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Anion-Exchange Studies.
Ion Exchange in Concentrated Electrolytes.

X'l,'_’
Gold(III) in Hydrochloric Acid Solutions

By KurT A. KRAUS AND FREDERICK NELSON
RECEIVED JUNE 11, 1953

The anion-exchange behavior of Au(III) in hydrochloric acid solutions (0.1-12 J/) was studied with tracer Au!® and a

“’strong-base’’ exchanger.

Au(III) was found to be strongly adsorbed throughout the experimental range, and the distribu-
tion coefficients (amount per kg. resin/amount per liter solution) were found to decrease with increasing M HCI.
sults are believed representative for the adsorption of the species MCl,—.
ion exchange in concentrated electrolyte solutions where equivalent exchange does not occur.

) The re-
A discussion is given of the thermodynamics of
The activity coefficient ratio

Pravcls = Y 1HAuCL/YiHAuCL has been computed as well as the proper activity coefficient quotient I' for the ion-ex-
change equilibrium. Both log I'mayct, and log I' were found to vary linearly with molality of HCI.

The extent of adsorption of metals by anion-ex-
change resins inay be expressed in terms of the
fraction of the metal in the form of adsorbable spe-
cles (negatively charged complexes) and by the
intrinsic adsorbability of these species. This
intrinsic adsorbability is probably primarily de-
termined by the type and structure of the ion (or
ions), by the charge of the ion, the medium from
which adsorption is carried out, and by the
resin used. Since most of the work on anion ex-
change of metal complexes has been carried out
in concentrated electrolyte solutions, the effect of
the medium on the adsorbability inay be large
and its evaluation, independent of possible changes
in species, appears desirable. Gold(III) seems
suited for this purpose since, according to Bjerrum,3
the species AuCli~ is verv stable, exists even in
relativelv dilute HCI solitions, and does not tend
to dissociate to AuCl; or positively charged ions.
The assumption that Au(III) exists as the species
AuCly~ in concentrated HCI solutions, though ap-
parently not proven, appears reasonable, since,
e.g., Au(Ill), like Fe(III) and Ga(IIl), can be
extracted by ethers from relatively concentrated
HCl solutions, a property which is probably charac-
teristic for the complex MCl,~.2

Experimental

The adsorbability of Au(lIl) was studied by the equilib-
rium method at 25 &= 1°. Kunown volumes of solutions con-
taining tracer Au!® were shaken for two to three days with
known weights of resin. Gold concentrations before and
after equilibration were determined by vy-counting with a
sodium jodide scintillation counter, and distribution coeffi-
cients D (amount per kg. resin/amount per liter solution)
were calculated from these data.

The tracer was obtained by neutron irradiation of gold
in the ORNL graphite reactor. The purity of the tracer
appeared satisfactory, since it followed a half life of 2.68
days through 7 half-lives without indications of a long-lived
component. This half-life is in good agreement with the
values reported in the literature.*

The tracer was of sufficiently high specific activity to per-
mit the use of gold concentrations of the order of 3 X 1078 /.
These high dilutions in the aqueous phase yvielded resin load-
ings with respect to gold of less than 1%, of capacity throngh-
out the experiniental range. Considerable initial difficulties
in obtainng reproducible distribution coefficients were
overcome by addition of a small amnonnt of chlorine to the
sotutions, suggesting that the lack of reproducibility re-

(1) This document is based on work performed for the Atomic
Energy Commission at the Oak Ridge National Laboratory.

(2) Previous paper, K. A. Krans, F. Nelson and (¢ W. Smith, J
Phys. Chenr., 88, 11 (1934).

(3) N. Bjerrum, Bull. soc. chim. Belg., 87, 432 (1948).

(4) Nuclear data, NBS Cireular 499 gives 71,2 = 2.60 d, Suppl 2:
2,741 Suppl 3¢ 2,75 . 2.66 .

sulted from reduction of An(IIl) by the resin or impurities.

The resin (mesh size —200 4230, wet-screened) was from
the same batch of quaternary amine polystyrene divinyl-
benzene resin (Dowex-1) which was used in the earlier work.
It was washed with dilute HCl, concentrated HCl and water,
air-dried, and the weight ratio of air-dried resin to that dried
in a vacuum desiccator over ‘‘Anhvdrone’’ at 60° deter-
mined.?% Distribution coefficients were calculated on an
““Anhydrone-dry’’ basis.

Results and Discussion

1. Adsorbability of Au(IIl), (AuCl,—).—Gold
was found to be extremely strongly adsorbed at all
hydrochloric acid comncentrations studied (0.1 to
12 M), and the distribution coefficients were found
to decrease with increasing hydrochloric acid con-
centration. Figure 1 summarizes the results from
2to 12 M HCl. The data which were obtained at
lower HCI concentrations exhibited the same trend.
These data showed poor reproducibility, which re-
sulted from the difficulties connected with measur-
ing distribution coefficients larger than 10°.

At no HCI concentration are the distribution co-
efficients small enough to permit reasonably rapid
elution. On the other hand, the distribution coef-
ficients and the rates of adsorption are sufficiently
high to permit batch extraction of gold from chlo-
ride solutions. Thus 99.99 of the gold could be
extracted in less than 5 minutes from 10 ml. of a
1.4 X 10—* M Au(I1I)-1.0 M HCI solution with ca.
100 mg. of resin.

The general decrease in adsorbability with M uc
for Au(III) is qualitatively similar to the results
with TI(III), Pd(II) and Pt(IV).? The adsorba-
bility of these elements, however, differs strikingly
from that of most other eleinents studied which, in
general, show initiallv an increase in D with W ua
followed, in sonie cases, by a decrease. Since the
fraction of gold as adsorbable species (AuCli™)
can safely be assumed to be unity throughout the
whole experimental range, a cecrease in D with
Muci appears characteristic for adsorbable species,
while increases in D with A/ gci are probably con-
nected with increases in the fraction of the metal
in the form of adsorbable complexes.

2. Adsorption Equilibria in Concentrated Elec-
trolyte Solutions.-—When ion-exchange resins are
immersed in concentrated electrolyte solutions, a
considerable amount of the electrolyte is taken up
by the resin.? Under these conditions exact equiv-
alent exchange caimot occur, and adsorption of one
equivalent of ions by the resin is not accompanied

(3) K. A, Kraus and G. [2. More, Tuis Jourxar, 75, 1137 (10533)
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Fig. 1.—Adsorption of Au(lIl) by a strong base anion-exchange resin.

by the release of one equivalent of ions® as implied
in the usual ion-exchange equation which, for an-
ion exchange of the ions A~ and B—, is written as

A- + (B T (A7) + B (1)
Nevertheless, it can readily be shown that even un-
der these conditions mass action constants of the
type
_ (AT)(B7)
B (A™XB™ ) ga- "B~
are applicable. In equation 2 parentheses and g
indicate concentrations and activity coefficients of
the species, sub- and superscript r the resin phase,
no subscript the aqueous phase, and Ky and G
the concentration quotient and the appropriate ac-
tivity coefficient quotient, respectively.

Equation 2 can be derived from the conditions of
equilibrium for the distribution of two components
between two phases

X x 8478 _ oG (2

w'vma = pma and p'vs = uns 3

where u is the chemical potential of the component
indicated as subscript and where M is the common
positive ion of the two components, If the same
standard states are assigned to the aqueous and
resin phases for each component, equation 3 yields

a"ma = auMa and o'y = ams 4)

where ¢ is the activity. Equations 4 hold inde-
pendently of each other for any two-phase equilib-
rium and hence for all equilibria involving ion ex-
changers whether equivalent exchange is involved or
not.

Dividing equations 4 by each other, after raising
one of these equations to an arbitrary power p
vields a"ma/(e¢"MB)? = ama/(ams)?. If a massac-
tion expression is desired in ionic form (as implied

(6) Actually it has been shown in experiments with iron (K. A.
Kraus and G. E. Moore, unpublished results) that the hydrochloric

acid content of the resin decreases essentially to zero when the resin
becomes heavily loaded with respect to FeCls~.

by the word “ion exchange'’) the activities of the
common ions must be cancelled, and hence for 1-1
electrolytes setting p = 1 becomes a mathematical
necessity. This yields

M Ou _ iy miam it e |, (VTaMa)? YiemB

aMa @'yB MMt ma- Wiy mTBm T Yiama (Y .uB)?
ma- mp- VA~ YBo _ 1 (5)
ma- m'g= " Yam Vp-

where m and v are the stoichiometric concentra-
tions and activity coeflicients, respectively. Equa-
tions 2 and 5 are formally similar since the assign-
ment K = 1 is required by the choice of the stand-
ard states. They differ, however, in that equation
2 involves concentrations and activity coefficients
of species while equation 5 involves stoichiometric
concentrations and stoichiometric activity coeffi-
cients. While the stoichiometric equation 5 is
generally applicable, it is not very revealing.
If interpretations are desired, the equation must
involve concentrations and activity coefficients
of species, i.e., be of the form of equation 2.
If the standard free energies to which the activities
of the species refer are the same as those used in the
computations of the stoichiometric activity coef-
ficients, the relationships

myt ma~ Y2eyma = (MT)(A7)gm+ ga-, etc. (6)

hold for both phases. To use these relationships,
estimates of the activity coefficients of the species
must be available. Precedents exist for their es-
timation for certain aqueous solutions but not for
the resin phase.

Activity coefficients of the species can be evalu-
ated, according to equation 6, either by estimating
with a non-thermodvnamic technique the concen-
trations of the species M+ and A, as well as the
stoichiometric activity, or by finding electrolytes
for which one can be reasonably confident that the
concentrations of the species are equal to the stoi-
chiometric concentrations and that hence a simi-
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lar equality exists for the activity coefficients, 7.e.
miys = (MT)e; mia- = (A7) (Vana)? = ghur gla- =
(grama)? (7)

Hydrochloric acid, in this sense, probably could be
considered essentially completely dissociated in the
resin phase. Its activity coeflicients in the resin
phase, ¥'ima were shown® to be approximately
equal to those in the aqueous phase. Further-
more, it was found that d log yync/dm'uc =&
d log vsuc)/dmuc.  Since hydrochloric acid in the
aqueous phase is usually considered a nearly com-
pletely dissociated electrolyte, one might conclude
from the similarity of the activity coefficients in the
resin and aqueous phases and particularly from the
similarity of their derivatives, with respect to con-
centration, that HCl is alsoa highly dissociated elec-
trolyte in the resin phase. It should be noted that
in this treatment the resin is considered the solvent
and that even if essentially complete dissociation of
a component MA to M™* and A~ should occur in
the resin phase these ions should be considered solv-
ated. In some cases this interaction of ions with
the solvent resin may be considerably larger than
their interaction with the solvent water in the aque-
ous phase causing, for example, the high selectivities
which are characteristic for certain complex iomns.

In most work with ion-exchange resins the im-
plicit assumption was made that electrolytes in
the resin phase are completely dissociated and
stoichiometric concentrations and concentrations
of species were used interchangeably. Such as-
sumptions, however, do not appear safe, particu-
larly with acids or ions of high charge. For ion
exchange in concentrated electrolyte solutions, the
concentrations of positive and negative ions in the
resin phase are of the same order of magnitude
because of the large electrolyte uptake. Under
these conditions, association could occur with a
resultant decrease in y*=. However, even in dilute
electrolyte solutions where the concentrations of
positive and negative ions differ widely, possible
association could seriously affect the mean stoichio-
metric activity coefficients of the components in
the resin phase.

3. Adsorption Equilibrium of AuCl,——A dis-
cussion of the adsorption equilibrium of gold can
be made either on the basis of equation 4 or on the
basis of equation 5. In general, a decision as to
which of these equations should be used for de-
scribing selectivity experiments depends largely on
convenience. In dilute electrolyte solutions where,
for anion exchangers, the concentration of M* in
the resin phase may be very small, equation 3
may be preferred since it involves the more readily
measurable anion concentrations instead of the
more difficultly measurable cation concentrations.
For concentrated electrolyte solutions where # pm +
is large and readily measurable, equation 4 appears
preferable because of its inherent simplicity and
because it yields a simpler activity coefficient ratio.
Expanding equation 4 yields

mar ma- Yiima = mar wa- (Vrama)? (8)
which, combined with the equation for the distri-

bution coefficient
D = ws-/ma- (9)
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yields
D(nrye/mu*) = Viama/(Vana)? (10)

Thus, equation 4 yields the activity coefficient ratio
Y =Mma/ v =ma while equation 5 would yield initially
thg activity coeflicient ratio %,y s/ Y oaY garn
which would yield ", ,/v,y, only by a circuitous
route.

In view of the apparent stability of theion AuCl,—,
the distributing component will be considered to be
HAuCl,. The activity coefficient ratios y*+mauct,/

v +HAucCl, Were computed by the equation
Mt MAuClT _

mHEt MAuCl”

Mt Y2.imaucy 1
mus (Yamawcw)?  DPmaucl (102)
Concentrations were expressed in molalities which
for the resin phase are moles per 1000 g. of resin—
water. Since the concentration of gold was very
small in both phases it was assumed that mfg. =
mucy, and that mfg« is equal to its value for pure
HCI solutions.?

A plot of log Thaucy S, mua was found to be
strictly linear throughout the experimental range
and to follow the equation

log I'mavcy, = —3.24 + 0.075mac (11)

Equation 11 may be contrasted with the equation
for a similar linear plot of log I'uct (where T'uct =
¥ +uc1/v=Hc1) vs. muc: which, on the basis of the
earlier data,® was found to be

log FHCI = —0.26 + 0.0IMHCI (12)

As discussed earlier, equation 12 does not apply
at very low HCI concentrations. For this reason
one also cannot expect equation 11 to hold at
very low maca. Nevertheless, the empirical ex-
trapolations to muc1 = 0 are of interest. The ex-
trapolated value I"mauci, was found to be approxi-
mately a factor of 1000 smaller than the extrapo-
lated value Iyci.  This large ratio indicates very
strong interaction between the component HAuCl,
and the resin phase. Onmne is tempted to consider
this interaction to be primarily between the complex
ion AuCl,~ and the quaternary amine group of the
anion-exchange resin.

The slopes d log T'gauct,/d muct and d log T'uci/
d muct are both positive. The slope for gold is
considerably larger than for HCI. If the ions H*
and AuCl,~ were more associated in the resin phase
than in the aqueous phase, a decrease in I'sauct, With
muc might have been expected. Hence, assuming
HAuCl, to be essentially completely dissociated to
H* and AuCl,~ in the aqueous phase, one might also
assume that it is also similarly essentially coin-
pletely dissociated in the resin phase.

Since the mass-action (exchange) equations 2 and
5 were almost exclusively used in the past to repre-
sent ion exchange equilibria, computations accord-
ing to these equations were also carried out. The
units were molality for the aqueous phase and
moles/kg. dry resin for the resin phase. Combining
equations 5 and 9 yields
D(mp-/m's-) = V2%uua(¥ umB)?/ (¥ una)?V 2B

I2%yu/Ttys = 1/ (13)

which permits evaluation of the double ratios of
the activity coefficients from the observed distribu-
tion coefficients and the concentrations of the other
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ions of the same charge. In the case of gold a plot
of log (D(mci-/m*ci-)) vs. muct (Fig. 1) vields a
straight line, i.e.

log (D(mer-/mfor-)) = log 1/T = a + bmact (14)

withe = 6.0 and dlog I'/d muc1 = —b = 0.13.
Although this treatment is general, since it in-
volves only stoichiometric quantities, the assump-
tion might be made that HAuCl, and HCI are es-
sentially completely dissociated to H*, Cl— and
AuCl,~ in both phases and that dissociation of
AuCl,~ does not occur. If the same standard
states are retained, equation 2 can then be written
as K = D((C17)/(Cl7):) = 1/G. Since G contains

Bromipe CompLEXES oF Co(I1), Cu(Il), Zn(1I) anDp GA(III)
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the ratio of activity coefficients (G = Gnauci/
G®aar) of 1-1 electrolytes, the difficulties mentioned
earlier regarding extrapolation to muci = 0 may
not occur and the Debye—Hiickel term of the quo-
tient should vanish at low muci. Hence, as a good
approximation

1 LAauCly” ngl_)
0 = log -, = log (5284 £CC
%8 e o8 (gcr g auCly/ MHCL = 0

gherr )
log { =
& (g’Aucxr MHCL = 0

where G is the activity coeflicient quotient for the
distribution equilibrium at myuc = 0.
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Anion-Exchange Studies. I.

Bromide Complexes of Co(II), Cu(Il), Zn(II) and

Ga(III) *

By RoLre H. HERBER AND JouN W, IRVINE, JR.
RECEIVED SEPTEMBER 18, 1953

The anion-exchange behavior of Zn(II), Cu(II), Ga(III), Co(II) and Ni(II) was studied in hydrobromic acid solutions.
On the basis of widely differing adsorbabilities, several separations of these ions from each other in HBr solutions are feasible.
With the exception of Ga(III), the anion-exchange behavior of these divalent transition elements in HBr closely parallels

their behavior in HCI solutions.

A recent study by Kraus and Moore! has dem-
onstrated the feasibility of separating several di-
valent transition elements from each other by means
of an ion-exchange technique. By use of the
strongly basic resin Dowex-1, a quaternary amine
polystyrene-divinylbenzene resin, they were able
to separate Ni(II), Mn(IT), Co(II), Cu(II),
Fe(II1) and Zn(II) by gradually decreasing the
hydrochloric acid concentration from 12 to 0.005 A
in the eluting solution. Kraus and Moore con-
cluded from their study that one species primarily
involved in the retention by the resin was the mono-
valent anion, and that the order of elution from the
column with increasingly dilute solutions of HCI
could be correlated to the association constant of
this complex. The formation of the anion complex
can then be expressed as

M*r + (» + DX~ = MX 754, (L)
for which
(MX ~p41)
B = oy -y 2)

where M * represents the p-positively charged tran-
sition element ion. The adsorption of the anion
complex is given by

RX + MX 71 = RMX,p0 4 X~ (3)
with

[y = (RMXo )(X)
B = RxOMX ) @
where R represents the organic portion of the
polymer, and which is assumed to be inert with
respect to the ionic equilibria established in the
system,

* This work was supported in part by the U.S. Atomic Energy

Commission.
(1) K. A Kraus and G. E. Moore, Ta1s Journar, 75, 1460 (1053),

Ion-exchange techniques, by virtue of their
ability to handle carrier-free amounts of material,
are ideally suited to separation problems where
concentrations of less than 10~ are involved. As
part of an extensive study of the separation of
carrier-free amounts of cyclotron produced radio-
activities, it seemed of interest, on the basis of the
work of Kraus and Moore,! to determine the be-
havior of the bromide anion complexes, to see
whether significant differences in elution behavior
between the bromide and chloride complexes ex-
isted, and in particular to check the order of com-
plexing of the transition elements Zn(II), Cu(II),
Co(II) and Ni(II), when the complexing anion was
the bromide rather than the chloride,

Due to the similarity in the anion-exchange be-
havior of Ga(III) and Cu(II) in HCI solutions in
the presence of Dowex-1, it was also deemed of
interest to study the behavior of gallium in hydro-
bromic acid systems, to see whether or not a sep-
aration from copper was more feasible in the latter
system than in the former.

Experimental

The anion exchanger used in this study was the strongly
basic resin, Dowex-1.2 This resin, received in the chloride
form, was converted to the bromide form, dried at 105° for
4-6 hours, ground in a mortar, and screened through stand-
ard (Tyler Mesh) screens. The fraction —150 4200 was
slurried with distilled water, and transferred to 7-8 mm.
i.d. Pyrex glass columns to make a deep bed 20-30 cm. long.
The bottoms of these columns were plugged with a small
amount of glass wool, fitted with a stopcock, and connected
to a plastic spiral flow cell,? housed in a lead shield by means
of a standard ball-and-socket joint. The outflow of the

(2) Marketed by the National Aluminate Corporation under the
trade name Nalcite SBR, and generously supplied to us by Dr, J. L.
Bregman.

(3) B. H. Ketelle and G, T. Boyd, THIs JourNaL, 69, 2800 (1947).



