Vanadium(W) resembfes in this respect its 
neighbor Cr . ‘I1 Neither is Vlv extracted with a secondary-ammonium chloride from 
HCI” although from alcoholic HCI, V tv does show appreciable sorption on an 
anion-exchange resin Is* g8 (D = 5.6 in 97 % ethanol, 0.3 N in HCI and D = 4.5 
for 55 % isopropanol, 4.5 M in HCI”). 

Vanadium(V), on the other hand, shows considerably stronger chloride com- 
plexation, as judged by its anion-exchange and extraction behavior. It was found 
to be sorbed as a brown band on an anion-exchange cofumn12, with D = 100 at 
9 M HCI and D = 400 at I2 M HCI. It is, however, readily reduced on the 
column, because of the high affinity of chlorine, and the low affinity of Viv for 
the resin, and may be eluted with 9 M HC1’4. In alcoholic HCI too Vv shows’* 
higher D than Vtv, increasing with chain length of the alcohol and with its branch- 
ing, but iL.._pendent of the acidity. Tributyl phosphate was found to extract Vv, 
L) depending on the second power of the concentration of TBP in chforoform (in 
the range 30-100% TBP), and it was suggested that the extracted species is 
VOCl, - 2 TBP (with no conclusive evidence)g9. 

Niobium and tantalum are bighfy hydrolyzed in NC1 solutions, much more 
so even than ZrIv, and the species interconvert slowIy. It is questionable whether 
any mononuclear cations are formed and the evidence concerning anionic com- 
pIexes is not at aII conclusive. These elements have been studied rather extensively, 
especially Nbv, in connection with the separation of fission products, but there is 
little agreement among various authors on the details of their flavor. There is, 
however, some agreement on the general features of extraction with diverse rea- 

gents (TBP64, ethers and ketones64*100*101, amine hydrochlorides2’* 72*78*‘02-104 
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or of anion exchange 1 5* 6 ‘* 1 * 5 * i o 6)_ There are a decrease in D at increasing HCI 
concentrations up to 3-4 &?, a minimum in D at 3-5 M HCl, a steep increase in D 
above 5 M up to 9 M HCI, and in some cases a ~~rnurn in D, and in all cases 
a slower increase, above 10 M HCI. At acidities below cu. 4 iM irre~rod~cibIe 
&polymerization reactions probably occur, and it is diffZcult to interpret the 
observed results. The decrease of D for anion exchangers or for amine hydro- 
chlorides is possibly due to a decrease of the charge of the polymeric oxyanions 
of NbV and Tav, as the hydrogen-ion concentration increases. At high HCl con- 
centrations, the extraction of NC1 by the various solvents and the invasion of 
exchangers makes direct comparison difficult. Xn the range 5-7 M HCI, however, 
many reagents show for Nb” a uniform fifth-power dependence of D on a. The 
significance of this observation is difficult to judge, because both the removal of 
hydroxide groups and the addition of chloride ions are involved in the extraction 
with oxygenated solvents, in addition to the co-extraction of hydrogen ions ac- 
companying the NbV complex. At a higher acidity range (7-11 1K HCI), Omori 
and Suzuki* O4 concluded from an extraction study with tribenzylammonium 
chXoride in chloroform that the main aqueous species is ~b~OH~)CI~~-, in 
agreement with spectrophotometric results107, while the main organic species is 
R,Nb(OH)?CI,. The same organic species was also proposed by Ellenburgg7. 
With most reagents, NbV is extracted beter than TaV, and in general the curves 
for Tav parallel those for NbV. Unexpectedly, Tav was found to extract much 
better than NbV in some cases (e.g. with quaternary-a~nmoni~m chlorides)“. 

Protactinium(V), the heaviest member of the Va group, is expected to 
undergo less hydrolysis than the other members. Still, even in 6 M HCI, Pa” is 
metastabfe, forming at a certain time after the preparation of the solution some 
inextractable, polymeric species, along with a part that remains in dynamic equili- 
brium among various species lo*. ft is therefore necessary to assure oneself that 
the Pav one works with is indeed in dynamic equilibrium. Much of the older work 
was not controlled in this manner, and this led to irreproducible results. The 
work carried out on Pay in HCI soIutions includes studies on the anion ex- 
change 15*105*ro6* 108-111 and the extraction with oxygenated solvents (ketones 
and carbinoIs’03* r 12-114, ether’ ’ 5, neutral phosphorus esters64* ’ “-” *, amine 
hydrochlorides’0’~102~“‘Q , etc.}. The most definitive studies, which attempted to 
derive the species predominant in the aqueous-, the resin- and various organic 
phases, are due to Casey and Macfdocklol and to S&&f and Herrmanrzo. 

Protactinium, at tracer levei, extracted from HCil into oxygenated solvents 
with E > 10, was found”’ to be dissociated to @IS,+), PaX,,,P-, where X 
==Ct-, OH- or 3 02-. This result was obtained from the metal-concentration 
dependence and the perchloric-acid effect. Electromi~ation experiments’ ’ 8 show 
the Pa” to be largely cationic below 3 M HCl and largely anionic above 6 M HCI. 
Anion-exchange sorption starts above about 6 M HCI, although extraction is 
efficient already in the range 3-5 M HCLThis is takenLo as evidence for the sorp- 



METAL-CHLORIDE COMPLEXES OF NON-TRANSITION ME-i-AX.23 209 

tion of doubly-negativeIy charged species (e.g. PaC172-) on the anion exchangers, 
and the extraction of sir&y-charged species (e.g. PaCId-). Other views on the 
species sorbed on anion exchangers have been advanced, in particular that a 
singly~harged anion’0g (e.g. [Pa(OH),Cl.$) is sorbedp8. Neutral species exist in 
the rauge 3-6 M HCI, as confirmed by ele&caI rn~~ati~~l~ 8. Anhydrous PaC& 
is sofubfe in carbon tetracbloride, but this reagentcannot extract Pav from aquews 

solutions, even at HCl concentrations where neutral species predominate. These 
may then be the hydrated pentachloride (e.g. Pa(HzO),Ci,)lOg or hydrolyzed 
species (e-g. Pa(OH)CI,) . lo1 The dependence of D on amine-hydrochloride con- 
centration was found”’ to be 1.6 power at low amine concentrations, decreasing 
to zero and negative powers as the amine concentration increases. Little may be 
learned from. these observations concerning the species extracted, Various oxygeu- 
ated extractants show a 3Spower dependence of D on a, and about 15power 
dependence on hydrogen-ion concentration at constant chloride concentration. 
Other solvents give different slopes (ketones higher, TBP lower). The differences 
in stope at the same HCl concentrations are difkult to explain, and require the 
extraction of different species. Over the range iOWl4 cc,, c IO-” M, (a log D/ 

a Iog %J, = 0, so that the species in both phases are most probably mononu- 
clear I2 o (except the non-extractable portion) lo’. The species extracted into 2,6- 
dimethylheptanol-4 were found to be undissociate\?, and to contain two solvent 
moleeuIes per Pav extracted, and may contain hydroxyl- or oxide anions (e.g. 
HPa(OH),C14) 12o_ The uncertainty of the species in the organic phase, how- 
everlo”* 12*, precludes a definite statement concerning the species in the aqueous 
HCI phase. Two proposed schemes are shown in Tabfe 4, showing disagreement 
in many respects. 

TABLE 4 

As a tervalent ion, g~ium~l~1~ is sorbed strongly on a eatian exchanger 
from dilute hy~oc~o~c acid, and since it is not complexed appreciably by chloride 
ions up to a few molar chloride, D is indeed inversely proportional to the cube of 
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the hydrogen-ion concentration in HCI -K 3 M. GalliumffII) however, is similar 
to iron(III) in the dramatic increase of D at chloride concentrations above 3-4 M, 
both in hydrochloric acid’2i-‘23 and in lithium-“* or sodium-chloride’*’ solu- 
tions. Although at these high concentrations gallium~I1~ is certainly in the form 
of GaC14-, it shows 2) = lo5 at 12 M LiCi on Dowex-50X12. No good explana- 
tion of this high sorbability of negatively-charged species on the cation exchanger 
has as yet been offered. 

It is conceivable that as, e.g. hydrochloric acid invades the cation exchanger 
at high concentrations, GaCI, - ions can replace chloride ions in the inner solution 
of the resin-phase forming ion-pairs with the hydrogen ions. Such ion-pairs are the 
form in which gallium(II1) is found in extracts with oxygenated organic solvents. 
Swiftit found good extractability of gallium(II1) from concentrated hydrochloric 
acid with diethyl ether, 1) increasing with increasing gallium(II1) concentrations. 
He did not, however, investigate very low concentrations, the range lo- l2 to 
10s3 M gallium(III), in which Grahame and Seaborgi” found D to remain in- 
dependent of the gallium(II1) concentration. The extraction into diisopropyl ether 
was studied by Nachtrieb and Fryxe11’26, who confirmed the dependence of D on 
the gallium(II1) concentration above 10M3 M. The organic phase had the com- 
position H,_,GaCI,, after correction for the hydrochloric acid extracted by the 
ether in the absence of gallium, and provided that the hydrochloric acid concen- 
tration was below 6 M. Above that concentration the gallium carries along with 
it more hydrochloric acid than corresponds to the species HGaCI,, and eventually, 
above 8 M HCl, two organic phases of variable concentrations are formed. Two 
such phases are also formed when ammonium tetrachlorogallate(III) is dissolved 
in ether12’. The species extracted from concentrated hydrochloric acid into diethyl- 
and diisopropyl ethers (and also that in the aqueou> phase) has been definitely 
shown, by Raman-spectroscopic studies, to be tetrahedral GaCi,-, ion-paired to 
solvated hydrogen ions u** 12’. From lithium chloride solutions the distribution 
coefficients are lower, but the species of galli~~1~ is the samef2*. However, 
when an inextractable chloride is present (e.g. sodium chloride) or when the ratio 
of total chloride to gallium in the system is less than four (as for extraction from 
chloride-con~i~ng perchlorate solutions), the species GaCi, - H20, which is ako 
tetrahedral, becomes important. When gallium~I1) chloride is dissolved in diiso- 
propyi ether, Gael, * (i-C&H,),0 is the main species”‘. 

The dependence of D on c, has been shown to be a function of the dielectric 
constant of the so1ventf3’. For solvents of low dielectric constant there is associa- 
tion of the H+(solvated) and GaC14- as cM decreases again causing D to in- 
crease130*13L_ The dependence of D on the hydrochloric acid concentration’30 
suggests that GaCl, + and GaC13 have a very narrow existence range in the 
aqueous phase, since the curve rises very steeply. The fraction a4 of GaCl,- has 
been calculated, and was found to reach essentially unity at 8 M HCI, the results 
from nitrobenzene- and bis@chloroethyl)-ether extraction agreeing well. A single 
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Fig. 1. Fraction of gallium(II1) as GaCI,- in hydrochloric acid solutions. (0) anion exchangelJ’: 
(A) bis@-chloroethyl) ethePO; (V) nitrobenzene extractionlJO; (- ) calculated with log PI* = 
-6.50. 

parameter, log ji4* = -6.50 accounts for these extraction results, assuming that 
only Ga3+ and GaC14- exist in the aqueous phase (Fig. 1). 

The anion-exchange behavior of gallium(II1) has been studied by Kraus and 
his coworkersr2* “* ‘32-‘34and others l2 ‘. For hydrochloric acid, Dincreases steeply 

from negligible values near 1 M to a maximum of log D = 5.3 at 7 M HCI, then 
decreases somewhat to log D = 4.5 at 12 M HCI 12* 134. Considerable sorption of 
gaIIium(II1) occurs from sodium chloride solutions’2’, and from cont. lithium 
chloride solutions, D is even higher “. The linear variation of Iog D with mucr 
above ca. 8 M HCI was ascribed to changes in the activity-coefficient quotient G, 
and it was assumed that this behavior can also be extrapolated to lower concentra- 
tions. Deviations from this extrapolated line were ascribed to incomplete formation 
in the aqueous phase of the species GaCI,- as the hydrochloric acid becomes 
diluted. Thus the fraction a4 can be calculated from the anion-exchange data 
according to’32* 133 

log a4 = log D + log (m&i,-,) - log K/G 

= log D + log (mc,/iZc,) -(A +BQ,) (8) 

where A = log K/G at 8 M HCI and B = 0.1, as found empirically, and A is 
normalized so as to yield cr, = 1 at mHcr 2 8 M. The values of a4 so obtained 
agree very well with the values obtained by similar considerations from the extrac- 
tion data discussed above, and the single parameter, log f14* = -6.50, together 
with the empirical relationship found for K/G, describe the anion-exchange distri- 
bution GUI-W (Fig. 1). A large negative enthaipy was found for the ion-exchange 
equilibrium GaCI,- -I-E- 8 GaCI,- +CI- from measurements at several tem- 
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peratures between 25“ and ISO”, suggesting a chemical reaction rather than simple 
exchange: this is in Iine with the very high dist~bution coefficients’33. The fraction 
a4 increases rapidly with increasing temperature, but the single-step transition 
from Ga3 * to GaCf4- observed at 25” seems not to persist at higher temperatures, 
the more ~adua~ increase of %I with m ncI pointing to a possible existence of the 
species GaCIzf, GaCf,’ or GaC13 over a certain concentration range at the higher 
temperatures. 

Lo~g~chain ammonium Ghforides are very effective for extraction of gal- 
Iium(III), the distribution curves being similar to those obtained for anion-ex- 
change resins, The secondary amine Amberlite LA-I) 10% in xylene, shows ap- 
preciable extraction above 2 M HC113 ‘, while 5 % TIOA in the same solvent” 
extracts at even lower concentrations” At low hydrochloric acid concentrations D 
increases in the order primary 4 secondary < tertiary c quater~a~-ammonium 
extractantsxs6, but at higher concentrations only the primary extractants show 
much lower D values than the others, The dist~butioo coef%ient decreases some- 
what above 8 M HCI, but it does not show a decrease in lithium chloride soIutions 
at high concentrations. In loading experiments with tri-n-octyl- and tri-iso-octyl- 
ammonium chlorides and with methyItricap~~ammonium chloride, 0.1 M in tolu- 
ene, the limiting ratio of one mole extractant per one mole gallium(IfI) was found. 
Thus the species in the organic phase is most IikeIy*36 (R3NH)fGaC14- or 
R4N’GaCl,-. However, the dependence of L) on extractant concentration (R,NC1, 
R = heptyl) shows non-integral slopes in the log-log plot (1.6 to 1.9 over two 
orders of magnit~de)137, which are incompatible with the conventional interpreta- 
tion of these plats in terms of the composition of the extracted species. Extraction 
with trilauryIammo~um chloride shows a slope of two at low, and of one at high 
amine concentrations. No conclusions can be drawn from this ~oncentratio~ 
dependence. The overall extraction reaction was found from measurements at 
5-4” to have a large positive enthalpy. Since, however, the complex formation 
in the aqueous phase has an even larger enthalpy change, the exchange step 
GaCl,- + R,NHCl si; R3NHGaC14 -t Ci’ has a negative enthaipy change. 

Indium~II) forms reIativeiy-stable chloride compIexes even in dilute sobs- 
tioas. Thus, it fs possible to study the formation of the species InC12”, InCt,* and 
even InCl, at ionie strengths of one or less, using the ~atio~~exchange method. 
Shufle and EiIandlas appfied this method in a 1 M sodium perchlorate ionic 
medium, with a so~~-fo~ cation exchanger at pH 3.8. ~though they realized 
that hy~o~ysis of the II?” cation is an impo~ant complication, and that their 
constants shoufd be modified by a certain factor to take this into account, they 
underestimated this factor considerably- SundZm I3 ’ tried to correct this by working 
at a lower pH (m-2.5), at the same ior& strength. He, however, encountered the 
~rn~~~t~on t&at the distribution coefficients, instead of decreasing continuously 
as the ligand ~n~ntration increased, tended to level off. It was, therefore, possible 
to &e&ate only the first stabihty constant. Sunden ascribed the ~~c~~ to the 
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presence of small amounts of strongly~oordinati~g groups in the resin. So~tion 
of k.KX + on the resin can lead to the same result. The most definitive work in this 
tirea is that of Carlesan and I~ing140, who used an ionic medium of 0.69 M 
HCXDa, thus completely obviating the hydrolysis problem. They used Fronaeus’ 
method, and with up to 0.43 M chloride, substituted for perchlorate, obtained the 
following values for the stability constants: log jJ1 = 2.35, log flz ‘=s 3.63 and 
log 83 = 3.9. The values of the exchange constants of Xn3+, InClr + and InCI,’ 
with sodium ions on the resin, recalculated from the data, are reasonable, there 
being a decrease by a factor of about ten per unity decrease io the charge of the 
species. The validity of the constant found by Carleson and Irving140 may still 
suffer from the fact that the medium was permitted to vary considerably, more 
than 60% of the perchlorate ions being exchanged for chloride ions at the Emit, 
so that activity coefficients would have changed considerably. This mainly affects 
#& the value of which is therefore open to revision. Busev and K.anaevi4’ con- 
firmed the constants found by Carleson and Irving, applying a modified calcufation 
method to the data of these authors, and to their own data, obtained with a 
different resin. 

Indium(ZXI) shares with gallium(If1) and a few other metal. cations the prop- 
erty of showing a minimum in the distribution curve on cation exchangers, though 
to a much smalier extent. Although some workers did not find any increase in D 
at high hydrochloric-acidx22* lz3 or liithium-chloride’22-“42 concentrations (where- 
as a pronounced effect was observed in bromide and iodide solutions~4z), Tsintse- 
vich and coworkers143 found a minimum in I) at 3 M I-ICI, with some increase at 
higher concentrations, using the Russian resin KU-2. 

A liquid cation exchanger has been used by Sundbn”44: tr-oxynaphtoie acid, 
0.2 M in diisopropyl ether, to extract indium from a 1 &i sodium perchIorate 
ionic medium, with up to 0.12 M chloride substitution at pH 2.7-3.0. Assuming 
that only the species In&-oxynaphtoate), occurs in the organic solvent, he ob- 
tained logfi, = 2.20 and log/& = 3.56, in good a~eement with his resinous- 
cation-exchange resultsX39. With di~onylnaphthalen~ulfonic acid, White, Kelly 
and lLi=’ determined only the stability of the first complex finding a somewhat 
higher value than the other workers. No account was taken of the aggregated 
nature of the liquid cation exchanger by these workers, 

The extraction of ind~urn~~1~ with soivating solvents was studied more ex- 
tensively. Although diethyl ether is a poor extractantx46* f47, other solvents permit 
appreciable extraction of indium. Irving and Ross~tti”~~* 14* were the first authors 
to give a comprehensive treatment of the extraction of iudi~rn~II~ from chloride 
solutions, and later Diamond” 51* *52 and of.hersf2eS 131* 148* * s3*L 54 contributed to 
our knowledge on this system. Wing and Rossotti found by analysis that HInCl, 
is the predomirant species ercracted from hydrochloric acid into methyl isobutyl 
ketone”48, The tetraWira1 grouping of InCl,- has been established in diethyl- 
ether extracts by Raman spectroscopy 12’, although, of course, no iuformatiou on 
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ion-pairing with solvated hydrogen ions OS aggregation to larger, IooseIy-bound 
species, eoufd be obtained. Irving and Ros~otti’~a predicted a maximal initial 
slope of +5 for the fog I) @r. log cue, curve, provided that “ideal” behavior is 
exhibited Le. that no miscibi~ty changes occur as cHcl increases, and that con- 
~n~ations can replace activities in the mass-action law expression. In some cases 
where appreciable extraction occurs only from relatively concentrated (~-4 AZ) 
hydrochloric acid, slopes d log D/d log eHcl > 5 have been observed, showing that 
with these soivents (diethyi-~ diisopsopyl- and bis~~~or~tyl) ethers, isopentanoi 
and isopentyl acetate) “non-ideal” behavior occurs. With other solvents (e.g. fur- 
furaldehyde and methyl propyl-, methyl isopropyl- and methyl isobutyl ketones), 
which extract from more dilute hydrochloric acid solutions, slopes in line with 
known degrees of formation iI of indium(III~h~orid~ complexes in the aqueous 
phase were obtained according to the equation 

logD = eonst* f- (5 - &) log cr.$cr (9 

valid if associated HInCI, is the organic species, ~iamondl-ok tSf pointed out 
that this behavior is expected only with solvents of such a dielectric constant that 
neither aggregation to ion-multiplets, nor dissociation of the ion-pairs, occur. With 
the solvent bis~-~hlosoethyl) ether, where miscibility is minimal even at high 
hydrochloric acid conceutratio~s, and where the organic species is the dissociated 
ion pair Ii’ and InC14- (due to the high dielectric constant), the distribution data 
of Mendez’ s2 and IXetz’2 * yielded values of log K3 = -0.4 and log AT4 = - 1.2, 
for the formation of I&I3 and InCl,- from their precursors. 

In a study of the extraction of iudium~II~ tracer from solutions of hydro- 
chloric acid with another mineral acid at constant acidity, Diamond” so &owed 
that d fog B/d fog cc1 is a complicated function, de~endiug on: a) the iuerease of 
R in the aqueous phase; b) the variation of En + in high-dielectric-constant solvents, 
due to varying disso~jation of hydrochlo~c and the other mineral acid, causing a 
common-ion effect; c) on mixed aggregate formation (e.~. H”C104-W~InCl,-) 
in preference to species such as N+Cl-H”InC& - in iow-dielectric-constant sol- 
vents; and d) the di~er~ut salting power of the various acids, e.g. through their 
effect on water activities in the aqueous phase. Thus the actual behavior found 
depends on the nature of the solvent and on the nature of the mineral acid added, 
If, on the other hand, the chloride ion concentration is kept constant, and the 
hydro~hlosi~ acid is mixed with an alkali-metal or ~etraa~~~amrnoni~m chloride. 
~iamond’~l found other factors to affect the dist~bution curve. The slope d log 
D/d log cH+ now depends on: a) the much higher extractabiIity of hydroc~oric 
acid compared to the chloride salt, Ieading to a vacation of the common-ion effect 
and to ‘~co~umption” of the solvent; b) the basicity and steric availability of the 
donor atom in the solvent; c) the increasing extractivity into high-dielecttic-con- 
stant solvents of ion-pairs CCInC14- with increasing size of the cation C* ; and 
d) the salting ability and Iigaud activity provided by salts, compared with the acid. 



METAL-CHLORIDE COhtPLJZXES OF NON~TRANSIT-ION ME9M.S 215 

For both studies, slopes were found to be positive, negative or of changing sign, 
depending on which factor predominates. 

The dependence of the distribution coefficient on total indium(II1) concentra- 
tion has been studied by Poskanzer, Mendez and others128*i31*152, and effects 
similar to those discussed in the case of galtium(II1) extraction were observed. 
The extraction of macro quantities of indium has received only little attention. 
Extraction from 0.85-4 M InC&, containing hydrochloric acid at high concen- 
tration, into diethyi ether has been described by Woodward and Tayior12g, who 
did not give data on the concentrations obtained in the equilibrium organic phase. 
Knox and Spinks’ ” reported the extraction from concentrated indium(II1) chlo- 
ride in 6 M HCl into a variety of organic solvents. 

The anion-exchange behavior of indium(II1) in chloride solutions has been 
reported first by Sund&n13g, Kraus12 and Jentzsch’ 57, who noted moderate ab- 
sorbability only. Subsequently more data have been reported’ 56* 143, which were 
summarized in a detailed study which also included the effects of varying cross- 
linking and secondary cations’ ‘*A 60. It has been demonstrated that differences 
in crosslinking and secondary cation effects can be taken into account by the 
use of parameters and functions obtained independently of the indium(II1) distri- 
bution measurements, and that all the anion-exchange data (including those of 
Chu’ 56, obtained with a similar resin) can be described by the expression 

IogD=logK,=,+A+plogd-log~Bi'*$ (W 
-3 

In this expression Iog .A&* = 1.00 is the constant for the 8% crosslinked resin, 
A is a normaIizing factor for other crosslinkings, p = I, for InC&- being the resin 
species, as found from loading experiments, and fog j3 _-2’* = -0.50, log /3_ 1’* = 
-0-45 and Iog fit’* = - 1.6, being the vafues for the formation constants of 
InC12+, InCI,+ and InC&- from InCf,, in sodium- or lit~urn~~o~de solutions, 
The low value of K for indium(III), compared with tervalent goId, iron or gaffium, 
is probably due to the tendency of indium to form octahedral, hydrated species, 
InCI&120)2-, which interact strongly with water, and prefer the (aqueous) phase 
with the higher water activity. 

The sorption of trace indi~(II1) on anion exchangers with different cross- 
linkings from 0.5 or I.0 iM lithium chloride in absolute methanol or ethanol was 
studied by Maydan i60. While in aqueous solutions D is somewhat dependent on 
crosslinking, it is hardly at all dependent in the organic solvents, and is about the 
same at the two salt concentrations. Compared with D = 4 to D = I6 in the 
aqueous solutions, I> = 600 in methanol and I) = 2500 in ethanol. The direction 
of variation of D with solvent and the decreasing sensitivity to crosslinking are in 
line with the changes in dielectric constant in both phases as the solvent is varied. 

The extraction of indium(III) with long-chain amines has received a con- 
siderable amount of attention. Nakagawa 13’ observed moderate extractability of 

Coordin. Chetn. Rev., 2 (1967) 19.5-238 
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indium(IIl) from hydrochloric acid solutions with the secondary amine Amber- 
lite LA-I, 10% in xylene, The distribution curve has a maximum at 6.7 M HCI. 
The extraction from dilute hydrochIoric acid solutions has been studied by White, 
KelIy and Li *45. They found fog D to depend linearly OIZ log cHcI (in the range 
0.3-1.3 M RCI), with a slope of 1.35, They compared their data with vahtes 
calculated on the premise that InCIz~ and InCIz+ are present in the solution 
(disregarding fnCt, which should be predominant, considering the magnitude of 
the constants they use), and stated that they agree, although the latter vaiues show 
a slope of i-0. Thus the results do not substantiate the supposed presence of 
InC12*. At the same chloride concentrations D for HCI-NaCI mixtures was found 
to be lower than for pure HCI solutions. At a constant hydrochloric acid concen- 
tration of 1.3 M, fog D was shown to depend linearly on log iJR’RJNHCI (R = n-octyl; 
diluent, benzene) in the range 0.06-O. I1 M (with oniy four experimental points), 
with a slope of 1.87. The authors concluded from this that the species in the 
organic phase is (RJNH)&K&. Subsequent studies were not in complete agree- 
ment with this. The curve of log D YS. fog ERSNHCI was found to curve upwards at 
high amine hydrochloride concentrations for extraction from O&-4.0 M NaC1’60, 
0.0754.86 N zIC1’5g and 3.66 M LiCl ‘37, being str~ght (with a slope near two) 
only at or above 3 M HCI ’ 5g As the triisooctylammonium chloride concentration . 

in xylene decreases and approaches 0.02 M, the slope tends to one, while as the 
concentration approached 0.3 M the sIope tends to threeIs’, or at least to some 
value between 2.4 and 3.1. There are certainly systematic deviations at both ends 
when it is attempted to fit the data to a straight line of slope two. There is not, 
however, complete agreement on the slope (not to say on its inte~retation), even 
for a given amine type and solvent. Thus Good and HoIland’36 find a slope of 
0.89 for 0.005-0.25 N tri~p~lmonomethy~(quate~a~~ammonium chloride, and 
X ,9 for the same range of tri-n-hexy~(te~ia~)ammo~um chloride, both in toluene, 
extracting iudium(III) tracer from 1 M HC1 with no indication of upward curva- 
ture. For nitrobenzene diluent, slopes of 0.79 are obtainedX6’ for extraction with 
lOI 5-O.1 M tri-n-octyt(tertiary)ammonium chloride from 1 or 4 M HCi. The low 
value is explainable in terms of dissociation in the high-dieIect~c~onstant solvent. 
A further complication is the disagreement of loading data, not only with the 
slopes, but also among the various authors. For 0.1 N solutions in toluene, extrac- 
tion isotherms136 show a ioading of one indium~II) ion per one quatemary- 
armnonium ion, but per two te~ia~-ammonium ions (for extraction from 6 M 
NC1 or LiCi), while for 0.01 or 0.1 M solutions in nitrobenzene, isotherms’61 
show .a loading of one indium(III) ion per three tertiary-ammonium ions (for 
extraction from 8 M RCi). 

Infrared-abso~tion data% 62 indicate that whatever the limiting loading or 
the slope, the indium(III) species is tetrahedral InC14-, ion-paired with a Iong- 
chain ammonium cation, and associated further with long-chain ammonium chlo- 
ride ion-pairs in certain cases. These association reactions in the organic phase 



(R3R’~~TnC~4- +rz (R, R’N)*Cl- e (R3 R’~*in~~~ * E(& R’N)CI (11) 
with R’ = HorCHsandn = I or 2 have still to be correlated with the nature of 
the diluent, the group IX’, and the concentration. The equilibrium constant for this 
reaction was found” 5 g to be I20 f 20 for n = 2 in xyfene diluent and triisooctyl- 
ammonium chloride extractant. The failure of increasing c, in loading expetiments 
to shift the equiIibrium to the left, as free R3NH”C1- is consumed, is att~buted~6a 
to the generally-low tendency of indium~I1) to form the tetrahedral species, as has 
already been poimed out earlier’ 59. 

docking the attention back to the aqueous phase, it was foundi5g that at 
a definite amine hydrochloride concentration (thus without regard to uncertainties 
as to the nature of the organic species) the extraction data agree very well with the 
anion-exchange data for sodium-chlo~de and hydrochlo~c-acid solutions, con- 
firming the presence of fnC12”, InCI,+, fnC1, and InCI,- CafI probably hydrated 
to octahedral coordination~ in the ~n~entration range studied @,I-5 M). The 
constanrs log KS = 0.45 and Iog .Z& = - I.6 are in fair agreement with those 
calculated from extraction data using oxygenated solvents. 

The ion-exchange and solvent-extraction properties of ~a~iurn~, as welt as 
those of thallium(III), received relatively little attention. ‘I& former ion is known 
to be absorbed on cation exchangers with a relatively high a@nity, but no informa- 
tion is available on the decrease in absorbability with chloride ion concentration, 
due to complex formation. Thallium(F) is also not known to be extractable by 
oxygenated s&vents, coor~nating either to the metal ion, or to hydrogen ions 
extracting anionic ch~oro~h~~urn~~ species. That such species do form seems to 
be estab~isbed by other kinds of evidence, such as so~nbi~ity or ~~tentiomet~c data. 
Anion-exchange experiments under controlled conditions, such as a nitrogen 
atmosphere or the presence of sulfur dioxide as a holding reductant, showed that 
tracer thai~um~1) is not sorbed on anion excha~gers~63. This confirms the o& 
servations of Nelson, Rush and Kraus 134, that tha~Iium~1~ at the miilimolar con- 
centration level is not sorbed on an anion exchanger from 0.1 to I2 M HCI. Air 
oxidation was found16s to convert thallium~ tracer to an absorbable species 
presumably of tba~~iurn(Ii~~, which is strongly sorbed on the exchanger. The pre- 
sence of a reductant (sulfur dioxide in 1 M 333, but apparently not iron or 
titanium~I1~) brings about easy elution’63. These findings contradict those of 
Horn&@, who found D values exceeding loo0, with a maximum near 2 M HCi in 
uncontrolled experiments. Horne himself, however, claimed his results to be upper 
limits for D only, and it is now apparent that oxidation has made his resuIts for 
thalIium~I~ completely useless, and the constants calculated from them not valid, 

in conclusion, there seems to be no reliabIe information obtained from ion- 
exchange and so~veut~xtra~ion data concerning chloride~omp~ex formation of 
~~~~rn~~ 

ThaUium(III) is sorbed on a cation exchanger (4% crosslinked) from 1 M 
HCI04 with a = IO, while from I M WC3 D is much lower (about 1.2)““. From 

Coordin. C%em. Rev., 2 (1967) f95-238 
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very dilute hydrochloric acid appreciable sorption on a cation exchanger occurs, 
but it decreases as the hydrochloric acid concentration is raised above CQ. 0.001. 
M’ 6&S This reffects the strong complex formation, which leads to TICI, and TlC14- 
even at very low chloride con~ntrations. Thal~~m(iII) shows an increase in D at 
high chloride concentrations, similar to the behavior of iron(II.I), gallium(iII) and 
gold(III), only to a much smaller extent. With a 12% crosslinked resin, D = 3 at 
12 M I-IcPZ4, whereas it is IO at this concentration for a 4% crosslinked resin’23. 
For 8 M LiCl D = 42, on a 12% crosslinked resin, following the trend of the 
other ions mentioned. 

The extractability of thaliium~I1) from hydrochloric acid solutions by ether 
has been known for a long time, and has been made use of in separation schemes 
by Noyes, Bray and Spear 16’. Irving14’ showed that 90-95x of the ~al~um~I1) 
present at 6 N HCl is extracted by an equal volume of ether. Harbottle and 
Dodson’66 analyzed the yellow solution resulting when thallium(II1) is extracted 
into ether from about 6 M HCl (d = l-12), and found a composition H,.oTlC14.0, 
with maximal deviations of the indices of +O.OS, A more detailed study has been 
published by Iiorrocks and Voigt16’, who studied the extraction of tracer thal- 
~um(II1) into diisopropyl ether from (H,Li)(Cl,ClO~) solutions. They confirmed 
the species HTiC14 in the organic phase (within a wider margin of error), and 
noted the formation of a second organic phase above 5 M ionic strength though 
independently of the presence or absence of thallium(III), at the millimolar level. 
The thallium concentrates (90-96x) in the heavier of the two ether phases. The 
distribution results at ionic strengths of 2 and of 3 conform nicely to the expression 

5 

log D = log Krr + iog cn + + 4 log cc1 - -log C &(*‘ccr - n 
II=0 

(12) 

provided the parameters -rCr,, and /_I”(*) are assumed to be constant, at the constant 
ionic strengths of 2 or 3 MS The parameter K& includes the thermodynamic con- 

stant for the equilibrium H’ +TlCI,‘- e HTlCl,, the thermodynamic formation 
constant of TlCl&-, the inverse of the activity coefficient of HTICld in the organic 
phase, and the second power of the mean ionic-activity coefficient of hydrochloric 
acid (assumed constant at the constant ionic strength). The parameters /In(*) in- 
clude the thermodynamic overall formation constants of the species TlCI~t3-““‘, 
and the inverse of the activity coefficient of this species and the (n-3) power of 
the activity coefficient of chloride ions (again assumed constant at the constant 
ionic strength)_ The terms with n = 0, n = 1 and n = 2 are negligible and can be 
ignored, the terms with n = 3 and a = 4 can use Benoit’s constantsf6s, provided 
certain assumptions are made concerning the activity coefficients (log K3 == log 
Kh N 2.2); and with the same assumptions log K, = -0.53 results, This constant 
pertains to the formation of TICi,*- in the aqueous phase and not to HTICI~, 
since the last term in eq, (12) is explicit in the chloride ion concentration, and not 
in that of hydrochloric acid. 
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There exists some controversy ~~~~ing the formation of species 
TlClzr3 -‘)+ with n > 4 in aqueous chloride solutions. The concensus of recent 
opinion is that such species are not important below 0.1 Mchloride169. This does 
not exclude the possibiIity of their formation at higher concentrations, and the 
mag~tude of the constant proposed by Horrocks and Voigtrb7 has TICl,z- 
exceeding 10% of the total thallium(II1) only above 0.4 M chloride, which is not 
in contradiction with the known facts. Assuming that TICI, is the species extracted 
into diisopropyl ether from (neutral) sodium chloride solutions, Nerd and Ul- 
strupXG9 obtain log KS = 3.02 and log K_+ =I 1.22 for the thermodynamic con- 
stants in aqueous sodium chloride up to 0.1 n/i. 

The extraction of ~hallium~I~ with TBP has been studied briefiy’70. The 

slope of the log D os_ Iog cHCt curve has been found to be 2.7 in the range 2-5 M 
MCI. for 5% TBP in benzene. This is rather surprising, since in this range it is 
expected that the extractable species H’TlCl,- is completely formed, and that 
extraction of hydrochloric acid, which binds part of the TBP to make it unavail- 
able, should cause a decrease in L) with increasing cHcl. The data are rather few 

and incomplete and not too much weight should be put on this observation_ The 
dependence of D on the TBP concentration in the range 2-20% for 1.6 and 6.3 N 
HCl is third power, a reasonable number if salvation of the hydrogen ion of the 
extracted ion-pair is assumed. With undiluted TBP a very shallow rn~m~rn in D 
is observed at 2-6 .M HCI’, which is in contradiction with the data quoted above, 

which show a steep increase in 1) in this range. 
The anion-exchange sorption behavior of thal~um(III) has been reported by 

Kraus, Nelson and ~rnith”, who found log L) to decrease from 5.2 at 2 M HCi 
to 2.8 at 11.5 M HCl at loadings of less than 1% in the presence of chlorine to 
prevent reduction. I.ater work13”* 163_ 164 co~rmed the results and shows that D 
decreases slightly as the bydrochlorio acid ~oncent~ti~n is decreased from I.0 to 
0.1 M. Percbloric acid exhibits its usual depressirzg action on I): in I M HCI, 
thallium(III) shows log D = 5.71G4, addition of 0.001 M HC104 decreases D by 
a factor of 4, addition of 0.10 M I-ICI04 by a factor of 80 and addition of 1.0 M 
HCIO, by a factor of 500, Addition of 1.0 M HCl, on the other hand, decreases D 
only by a factor of 2.5. The dilute region has been explored by Home” ‘“, who has 
found a maximum in the distribution mrve near 0. I M HCl. The results confo~ 
to the expression 

1ogD = log K~pi-p log &-log fi: *a’ (13) 
it-1 

with log K&z =e; 6.80, p =i 1 for TIC&’ being the predominant resin species, and 
log @__ 1’* = -3.0, log PI’* = 1.5 and Iog &‘* = 1.2 (equivalent to log KS* = 3.0, 
log&+ = 1.5 and lag KS* = -0.3). These constants are in agreement with those 
ob~ined by Nerd” 6 q and Horrocks” 6 7 but not with those ~l~ula~d by Horne’ 64 
from the data by apparently similar methods_ The term involving Ks may be 
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interpreted either in terms of TICIsZ- or in terms of HTICI, (undissociated in the 
aqueous phase). There is no evidence supporting a supposition that HTICI, is a 
weak acid, not dissociated at 1 M Hf, so that T1C1s2- is preferred, in agreement 
with Horrocks and Voigt. A supposition of T1C1,2- or T1Q3- as the predominant 
species in the resin withp = 2 or 3 in eq. (13) is, however, not completely excluded, 
since this leads to the presence of TICI,...T1C1,3- or TICI.+- ...HT1C1,2- (or 
T1C1,4-) in the range 3 x 10 -4-12 M HCI. The former of which is nbt completely 
excluded by the known stability constants. Thus without more definite information 
on the species sorbed on the anion exchanger there is some doubt concerning the 
interpretation of the data. 

Little has been published concerning the extraction of thallium(II1) with 
long-chain ammonium chloride solutions. The results obtained” for 10 % Amber- 
lite LA-l (a secondary amine) and 5 % triisooctylammonium chlorides in xylene 
pertain to an indefinite oxidation state of thallium, hence are worthless. The data 
for extraction with 0.1 M Hyamine 1622 (quatemary-ammonium chloride) in 
1,Zdichloroethane from 0.1-10 M HCI show72 a maximum at 5.0 M HCI for 
thallium(III), which is unexpected, compared with the anion-exchange data, or as 
discussed above, for extraction with TBP. Extraction from 0.11 A4 HCI or 2.25 M 
HCI-1.00 M NaC104 with 0.006-0.2 % (?) trinonylammonium chloride in benzene 
shows”’ a first-power dependence of D on FRJNHCI, as expected for the species 
RaNH+TICla predominating in the organic phase. Sodium perchlorate has been 
added in order to depress the extractability of the thallium, so as to bring it into 
convenient range for measurement. The effect of perchlorate here is similar to that 
observed with anion-exchange resins. 

(ci) Group IVa 

Germanium dioxide is soluble in hydrochloric acid, the solubility being most 
appreciable in the range 6-9 M. Germanium tetrachloride is strongly hydrolized 
below 6 M hydrochloric acid, and germanium dioxide slowly precipitates from the 
solutions. Germanium tetrachloride is volatile, on the other hand, and serious 
losses can occur from >9 M HCI. These facts must be taken into account in 
discussing the chemistry of Ge”’ in hydrochloric acid solutions. 

The hydrolyzed species formed by germanium(W) in dilute hydrochloric 
acid, e.g. GeCli(OH),(H20)~4-‘-‘, seem to be absorbable (reversibly?) on a cation 
exchanger to some extent “I The absorbability decreases rapidly as the hydro- . 

chloric acid concentration is increased”’ probably because i increases faster thanj 
decreases, so that the net positive charge decreases. In any case absorbability of 
germanium(W) from 9 M HCI on 4% crosslinked Dowex-50 is negligible’23. 

Germanium(W) is one of the few elements which can be extracted from 
aqueous chloride solutions by the so called “inert” solvents. The extractability of 
germanium(W) by carbon tetrachloride has been suggested by Sandel1172 as an 
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isolation method, and Newcombe et af. 173 reported distribution data for the 
extraction of ge~anium~~, which however, could not be confirmed later’74* ’ 7 ‘, 
possibly because of the loss of volatile germanium tetrachloride in the earlier 
work. The most comprehensive study of the species formed in the aqueo’ys: phase 
(consisting of mixtures of (II’, Li+) (Cl-, ClO.+-) using extraction into carbon 
tetrachloride is that of Benoit and Cierc176, while comparisons of the extraction 
into several solvents were published by Brink et aZ..174 and by Siekierski and 
01szer’78 * Most of the data17’ * ’ 74--177 are in good mutual agreement, and for 
5-12 M HCl, solutions may be interpreted in terms of the following reactions: 

GeO,(aq)+4 H+ i-4 Cl- @ GeCl,(aq)+2 HZO; K (I4a) 

GeO,(aq) * GeO,; Pl WW 

GeCI,(aq) e GeCI,; P2 ww 

According to this scheme, hydrated GeO, (possibly Ge(OH),) is the major species 
in hydrochloric acid below about 7 M, above which GeCi, becomes important, 
In the carbon-tetrachloride phase, GeO, is important only at very low hydrochloric 
acid solutions. From the solubilities of germanium dioxide in carbon tetrachloride 
(3.3 x lo- 7 M)l’6 and in dilute hydrochloric acid (2 x lo-’ m)‘79, a value logp, = 
-4.8 can be calculated. From the distribution data at high hydrochloric acid 
concentrations, a value logpZ = 3.0 is obtained. The distribution results, accord- 
ing to the reaction scheme (14a-c) should conform to the following expression 

1ogD = log(p,fp~Kus)-log(1+Kas) (13) 

which they do, with log K = - 16.4, as seen in Fig.. 2. The fourth-power depend- 
ence of the distribution coeflbcient on the hydrochloric acid activity (eight-power 
dependence on the mean ionic activity, a) has already been noted by Benoit and 
Cierc176, who concluded that (14a) is the main reaction in hydrochloric acid 
solutions, although it probably does not occur in one step. A series of species 
GeClI(OH)JH20)k with i increasing from zero to four and i decreasing from four 
to zero is consistant with the data. From data in H(C1, CiOJ and (H, Li)CI 
solutions Benoit and Clerc’ 76 conchrded that in 9 n/i HCI, i = 4.2 and 1 = 0.7, 
but admitted that non-constancy of activity coefficients could cause some differ- 
eaces. Some migration of germanium(W) to the anode in concentrated hydro- 
chloric acid solutions has been observed, so that [GeCI,(OH) (H,O)]- is a possible 
species, The scatter of the distribution data at high hydroc~oric acid concentra- 
tions admits the possibility that this, rather than GeCl,(aq) is the predominant 
species, but volatility and soiubility data favor GeCl,(aq). 

Analysis of the carbon tetrachloride solutions has shown176 the species in 
this phase to be GeC14, and the ideal behavior of the solutions, and the independ- 
ence of the distribution coefficient from variations in the germanium(N) concen- 
trations indicate the species to be monomeric and tetrahedral. Similar species seem 
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Fig. 2. Distribution data for germanium(W). (0) from ref. 176, (Cl) from ref. 173, (A) from ref. 
174, (0) ref. 178; (- ) straight line with slope = 8.00. 

to be extracted into the other “inert” solvents, since the distribution curyes18o are 
quite similar. With oxygenated solvents, however, such as &/I’-dichlorodiethyl 
ether or TBP, different curves are obtained, and this could be due to the extraction 
of other species, such as [H(solvated)+],GeCls. Distribution coefficients are some- 
what higher with the oxygenated solvents (for 6 M HCI, D = 0.6 for /3,/I’-dichlo- 
rodiethyl ether, 1.0 for diethyl ether’47 and 17 for TBP, compared with 0.05 for 
carbon tetrachloride or benzene). 

The sorption of germanium(IV) tracer on an anion exchanger from hydro- 
chloric acid solutions has been studied by Nelson and Kraus’80*‘81 and by 
Yoshin~‘*~. Germanium(IV) is absorbable not only from aqueous hydrochloric 
acid, but also from gas streams, into which GeCI, is swept from concentrated 
hydrochloric acid solutions ‘*I. For interpreting the anion-exchange data’*‘, it is 
again assumed that (14a) is the main reaction in the aqueous phase, while in the 
resin, [Ge(OH),Cl,]*- and GeCl,*- predominate at low (6-9 M HC1) and high 
(9-12 M HCI) hydrochloric acid coucentrations, respectively, formed according to 

GeO,(aq)+2 Cl- * [Ge(OH)&I,]*-; pl 

GeQ(aq)+2 Cl- * GeCls*- ; P2 

Wa) 

(16W 
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The former species conforms to the findings of Everest and Harrison179, with 

macro germanium(W) concentrations, that the ratio Cl :Ge in the resin (equilibrated 
with 6-9 M HCI solutions) is 2, and that there are about 0.5 moles ~erms~ium 
per equivalent at maximal loading_ The latter species is consistent with the pre- 
cipitation of Cs,GeC& from concentrated hydrochloric acid’ “* ’ 7g_ Accordingly, 
the anion-exchange distribution should follow the expression 

log13 = log (pt fpzKa8)+2 log d-Iog (1 -!-Ku”) 07) 

The agreement of ‘the curve, calculated with the same vaIue of K as used above, 
and with log p1 = -2.3 and log p2 = -2.7, with the data is good as shown in 
Fig. 2. 

Very little info~ation is available concerning the extraction of gema- 

nium(IV) with long-chain ammonium chlorides. Nakagawa’ 8a used Amberlite 
LA-I and tribe~ylamine in xylene solutioas. His results are surprising since he 
found lower distribution cu~~cjents for these extra&~~t fur 8-12 N HCI, than 
has been found for benzene alone ’ 74. The genera1 trend he observed is, however, 
reasonable; the distribution coefficients increasing from negligible values at hydro- 
chloric acid concentrations beIow 6 M to a Bat m~rn~rn near 10 N HCl. 

Tin(II) has been accorded little attention from workers in the ion-exchange 
and solvent-extraction field. It is extractable from hydrochloric acid by diethyl 
ether (at 6 M I-ICI, D ?-N 0.3)14’, where it probably exists as the ion-pair m(sol- 
vated)]+SnCl,-, the pyramidal SaC13- ion having been identified by Raman 

’ 13’ spectroscopy _ Diisoamyl phosphate, 20 ‘4 in benzene, has also been used’ 53 to 
extract tin(U), the distrubiton coe~~ients falling from 104 to lo-“, as the hydro- 
chloric acid concentration is increased from zero to 10 A4. It appears that the 
extractant acts as a liquid cation exchanger rather than as a neutral extractant, 
since the acid seems to compete with the tin(H) for the exchanger very successfully. 

The anion-exchange behavior of tin(H) has been studied by Jentzsch and 
Pawlik2 “, and a few data have also been reported by Nelson, Rush and Kraus’ 34. 
The elution data obtained by the former authors are similar to those they obtained 
for zinc(I1) but pertain to a resin, ~ofatit L-140, for which no invasion data are 
available_ Since they are very different from those of the other group (X?=,, = 18 
at 2-7 M HCl, against BW, = 1000 near 1 M HCI), they cannot be analyzed even 
approximately in terms of the species formed_ New and comprehensive data would 
be welcome particufarIy in view of the possibility that SKI,“, rather than SnCt42’ 
is the saturated complex. 

Somewhat more extensive data are avai’table for tin(W). It has been described 
as absorbable on a cation exchanger from dilute hydrochloric acidZ7’, probably 
as a hydrolysis product. From 9 M hydrocbio~c acid sorption is negligiblex23. 
Diisoamyl phosphate shows ls3 low extractive power for dilute hydroc~oric acid 
solutions ;(D = 0.1 at 1.5 M HCI), but somewhat better extraction from more 
concentrated solutions, with a maximal distribution coefIicient of about 3. In this 
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case, contrary to that of tin(H) discussed above, the ester seems to act as a neutral 
extractant. Diethyl ether is a rather poor extractant (B = 0.2 at 6 M HClf47, 
maximal i) near 4 M HCl). The species extracted has been stated to be SuCl,, at 
least up to 4 M HCl, not the corresponding acid ~(solvated)~]~SnCl~, but no 
definite proof has been given’84. 

The decrease in extractability at high hydrochloric acid concentration has 
been attributed by Smith to the formation of SnCt,2, which is non-extractable. 
A more plausible explanation is the general phenomenon of decreasing extract- 
ability into diethyl ether, observed for all systems, due to the increasing mutual 
solubility of the two phases, Anhydrous tin tetrachloride reacts with ether to form 
a solvate insoluble in the ether f 8s. Addition of five moles of water per mole of 
tin(IV) causes complete dissolution. However, the MGssbauer effect (chemical 
shift) observed for SnCle * 5 HZ0 [crystals, at liquid nitrogen temperatures~186 
is different from that observed in ketone extracts of tin(IV) from IO M HCI, which 
in turn is similar to that of tin(fV) in ammonium hexa~~orostannate~v) or in 
concentrated hydrochloric acid (frozen at liquid nitrogen temperatures). The data 
are interpreted as extraction of [H(solvated)]i_4f [SnCl, (H,O),_iT-’ ion pairs, 
i, as well as D, increasing with increasing hydrochloric acid concentrations in the 
range i-11 M HCI. 4-Methylpentanone-2 (hexone) proves to be a fairly good 
extractant showing D = 10 for 7 M LiCl, and D = 13 for 7 N HC1’87. A con- 

tinuous variation study shows SnC& to be the organic-phase species (without 
presenting the data or naming the extractant). Extraction with TBP shows two 
moles of extractant to be associated with one mole of extracted tin(IV) species, 
from the slope of the extraction curve, log D us. log i;TBr, the species postulated 
being SnC1, - 2 TBP’ * ‘. 

The anion-exchange behavior of tin(iV) has been studied by Jentzsch”‘, 
by Nelson and &raus6s*134 and by EverestIs and their co-workers. Macro quan- 
tities of tin(IV) can be Ioaded on an anion exchanger to a ratio somewhat higher 
than one mole tin(IV) per two equivalents of exchangerZ8*, The not quite-definite 
stoichiometry found, and the equivalent-a~unting method used, actually cannot 
differentiate between several possible species such as SnClG2-‘, SnCl,- i-Cl- or 
SnCl,+Z Cl-, and is not very helpful. The distribution coefficients obtained with 
the German resin Wofatit L-150is7 are much lower than those obtained with 
Dowex-1, and show a gradual increase over the whole concentration range OS-12 
M HCI. The distribution curve for Dowex-1 shows a flat maximum at 4-9 M HCI, 
with a rapid decrease of I) towards lower concentrations, and a more gradual one 
towards higher ones 65p 134. At low hydrochloric acid concentrations, tin(IV) is ex- 
tensiveIy hydroiyzed, and a species [SnCi,(OH)f- will show the same effect on 
d log r>fd log a (for hydrochloric acid) as a species SnC&. However, assuming 
SnC162- to be the species sorbed oa the resin, permits fitting of the data above 
2 M HCl with the expression 
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lug D = tog K&$,+2 Iog &--log (If&*‘a -!-j3z*‘a2) W) 

with log K&V = 2.43, log /la*’ = -0.4 and log &*’ = - X.4, indicting the pres- 
ence of SnCIs- and SnCfG2- in ~~ucentrated hydrochIoric acid so~u~o~s. This is 
by no means to be taken too seriously, because of the un~er~ai~ti~ connected with 
the species in the resin, and with hydrolysis effects. Still, the formation of SuC162- 
in both the resin and ~on~otrated hydrochloric acid (>7 M) is reasonable. 

The extraction of tin@V) by Doug-chain amines has been studied by Naka- 
gawa’ 82, who found a maximal D = 30 at 4.5-6 M HCl with 10% Amberlite 
LA-l in xyiene. The distribution coefEcients decrease to about unity in both I M 
and 12 N HCI. No detaiIed study of the species formed in the organic phase, or 
in the aqueous phase, has been reported. 

Surprisingly little has been published concerning the ion-exchange and sol- 
vent-extraction behavior of lead~I)~hloride complexes, although such complexes 
are well known from studies using other methods. The distribution coefficients of 
Iead(II) from hydrochloric acid onto a cation exchanger decrease very rapidly with 
increasing iigand ~~n~entr~~ion~ from D - 500 in the absence of ligand to D = 4 
at 1 M WC1 and values below unity at still higher concentrations123. In a study 
not published in detail, K&son” 8g used a cation exchanger with a I M NaClO, 
ionic medium to find log #S1 = 0.81, which is somewhat low* compared with other 
published values. 

Lead(E) does not seem to be parti~u~ary well extra~tabl~ from chloride 
media with polar solvents. Neither uudi~uted TBP7, nor 5 ‘A TOP0 in toluene~ “, 
give distribution coefficients exceeding unity over the whole hydro~hi~ric acid 
co~~entration range. 

The anion-exc~aage behavior of lead(II) has been studied by Jentzsch”s’, 
Liska?l and ~oshimura’~ and their coworkers, who gave very littie information 
except reporting the possibility to sorb lead(H) at low hydroc~oric acid concentra- 
tions (e.g. 2 M) and elute it at higher ones (e.g. 7 N). Lead is also sorbable from 
sodium- and ~aIcium-chloride soIuticnx?. More detailed information has been 
given by Nelson and Io’3usLg1, and by Barbieri, Cuada and Rizzardi”Q2. The 
former authors used a batch technique with Dowex-1X10 and hydrochloric acid, 
the latter used column elution with Amberlite IR-4UO and chromatography with 
anion-exchange-resin-impregnated paper SB-2 and lithium chloride solutions. The 
results from all three methods with the different exchangers and bulk electrolytes 
agree very weI& considering differences in invasion functions, Indeed all these 
results conform to the expression 

logfl = fog K,,+p log d-Iog~_,‘“a-2+~_,‘*a-‘~1+~,‘*a~~2’*a2) 

(19) 
where D stands for the weight: volume distr~butioa coefficient in the batch method, 
for the volume-distribution coefticient D, in the elution method, and fur the 
parameter & = (&+-. 1) in the paper-~hromat~~aphie method, RF having its 
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usual meaning. The value p = I has been selected as giving a reasonable limiting 
slope 

LimdlogD/dloga=f=2-tin -2. 
a+00 

(19 

This means that PbCI,- is the predominating species in the resin, while PbCl,‘- 
predominates in concentrated chloride solutions. The values of the constants are 
log p-z’* = - 1.8, log/3_1’* = -0.40, log /II’* = --O-12 and log j?,‘* = -0.8 
in both hydrochloric-acid and lithium-chloride solutions. For Dowex-I and hydro- 
chloric acid, log K,,,, = 1.30 approximately. Nelson and Kraus”’ have suggested 
PbC!1s3- as the predominant species in the exchanger to explain the low value of 
KPb, realizing that the penta-coordination is unusual. Since they based the sug- 
gestion on analogy with presumed IrQ3- and InCls3- ions, which are, however, 
not the species sorbed for these elements with low K,,, there is no reason for 
accepting PbCls3- either. 

Again, rather scant information has been published concerning the extrac- 
tion of lead@) from chloride solutions with long-chain ammonium chlorides. 
Petrovlg3 studied the extraction of lead(II) from dilute hydrochloric acid with a 
30 % solution of A!iquat 336 in benzene, while Nakagawals2 studied its extraction 
with Amberlite LA-l and tribenzylammonium chlorides in benzene. The distribu- 
tion curve is similar to that for anion-exchange resins, exhibiting a maximum 
around 1.5 M HCl. These measurements are not sufficiently detailed to permit an 
analysis in terms of the species formed. 

Lead(W) is not stable in hydrochloric acid in the absence of chlorine, and 
no studies on its behavior towards ion exchangers and solvents have been reported. 
On the other hand, alkylplumbate(IV) species are stable in aqueous chloride solu- 
tions, and form chloride complexes. Diethyllead and triethyllead have been found 
to sorb on an anion exchanger as the hexacoordinated anions, [(C2H,)2PbC14]2- 
and [(C,H,),PbCI,]- respectivelylg4, and cationic, neutral and anionic species 
are present in lithium chloride solutions, as found from an analysis of the distribu- 
tion curve, corrected for invasion’ “. 

(vii) Group VQ 

There is no clear evidence for the presence of cations containing arsenic(II1) 
in aqueous solutions, although basic dissociation of arsenious acid, H,As03, to 
ASP+ has been assumed ’ “. Arsenic(III) is extracted into a variety of solvents 
from hydrochloric acid above ca. 4 M. Both “inert” solvents, such a; benzene, 
1 ,Zdichloroethane, chloroform and carbon tetrachloride’ 74* lg8* lgg, and polar, 
oxygenated solvents such as diethyl ether14’* lg6, isopropyl ether, &jzl’-dichloro- 
diethyl ether’74* lg7 and 4-methylpentanone-21 ” are capable of extracting ar- 
senic(III). The arsenic0 entity is extracted at least from the more concentrated 
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hydrochloric acid solutions, into both kinds of solvent as the species AsClS, as 
found by direct analysis, correcting for the free hydrochloric acid co-extracted. At 
the lower hydrochloric acid con~ntrations the ratios Cl : As are somewhat below 
threef7**1g7, and this is ascribed to coextraction of As(OH)Clz. There is no 
evidence for the extraction of HAsCl,, in analogy with other tervalent metals. As 
to the aqueous phase, a gradual transition from H&C& (= ASH), through 
AS(OI@, *, As(OH),CI, As(OH)CI, to AsCl, is consistent with the extraction 
data”‘. The general equilibrium may be written as 

AS(OH)s -iCli + H f + Cl- H As(OH)r _ iCIi+ i + II20 (20) 

with log K, = [As(OH),_.~C~ ic J aw,o/lAs(OH),_,Cl,2 being - 1.08 for i = 0, 
- 3.47 for i = 1, and -4.20 for i = 2”’ The distribution coefficients do not . 

vary with the arsenic(tI1) concentration over the wide range from carrier-free AS’& 
to 0.1 M ’ 74* ’ “* lgg, si~ifying the presence of monomeric species only. The 
extraction from lithium chloride solutions is much higher than from a hydrochloric 
acid solution of equal concentration (with 4-methylpentanone-2, D = 7, respect- 
iveIy OS for 7 M solutions~ 18’. No detaifed study has been made to explain this 
observation. 

Arsenic(lI1) is sorbed on anion exchangers, D reaching a shallow maximum 
of 2.5 at 10 A4 HCl’*‘. This value is more than can reasonably be expected from 
a mechanism not involving sorption of an anionic species, and it seems reasonable 
to assume that the arsenic(III) is sorbed as As&-. The data are compatible with 
the assumptions of the presence of As(OH)Cl,, AsCi, and AsCl,- in hydrochloric 
acid of increasing concentration, but not with the detailed stability constants given 
by Arcandlg7. At 10 M WC1 AsCI, seems to predominate in any case, but the 
presence of AsCl,’ at higher concentrations is by no means certain. 

Whereas the distribution coefficient with the anion exchanger varied only 
from ca. 0.8 at 0.1 M HCl to 25 M at 10 M HCl, that with the long-chain am- 
monium chloride Amberlite LA-l, 5 % in xylene varied much more, from cu. 0.01 
at 0.1 M HCI to 16 at 10 M, and the maximum is more pronounced200. The data 
are not sufficiently detailed to merit analysis in terms of species. 

Arsenic(V) is not appreciably extractable from hydrochloric acid solutions 
(to which chlorine is added to keep the arsenic oxidized) into inert solvents, such 
as benzene (D w 0.003) r94 even in the presence of a long-chain ammonium chlo- 
ridezoo_ Its sorption on an anion exchanger is also slight, a maximal D = 4 being 
attained in concentrated hydrochloric acid solutionsiso_ The species sorbed seems 
to be the arsenic(V) acid, H,As04. 

Antimony~I~ is extractable into various soIvating solvents from aqueous 
hydrochloric acid_ Diethyl ether shows appreciable extraction from l-6 M HCl, 
with a maximal D = 0.3 at 3 M HCl ’ Q6. Diisopropyl ether shows much less 
extraction over the range 3-11 M HCI, maximal D = 0.017 being observed2’“. 
This observation is surprising and might be explained by the hydrolysis of the 
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relatively-concentrated a~timony~It1) solutions (0.06-U.3 M) used. A bigher ether, 
diisopentyl ether, has been found to be more effective in the extraction of anti- 
rno~y~~~~ from ~t~urn-hydru~en chloride solutions, again hydrolysis decreasing 
the dist~bution coefficients drastically ‘Oz. Various other solvents such as alcohols, 
ketones’ 87, esters and TBP have also been studied203*204. In every case maximal 
D has been found near 3-4 M X-ICI. This maximum is not the same as that ob- 
served e.g. at 7 M HCI for diethyl ether and many metals, which is due to the 
sharply-increasing mutual solubihty of the two phases above that limit. In the 
present case the maximum is probably due to a chemical effect in the aqueous 
phase, the formation of a non-extractable complex. Iofa and Daker204 interpreted 
their distribution data in terms of the formation of [(H, Li) (H,O),S,,J’SbCf~- in 
the organic phase. From the concentration dependent in be~ene-diluted hexanol, 
it has been found that n = I .4. EIectricaI. measurements, however, show that there 
is no mi~ation of a~timony~iI1) in hexanot extracts. Fomin205 has criticized the 
conciusions of fofa and Daker, as not being based on a valid interpretation of the 
data. Indeed, if the formation of a non-extractable species at high hydro~bloric 
acid concentration, the non-migration of antimony(II1) in the extract, and analogy 
with arse~c(~I~) which is extracted as solvated AsCl,, are considered, it is reason- 
able to assume that the extracted species is SbCl,, while in solution SbCI,” is 
formed. There is, however, no proof for this hypothesis, and further investigation 
is clearly warranted. 

Antimony(~I~) is sorbed strongly on anion exchangers134* 206_ A maximum 
in the distribution curve is shown at 2 M HCl (D = ZOOO)~34. Too few data are 
given to permit a detailed anaiysis in terms of the species formed, particularly in 
view of the strong hydrolysis in dilute solutions. The data are generally compatible 
with the assumption of SbCI,- being formed in the external solution at the higher 
coa~~trations but do not exclude other possibilities, The arni~~ extr~cliu~ be- 
havior is similar to the anion-exchange behavior, however, the maximum is shifted 
to 4 M HC12*‘. Again, the data are insu~cient for a detailed analysis. 

Antimony(V) undergoes slow hydrolytic reactions in dilute and moderately 
concentrated hydrochloric acid so that its behavior at t6 M HCl tends to be 
erratic. A furtber complication is the possibility of reduction to antimouy(~~~ 
which is usually less extractable by solvents, or sorbable on resins. An early 
estimate that antim~ny~ shows D = 10 for I6 M HCl or 10 M LiCl on the cation 
exchanger Dowex-SUX12 lz2 has been subsequently corrected to give much higher 
distribution coefficients, I) L 2000 for 9-Q M HCl on ~owex-SOX4123. 

Tbe extraction of a~timony~ by diethy1’47S196 or diisopropyPr ethers, 
has been found to be very high. Again, the results seem to suffer from irreproducibil- 
ity at HCl c6 M because of hydrolysis and reduction. A decrease in 13 at higher 
con~n~ations can be ascribed to increased miscibility of the two phases. In the 
absence of water, antimony pentacbloride is solvated by diethyl ether, but the 
product is insoluble, unless 6 moles of water are added per mole of antimony’8B. 
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Other solvents such as ethyl acetate2*’ or diisopentyl ether and isopentano12 O2 
are also effective extractants. 

Anion exchangers sorb antimony(V) very strongly, a maximal L) = 2.5 x lo5 
is obtained with Dowex-1X10 around 10 M HCI. Sorption starts (-t> = 1) at 1 M 
HCl and increases rapidly at higher acidities13** 206. The nearly constant D values 
above 8 M HCl are compatible with the species SbCIs- occuring in both&e resin 
and the external-solution phases. The published results have not been presented 
accurately enough to warrant a more detailed analysis. The amine extraction be- 
havior is, again, simiIar to the anion~xchange behavior2*0. ~earIy-constant dis- 
tribution coefficients are obtained above 8 M HCI. 

Bismuth(lI1) is known to form strong chloride complexes, and aItho~gh 
hydrolyzed at low acidities, complex formation is reversibfe and rapid above cu. 
0.1 M acid. Even from 0.1 M HCI bismuth(ll1) is much less absorbed on a cation 
exchanger (D - 20) than from a corresponding perchloric acid solution (extra- 
poIated D N 10”) and the distribution coefficient decreases to values below unity 
above 0.5 M HC1’23. Although the distribution coefficients increase to very high 
values in concentrated perchforic acid there is no increase in concentrated hydro- 
chforic acid so&tit &22* 123. 

Bismuth(ffI) seems to be onIy poorly extractable From chforide sotutions 
into solvating soivents, such as diethy etheri4’, TBP?, ~methyIpentanone-Z~“, 
etc. This may be connected with the pronounced tendency of bismnth(ll~) to form 
anionic complexes with a charge more negative than --I (such as BiCIs2’, or 
@i(H,0)CIJ2-, and BiC&‘- ), which have such a high affinity towards water that 
they cannot be efficiently extracted. 

Anion exchangers, on the other hand, sorb bismuth(fIf) very efficiently, 
from both concentrated and dilute chloride solutions, so that it is difficult to 
elute 13* ‘9’.208 and God-chloride soiutions such as sulfuric or nitric acid must be 
used19’. The distribution coefficients with Dowex-1X10 decrease from 2 x IO* at 
0.25 J4 HCl to 57 at 12 1K HCI. An analysis of the distribution curve shows that 
the datalg’ conform niceIy to the expression 

IogD = log &jt+Zlog d+I0g(1+10-““ f@-2loga-log(lf10-*” a) 
(21) 

with log K,i = 3.45. This behavior indicates the formation of BiCIs2- at low, and 
of BiCIG3- at high hydrochtoric acid concentrations, both in the resin phase and 
in solution. The magnitude of the constants is so that BiC16’- is formed in the 
sohttion at lower hydrochloric acid concentrations than required for its formation 
in the resin, where, as observed for other systems, species of lower charges are 
favored. The species indicated for the aqueous phase agree with results from other 
methods, and also the constant, log #is*/ps* = -0.10, is reasonable. More in- 
formation, as possibly obtainable from resin loading, crosslinking variation and 
secondary cation variation, as welt as spectral studies, wouid be heipful in estab- 

Coordin. Chem. Rev., 2 (1967) 195438 



230 Y. MARCUS 

iisbing the validity of the above j~ter~retat~on, or in providing an retentive one. 

The extraction of b~smuth~~~i) with ~~~g~hain ammonium &orides has 
received little attention, in spite of the expected good extractability- Nakagawa 
used the secondary amine, Amberl~te LA-1 in ~ylene~*~, and found a curve gener- 
ally resembling that for the resin anion exchanger. Sheppard and Warnock20g, 
in a more detailed study, found a second-power dependence of D on &nHC1, 
using 0.002-0.3 M t~lau~lammo~um chloride in xyiene. At the lowest amine 
co~c~otration it seems to be mo~orne~c~ while it may aggregate at higher con- 
centrations. ft is, therefore, surprising in this case, as it is also for many other 
cases, that the slope of the curve remains 2.0 f 0.1, while changing ZaRINHCI over 
more than two orders of ma~itude- This same slope has been obtained for several 
hydro~~oric acid concentrations, in the range 0.1~-8_OM HCI. The absorption 
spectrum of the organic phase shows a peak centered at 332 nm, compared with a 
peak at 327 nm attributed to BiCI,Z-. This evidence taken together indicates the 
formation of (R~N~)~BiC~~ in the organic phase. However, the decrease of the 
distribution coefficient with increasing hydrochloric acid concentrations (from a 
maximum of about D = 90 at 0.6 M I-ICI to D = 0.1 I at 8 M HCI, with 0.038 N 
t~~au~lamrno~i~rn chloride in xylene) is too smah compared with an inverse 
second-power turning into an inverse third-power dependence on a, expected from 
the reaction 

BiCf, +=- t-2 RsNHCI * (R~~~)~BiCl~ cx Cf- (x = 2 or 3) (z2) 

More information such as the behavior with lithium chloride solutions, is desirable 
in order to permit a decision between alternative iurerpre~ations of the data. 

Selenium is classified as a non-metal, stiit some of its ions in soIution are 
capable of serving as central ions, coordinating chloride ions around them. Thus 
~e~eni~rn~~v) in hydrochloric acid seems to form chloride complexes, which can 
be extracted with TBP2 * ’ or TOPO” p* with distribution coefficients exceeding 100 
at 12 M HCI. Seleniurn~~~ is also sorbed on an anion exchanger from hydro- 
chloric acid soiutions3* 2Xf, D i ucreasing rapidly above 6 M NCI. The species in- 
volved in this sorption have not been elucidated; however it has been suggested3 
that some of them (e.g. SeC1, or SeOCI,) are not in rapid equi~brium with each 
other, a fact which causes d~~culties in the ~iution. The ~xtr~c~~o~ of se~eni~m(~~r~ 
in Amber~~te LA-I and tr~be~zy~arni~e from hydrochloric acid has also been 
studied212, the distribution curve resembling that for anion-exchange resins. 

This seems to be all the pub~jshed informat~oo concerning ion exchaage and 
solvent extraction of se~enium~~), or selenium altogether. More detailed work 
capable of identifying the species formed is dearly desirable. 

The information available concerning chloride complexes of tellurium ions 



is mure extensive. Te~iu~um(I~ is extracted from hydrochloric acid solutions by 
a variety of solvents. Thus from 6 M HCl, diet&$ ether shows D = 0.5147, TBP 
shows D = 2o07, and good extraction is afso observed with diisopropy~ ether and 
bis~-~~oroetby~) ether . ‘13 The distribution coefticients show a m~imum at 8.5 M 
HCI with the ethers. Analysis of the organic phase has shown it to contain TeCI,, 
when extraction occurs from difute hydrochloric acid solutions, and H2TeCI,, 
when extraction is performed from concentrated solutions. For the reaction -- 
TeCl,+2 HC! ;7 EI,TeCl, in bis~~hloroethyi~ ether, it was found that log K = 
4.0. No info~atio~ has been given concerning the species in the aqueous phase. 
The data indicate that H,T&& is extensively dissociated in the ether to give 
hydrogen ions and he~acblorotelfurate(IV~ anions, the acid being much stronger 
than hydro~hIoric acid’ ’ 3. 

Anion-exchange data for te~iurium(IV~ in chloride solutions have been given 
by Sc~udewo~fz14, Sasaki” ’ *a ‘, Kleemann” 6, ~i~rna~hi2’ ‘and ~aibakyan2~ *. 
It has been suggested that anionic chloride complexes of te~l~riurn(I~ are formed 
above 3 M HCf214; in any case, appreciable sorption starts above I M HCI, and 
D reaches high v&es, and a shallow maximum, at 7-8 M HCt (t, - X04j2 14. z l 6. 2 1 8. 

It is reasonable to assume that teIIurium(IV) is sorbed from very dilute hydro- 
chloric acid as TeOS2- , and as the hydrochloric acid concentration increases, a 
species such as Te02” is formed, causing the low distribution coeificients observed 
at OS-I N HCl”““. At stiil higher concentrations species such as TeOCf,2- or 
TeCf4 +,“- are formed, with a high affinity towards the exchanger217.2’8. It has 
been observed that in mixtures of hydrochloric acid and lithium chloride, at con- 
stant chloride concentration, D increases as the acid concentration increases2r4* 2 l’. 
Indeed, D is very low for pure lithium chloride solutions, except when very con- 
centrated (> IO M LiCI) ‘14 This behavior is contrary to the usually depressant . 
effect of acid, and must be attributed to the transition from species such as 
Te(OH,)4--m (e.g. Te02 *) to more highly-sorbed species such as TeC&,,“-, as 
the hydrochloric acid component in the mixture increases. As with seIenium(I~~ 
slow equilibria cause di~cu~ties in the elution of tellurium(I~z17, but when sorbed 
from concentrated hydrochloric acid, tellurium(IV) is easily eluted with 1 M 
HC1=‘6. 

The amine extraction behavior of te~~urium(I~ is again similar to that with 
anion-exchange resins. Above 6 M EIC1, there is good extraction (D zz- 100) with 
Amber~te LA-1 and with tribe~Ia~o~ium chloridesz”2*z19. 

Tellu~u~(VI~ is sorbed on anion exchangers, is extracted into amine hydro- 
chloride so~u~i~as only at high hydr~~~oric acid concentration, and shows gener- 
ally much lower distribution coefficients than teiIurium~V~. 

Polonium, although posing di@cuIties because of strong radiolysis and also 
hydroIysis in solution, has received a cousiderab~eamouut ofattention, in pa~icular 
in t&e form of the most-stable vaIency state, polonium(N). Polonium(N) can be 
sorbed on a ration-exchange resin, such as Dowex..50, from dilute hy~oc~o~c 
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acid(tO.1 M) and &ted with more concentrated hydrochIoricacid(>2M)220*221. 
Although hydrolysis is extensive below 1 M WCI, equilibration is complete within 
a few hortrs, and apparently reversible 221. The presence of poioniumas a cationic 
hydrolyzed species (such as Po02+, [Po(OH),CI,]~-~-~ with m+n ( 4, etc.) has 
been suggested, but polymeric species cannot be excIuded. 

Polonium(IV) can be extracted from hydrochloric acid solutions by a variety 
of soIvents. Diethyl ether is a poor extractant for po~onium(I~,,at 6 M HCI, L) is 
only 0.0322’*z23, but mesityl oxide222 and various ketones (diisopr~py~ ketone, 
acetyIacetonettZ and 4-methyipentanone-2224) & carbinoIs225 are practical ex- 
tractants. The history of the polonium sample before the extraction has been found 
to be of importance, and near 2 M HCI a minimum in the extraction cm-ve with 
4-methylpentanone-2 is observed 224. The results indicate the occurence of a slow 
equilibrium between two extractable species: fP0(0Ei)&l.+]~- and PoCIG2-, pre- 
dominating at Iow and high hydrochloric acid concentrations, respectively22d. The 
former species is not compatible with the sorbability on cation exchangers, ob- 
served in this range of acidity. 

TBP is a useful solvent for extracting polonium(W) from hydrochloric acid 
solutions, as first suggested by Karracker and Templeton, who used a solution of 
this extractant in dibutyl ether diluent 226 Subsequent studies by Bagnaf222*z27, . 

showed that at high loadings, Le. saturated solutions of polonium(W) in TBP 
diluted with decalin, the species FOCI, - 2 TBP is formed, with the constant for 
the reaction PoCI,i-2 TBP G PoCI, l 2 TBP being Xog K = - 1.4 at 22”. This 
result does not exclude the formation of species richer in TBP at lower polonium 
concentrations, and a slope of 3 has been found in the logarithmic plot of D 
against Zmp. The distribution curve shows a minimum near 2 M HCi and a 
m~imum near 7 M HCI. It is difEcuIt to explain the minimum but the m~mum 
is probably due to binding of TBP by the hydrochloric acid extracted at high 
concentrations227. 

The anion-exchange behavior of poXonium(N) has been studied by Sasaki” ’ 
and by Danon and Zamith 221. The Iatter authors have found very high distribu- 
tion coefficients (D = 2 x 10’ at OS M HCI and 1) = 3 x lo4 at 12 M HCI), and 
although equiiibrium is attained rather slowly, the sorption is completely revers- 
ibie”‘. The distribution curve follows the expression: 

log I) = log .K,+z Iog &--log (I+ W’ a2) (23) 

with log KW = 4.77. The data thus indicate that Poc162- is the species sorbed on 
the resin, and PoC& (or ~~(OH)~l~~‘-) and PoClsz- being the species pre- 
dominating in the solution, the ratter taking over above ca. 1 M HCI. 

The extraction of polonium(N) with longshain amines is also very easy. 
Thus ~ethyidi-n-o~tyia~o~um228 or tri~au~~ammoniumzo9 chlorides give very 
high distribution coefficients, varying with the second power of the amine con- 
centration. At high hydrochloric acid concentrations, the distribution curve co+ 
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forms to the extraction of (R~~~)~PoC~~ from a solution in which PoCls2- 
predominates, but at concentrations below co, 6 M HCI, D does not increase as 
expected, when the acid is diluted, and an i~e~~arity in tbe curve occurs near 
X N HCl. It is thus possible that another species besides PoCI,~- is extracted into 
the organic phase, possibly ~o(O~)C~~~~-. Such a suggestion2*g may expiaitr the 

apparent discrepancy between the anion-exchange and the amine-extraction results. 

SYMBOLS 

The foilowing symbofs are used throughout this review; some other symbols, used only once for 
a specif%r purpose, are defined where they are used. 

a effective Iigend activity (u = my rf: or a = 
cy t for 1: t ei~tr~l~es~ 

c, molar eoacent~tion of X 
D distribution coeiTrcicnt, the ratio of the 

concentration of the distribuent in the 
organic phase (M) or resin phase (moles/ 
kg air-dried resin) to its concentration in 
the aqueous phase (M) 

B., voiume~~trjbut~on coe~ci~nt, obtained 
from resin-column efution, moles distribu- 
ent per Biter of resin bed to moles per liter 
aqueous solution 

E elution constant (E = l/(O),+ interstitial 
volume fraction) 

k, stepwise complex-formation constant for 
species MCl,m-D 

K;, general symbol for equib~ibrium constant, 

for reaction specified by X 
mx mofal conccntmtion of X 
,* average Jigand number 
f moiar activity coefficient 
*a 
i% 

fraction of metal in form ofspecies MC&** 
overall com~f~x-f#rmat~off constant for 
species MCl,,“r” 

y molal activity coefficient 
& dielectric constant 
(X) concentration of species X 
z species or symbol. (such as concentration, 

etc.) pertaining to the resin or the organic 
solvent phase 

X* effective complex-fo~ation constant, used 
in mass-action iaw expressions involving 
the effective &and activity, a (X = @ 
or K) 
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