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Ratios r of activity coefficients of a number of electrolytes in the resin (7±<r)) to those in the aqueous phase ( ? ± ) are 
evaluated from water and electrolyte uptake data. At high concentrations r = T ± ( r t / 7 ± is remarkably constant but it 
varies substantially at low concentrations. Activity coefficients of HCl in the resin determined as a function of HCl activity 
and of cross-linking can be correlated by a concentrated electrolyte model of the exchanger with the assumption that Harned's 
rule of the linear variation of log 7 ± with composition holds at constant total molality. Similar considerations, with Harned's 
rule generalized to higher multi-component systems, permits at least semi-quantitative evaluation of log Ti30K,.) f°r HCl -
LiCl mixtures where r H c i is comparatively small. Because of the relatively low activity coefficients of HCl in the resin 
phase, separation of HCl from concentrated halide solutions is possible. The separations are illustrated with several HCl -
LiCl mixtures. Adsorption of sulfuric acid by the sulfate form of the exchanger is discussed and evaluation of the concen­
tration quotient of the acid constant is attempted for the bisulfate ion in the resin phase. 

In earlier publications we have endeavored to 
demonstrate that anion-exchange resins are ex­
tremely useful for separation of metals. However, 
as pointed out repeatedly, ion-exchange adsorption 
data obtained as a function of solution composition 
not only permit selection of optimum adsorption 
and elution conditions for separations, but also 
permit elucidation of equilibria in the aqueous and 
resin phases. 

Such analysis of ion-exchange data requires as­
sumptions or data regarding activity coefficients 
of distributable components (or activity coefficient 
ratios for ions) for both the resin and aqueous 
phases. For dilute electrolyte solutions reasonable 
estimates may be made of the activity coefficients 
7± in the aqueous phase and it is customary, 
though not well established, to assume that the 
activity coefficients 7±(r) in the resin are constant. 
Actually rather large changes of 7±(r) have been 
reported3'4 for dilute electrolyte solutions, though 
presumably activity coefficient ratios do not vary 
much in the resin phase as long as invasion of the 
resin by the supporting electrolyte is small.6 

For concentrated electrolyte solutions, where 
most anion-exchange studies of metal complexes 
have been carried out, reliable assumptions regard­
ing activity coefficients in the aqueous phase are 
difficult to obtain and further, it is not safe to as­
sume that for the resin activity coefficients of dis­
tributable components and activity coefficient 
ratios of ions are independent of electrolyte concen­
tration. Thus before anion-exchange measure­
ments in concentrated electrolyte solutions can be 
used with confidence for elucidation of properties 
of the aqueous (or solution) phase, considerably 
more information regarding the resin phase must be 
available, particularly information on composition 
of the resin (electrolyte invasion) and on activity 
coefficients of the pertinent components. 

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

(2) Previous papers: XXI. K. A. Kraus, G. E. Moore and F. 
Nelson, T H I S JOURNAL, 78, 2692 (1956); XXII . K. A. Kraus and F. 
Nelson, Metal Separations by Anion-exchange in Symposium on Ion 
Exchange and Chromatography in Analytical Chemistry (June 1956), 
Am. Soc. for Testing Materials, Special Technical Publication No. 195. 

(3) K. A. Kraus and O. E. Moore, T H I S JOURNAL, 75, 1457 (1953). 
(4) M. H. Gottlieb and H. B. Gregor, ibid., 76, 4639 (1954). 
(5) K. A. Kraus and F. Nelson, Proceedings of the International 

Conference on the Peaceful Uses of Atomic Energy (Geneva, 1955), 
7, 113, 131, United Nations 1956. 

Activity coefficients in the resin phase may be 
determined3 from data on electrolyte invasion with 
the relationship 

aj = 0J(r) (1) 

where a is the activity of the distributable com­
ponent J. Subscript (r) denotes the resin phase 
and no subscript the aqueous phase. Equation 1 
implies that the same standard states are selected 
for J in the resin and aqueous phases; otherwise a 
proportionality constant K would appear in equa­
tion 1. With our definition of standard states the 
difference in standard free energies is zero and 
hence K=I. 

If J is an electrolyte with formula M,+ X„-, 
where v+ and v- are the number of positive ions 
(M) and negative ions (X), equation 1 may be writ­
ten in the form 

aj = mM"*mx"~ T3=" = "IBM"'»ix(r )»YiW (2) 

where m is the stoichiometric concentration of the 
ions indicated as subscripts, y± the mean activity 
coefficients of the components and v = v+ + v-. 
Thus, determination of the stoichiometric concen­
trations of the ions in the resin phase as a function 
of their concentration in the aqueous phase permits 
computation of the activity coefficient quotient 
Tj = 7±(r)/7±- If these are combined with 
known activity coefficients for the aqueous phase 
or, equivalently, if the measurements are carried 
out as a function of the activity of the electrolyte, 
computation of 7±(r) becomes possible. To 
simplify comparison of the activity coefficients in 
the two phases, it is convenient to express concen­
trations in similar units. We have chosen molali­
ties for the aqueous phase and moles per kg. of 
imbibed water for the resin. 

This method was used by us to determine ac­
tivity coefficients 7±<r) for HCl,3 and by Gottlieb 
and Gregor4 for determination of 7±(r) of various 
electrolytes in anion exchangers. A number of 
authors determined in this manner activity coeffi­
cients of electrolytes in cation exchangers.6 While 
the general conclusion seems to be that Vj is close 
to unity at high electrolyte concentrations and con­
siderably below unity at low concentrations, de­
tailed confirmation for other media of interest in 

(6) See e.g., D. Reichenberg in "Ion Exchangers in Organic and 
Biochemistry," C. Calmon and T. R. E. Kressman, editors, Inter-
science Publishers, Inc., New York, N. V1, 1957, p. 73. 
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studies of metal complexes was desirable. Fur­
ther, since a remarkable difference was found in 
the adsorbabilities of certain metal chloride com­
plexes from HCl and LiCl solutions,5'7 it was of 
special interest to investigate whether this differ­
ence is reflected in the activity coefficients of these 
electrolytes in the resin phase. 

Experimental 
1. Method.—The composition of the exchangers in 

equilibrium with various electrolyte solutions was deter­
mined by modification of the method of Pepper, Reichenberg 
and Hale.8 Resin samples (0.2 to 1 g.) in small columns 
were treated with solutions of known composition. After 
equilibration the columns were centrifuged to constant 
weight in a "clinical" centrifuge at approximately 2000 
r .p.m. From the weighings and the weight of " d r y " resin 
the sum of the weights of imbibed water and electrolyte can 
be determined if a correction is made for the small amount 
of liquid which adheres to the beads after centrifugation. 
This correction was assumed to equal 0.033 liter per liter of 
bed, the value found earlier for the volume of retained liquid 
in columns of glass beads of similar mesh size3 and confirmed 
in the present study. 

The amount of electrolyte imbibed by the exchanger was 
determined by standard analytical or radiometric tech­
niques. In the former, the exchanger, after centrifuging, is 
washed with sufficient water to remove the imbibed electro­
lyte which may then be determined. For HCl, H2SO4 and 
LiCl we have used acid-base and argentometric titrations. 
For (NHj)2SO4 the N H 4

+ ion concentration was determined 
by first passing the solutions through cation exchangers in 
the hydrogen form and then titrating the amount of hydrogen 
ions released. The washed resin beds were frequently 
centrifuged to check reproducibility of the "water-washed" 
weights. In general, successive weighings agreed to better 
than ± 1 % . Through combination of the titrations and 
weighings a complete stoichiometric description of the resin 
is possible in terms of moles of electrolyte and kilograms of 
water per kg. of dry resin. 

In the radiometric method radioactive tracers are added 
to the electrolyte solutions and the counting rate per mole 
of electrolyte established. After equilibration, centrifuga­
tion and weighing the resin beds were counted in a well-type 
scintillation counter to determine the amount of retained 
electrolyte. This technique greatly simplifies the analytical 
problem and is adaptable to routine determination of ac­
tivity coefficients in the resin phase. I t is particularly use­
ful for dilute electrolyte solutions where the extent of elec­
trolyte adsorption is small and difficult to establish ac­
curately by more standard analytical techniques. 

2. Materials.—Most experiments were carried out with 
portions of the same batch of quaternary amine polystyrene 
divinylbenzene exchanger (Dowex-1, ca. 10% D.V.B. 170-
230 mesh) which has been used in most of our other studies. 
The capacity was 3.52 moles of sites per kg. of dry chloride 
form resin which is slightly less than the value found earlier.3 

While the resins were used in air-dry form, all weighings, as 
well as capacities, refer to resin dried to constant weight in a 
vacuum desiccator at 60° over the dehydrating agent "An-
hydrone." 

For a few experiments resins of the same type but different 
cross-linking (1 to 16% D. V. B.) were used. Their capaci­
ties were 4.13, 4.22, 4.01, 3.26 and 2.65 moles of sites per kg. 
dry chloride form resin for the 1, 2, 4, 8 and 16% D.V.B. 
resins, respectively. Some experiments were carried out 
with a new "high porosity" Dow resin (type 21K) which 
seems to have properties similar to a low cross-linked ex­
changer and, according to the manufacturer, has a network 
similar to Dowex-1 and the same functional group (tri-
methylammonium ion). I ts capacity was 4.40 moles per 
kg. dry resin (chloride form). 

C p . reagents were used throughout. Concentrated HCl 
and LiCl stock solutions were passed through anion-exchange 
beds to purify them from "adsorbable" impurities. The 
radioactive tracers (Na24, Ti/2 = 15 hr.; Ba183, T>/2 = 8y r . ; 

(7) K. A.. Kraus, F. Nelson. F. B. Clough and R. C. Carlston, T H I S 
JOURNAL, 77, 1391 (1955), 

(8) K. W. Pepper, D. Reichenberg and D. K, Hale, J. Chem. Soc. 
{London), 3129 (1952). 

Co60, Ti/j = 5.2 yr.) were used as obtained from the Radio­
isotopes Division of ORNL since according to their analyses 
they were of satisfactory purity. All measurements were 
carried out in an air-conditioned room at 25 ± 1 °. 

Results and Discussion 
1. Activity Coefficients in the Resin Phase.— 

The main purpose of this study was determination 
of activity coefficients in the resin phase for elec­
trolytes which are frequently supporting media in 
anion-exchange studies of metal complexes and the 
present paper summarizes our results for LiCl, 
HCl, (NH4)2S04, H2SO4 and HCl-LiCl mixtures. 
The HCl data are a recheck at high concentrations 
of those reported3 since the present (weight) 
method is more accurate than the volume method 
used previously. We shall also report our studies 
with NaCl, BaCU and CoCl2 which were carried 
out by the tracer method. 

The results for the various electrolytes, all ob­
tained with the 10% D.V.B. resin, are summarized 
in Table I, which lists the analytical data (molality 
of electrolyte J in the aqueous phase (mj) and in the 
resin phase (OTJCD), anion concentration (Bxw in 
the resin, water content), the activity coefficient 
ratio Tj = 7±( r)/7± and the activity coefficients 
T±(r) for the resin phase. The latter were com­
puted from T] with the values of 7± for the aqueous 
phase summarized by Harned and Owen,9 and 
Robinson and Stokes.10 

It is apparent from examination of Table I that 
Tj is surprisingly constant at high electrolyte con­
centrations and is not far from unity. Indeed, 
TLici varies only from ca. 0.7 to 0.8 as muc\ changes 
from 2 to 20 and 7±(r) from 0.7 to 50. The ratio 
TNaCi varies from 1 to 1.1 for 0.9 ^ wNaci ^ 5.9 but 
drops off rapidly at lower concentrations. The 
ratio THCI is considerably lower and lies between 
0.5 and 0.6 for TWHCI > 2. 

The values of T(NH,),SO4 are also remarkably con­
stant in the molality range 0.8 to 5.8 but are sub­
stantially higher than unity (ca. 2). While TH2SO4 

is reasonably constant (ca. 0.4) at high concentra­
tions it decreases rapidly for muso, < 3, presum­
ably because most of the adsorbed H2SO4 reacts 
with the SO4" ions of the exchanger to form HSO 4

-

ions11 (see also section 5). 
The values of Tcocu and TBaCi2 are almost the same 

at low molalities. Near mj = 2, TBaCi, is consider­
ably larger than Tc0Ci2 which appears to go through 
a shallow maximum near m = 1. The decrease in 
Tcocu is paralleled by intense blue coloration of the 
exchanger. In this region adsorption of Co(II) pre­
sumably as negatively charged complexes becomes 
important. Such adsorption has been demon­
strated earlier for Co(II) in HCl solutions.12 

In summary, present results are consistent with 
those reported earlier for other electrolytes.3'4'5 

At low imbibed electrolyte concentrations activity 
coefficients in the resin phase tend to be consider -

(9) H. S. Harned and B. B. Owen, "The Physical Chemistry of 
Electrolytic Solutions," Reinhold Publ. Corp., New York, N, Y., 2nd 
edition, 1950. 

(10) R. A. Robinson and R. H. Stokes, "Electrolyte Solutions," 
Butterworths Scientific Publications, London, 1955. 

(11) (a) K. A. Kraus, F. Nelson and J. F. Baxter, T H I S JOURNAL, 
75, 2768 (1953); (b) R. E. Anderson, W. C. Bauman and D. F. Har­
rington, Ind. Ens. Chem., 47, 1620 (1955). 

(12) K. A. Kraus and G. E. Moore, T H I S JOURNAL, 75, 1460 (1953). 



4156 FREDERICK NELSON AND KURT A. KRAUS Vol. 80 

ably lower than in the aqueous phase for reasons 
which are still obscure. At high concentrations, 
and over a wide concentration range, activity co­
efficients in the resin of "strong" electrolytes do not 
differ markedly from those in the aqueous phase 
which further supports the now widely accepted 

TABLE I 

ACTIVITY COEFFICIENTS OF SOME ELECTROLYTES IN' THE 

R E S I N PHASE ( D O W E X - 1 X 10) 

F. Cobalt chloride 

0 
2.07 
4.10 
6,03 
8.03 
9.82 
12.8 
17.4 
18.5 
19.8 

2.13 
4.45 
6.90 
9.68 
12,5 
14.6 
16.0 

0,0021 
.010 
.050 
.100 
.25 
.91 

2.24 
5 90 

0 
(). 82 

1 .07 

2.3( i 

2.98 

4.70 

5 80 

0,0015 

.0025 

.0050 

.0110 

.0150 

, 0235 

. 0285 

.099 

.242 

.515 

1.04 
2.24 
3.47 
4.94 
7.46 

0 
1. 
3 . 
5, 
7. 
8. 

11. 
17. 
18, 

09 
03 
15 
46 
63 
9 

1 
2 

kgHio / 
"IX(D kg™, 

Lithium chloride 

6.40 0.550 
.542 

20,0 

7.59 
9.80 

12,3 
15.0 
16.6 
20.4 
26.5 
27,6 
29.7 

.520 

.492 

.467 

.442 

.414 

.376 

.374 

. 363 

7±<r)/-/ 

0.72 
.75 
.76 
.76 
.82 
.82 
.82 
.82 
.81 

B, Hydrochloric acid 

1.94 
5.18 
8.50 

12.3 
16.8 
20.0 
23 ,2 

C 

0,0003 
.0015 
. 0035 
.0061 
.0187 
.114 
. 507 

2.62 

1). 

0 
.12 
. 17 
o9 
84 

1 .14 
1 , 05 

8.64 
12,2 
15.8 
20,0 
25.2 
28.6 
32.5 

0,525 
, 502 
.483 
. 457 
.419 
.410 
.379 

Sodium chloride 
6.40 0.550 

550 .40 

.40 

.43 

6 46 
6,89 
7.03 

10,72 

.550 

. 548 

. 546 

.519 

.494 

. 434 

0.52 
.56 
.60 
.62 
.61 
.61 
.58 

0.048 
.104 
, 357 
.507 
.72 

1 .03 
1.18 
1.11 

Ammonium sulfate 
2.62 0.645 

.014 2.86 
2.92 
3.47 
3.81 
4.37 
5.00 

.613 

. 585 

.567 

. 522 

. 503 

E. Sulfuric acid 

0.080 
.142 
.259 
. 585 
.739 

1.00 
1.16 
2. 17 
2.88 
3.54 
4.23 
5.84 
7.86 
10.4 
14.9 

2.71 
2.79 
2,96 
3.41 
3.62 
4,01 
4.28 
5,63 
6,48 
7.34 
8.22 
10.2 
12.5 
15.4 
20.4 

0.642 
.636 
.624 
.598 
. 585 

. 560 

. 540 

.487 

.468 

. 443 

.422 

.391 

.364 

.338 

.308 

2.37 

2.44 

2.16 

2.14 

2.63 

2.43 

0.0058 

.0066 

.0086 

.0105 

.0120 

.0148 

.0159 

. 0332 

.0641 

.113 

.196 

.320 

.378 

.416 

.451 

0.67 

1.16 

2.1 

3.9 

7.3 

16.2 

38 

44 

50 

0.51 

1.12 

2.5 

5.9 

12.1 

19 

24 

0.046 

.094 

.29 

.39 

.52 

.68 

.73 

1.08 

0.51 

.46 

.31 

.28 

.29 

27 

0.0046 

.0048 

.0055 

. 0055 

. 0059 

. 0064 

. 0065 

. 0088 

.013 

.017 

. 025 

.041 

.058 

.087 

.162 

0.002 
.02 
.05 
.20 
.61 

1 03 

2.09 
4 .09 

0.02 
0.20 
1.775 

0.0012 
,0010 
.0017 
.0108 
.121 
.413 

2.20 
9.72 

6 

6 

6 

6 

6 

12 
32 

40 
45 
45 
55 
89 
61 
1 
6 

0.550 
.546 
.546 
.539 
.529 
.520 
.460 
.267 

0.0087 
.092 
.192 
,41 
.54 
.57 
.49 
. 45 

0.007 
.06 
.11 
.20 
.25 
.30 
44 
01 

0 

G. Barium chloride 

0.0012 6.40 0.550 0.09 
.0098 6.45 .548 .43 
.630 8.29 .501 .80 

0.06 
.19 
.36 

hypothesis that these organic ion exchangers may 
be likened to concentrated electrolytes and that it 
is convenient to consider these imbibed electro­
lytes "completely" dissociated in the resin.13 In 
general, interaction of the imbibed electrolyte with 
the "resin-electrolyte" is relatively small though, 
as in the adsorption of acids, there are notable ex­
ceptions. 

The difference between Td=HCi(D and 7±Lici(r) is 
small if compared with the marked differences in the 
adsorbabilities of complex ions in these media.67 

However, considerable interaction of the acid with 
the resin is implied, which becomes apparent if the 
number of moles of electrolyte taken up per kg. of 
resin are compared. The excess uptake of HCl 
compared with LiCl is much too large to result 
from acid-base reactions with lower amines which 
may be present as impurities in the exchanger, al­
though this mechanism may be responsible for the 
extremely low values of 7±Hci(r) which occur in 
very dilute solutions.3 The difference in HCl and 
LiCl uptake may result from other acid-base reac­
tions with the resin, e.g., with its aromatic groups 
or, it may result from a more general effect of the 
resin on the activity coefficients of electrolytes dis­
solved in it, i.e., from differences in the "salting 
effects" of the resin on these electrolytes. 

2. Water Content.—The water content of the 
resin decreases with increasing electrolyte invasion 
and the extent is markedly different for each elec­
trolyte. Figure 1 gives a summary of the data 
for the 10% D.V.B. resin in the form of plots of 
moles of water in the resin vs. moles of imbibed 
electrolyte, both computed per mole of exchange 
sites. The slopes of these functions give the num­
ber of moles of water displaced from the exchanger 
per mole of imbibed electrolyte. These are ca. 
LO, 1.5 and 5.0 for the 1:1 electrolytes HCl, LiCl 
and NaCl, respectively. For (NH4)SSO4, the value 
is 15, i.e., much larger than for the 1:1 electrolytes. 
For sulfuric acid the number of moles of water dis­
placed per mole of electrolyte adsorbed is initially 
9.2 and decreases to ca. 3.2 at large values of im­
bibed H2SO4. The larger figure presumably applies 
when acid uptake is paralleled by the neutralization 
reaction H,S04 + SO4=(D -* 2HSO4-(D. The water 
content curves for CoCl2 also show a change in 
slope. At low CoCl2 uptake, approximately 3.6 
moles of H2O are displaced per mole of imbibed 
CoCl2, which is only slightly less than for BaCl5. 
At high CoCl2 concentrations the amount of wa-

(131 K. A. Kraus ami V. .VeRm, THIS JOURNAL, 76, 984 (1954). 
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ter displaced becomes considerably larger. The 
change in slope presumably reflects the change in 
type of ion adsorbed which, at high CoCl2 concen­
trations, presumably is a negatively charged com­
plex. 

To evaluate the importance of shrinkage, or ex­
pansion, in various electrolytes, densities, p, of the 
swollen resin were determined in water and, in con­
centrated HCl and LiCl solutions. In water, p was 
obtained by direct pycnometry. For HCl and 
LiCl solutions an attempt was made to find that 
electrolyte concentration where the resin just began 
to float. Though the resin was too inhomogeneous 
to give a clear-cut "notation point," because over 
a moderate range of electrolyte concentrations 
part of the resin tended to float and part to settle, 
the following densities are considered good average 
values: H2O, p = 1.097; wHci = 12.7, p = 1.158; 
wLici = 8.23, p = 1.151. From these densities 
and the known weights of imbibed water and elec­
trolyte the volumes v of swollen resin per gram of 
dry resin chloride were found to be: Vn1O — 1.41; 
Z)HCi = 1.44; PLiCi = 1.39. This (10% D.V.B.) 
resin thus does not shrink appreciably and indeed 
might as a first approximation be considered a cage 
with constant volume. On this basis the amount of 
water displaced per mole of imbibed electrolyte is 
expected to be related to the apparent molal vol­
umes of the electrolytes. The pertinent volumes 
should be those which apply to the concentrated 
electrolyte mixture (resin chloride-imbibed salts) 
which seems to be the most successful model of the 
resin. Although these volumes are not known, it is 
of interest that the apparent molal volumes of the 
electrolytes in binary mixtures (see ref. 9, page 
253) seem to increase in the same order as the values 
of water displaced from the resin by these electro­
lytes. 

3. Activity Coefficients of HCl as a Function of 
Cross-linking.—Activity coefficients 7±Hci(r) were 
determined (Table II) for Dowex-1 resins with 
different D.V.B. content at constant HCl activity 
(TWHCI = 12.7). As cross-linking increases from 1 
to 16% D.V.B., THCI and hence Y±HCI(IO decreases 
by almost a factor of two. Further, THCI is almost 
unity for the 1% D.V.B. resin. 

Activity coefficients Y±Hci(r) were also deter­
mined for the apparently low cross-linked ("high 
porosity") quaternary amine resin (Dowex-21K) 
as a function of HCl activity (0.02 ^ ntncx ^ 16, 
Table III). Values of THCI tend to be larger than 
those for the 10% D.V.B. resin (Table I) but other­
wise are very similar. 

Comparison of the data in Tables I, II and III 
shows that Y±Hci(r), though generally less than 

TABLE II 

ADSORPTION OP HCl AS A FUNCTION OF CROSS-LINKING 

(Dowex-1, OTHOi = 12.7) 

D.V.B 

1 
2 
4 
8 

10 
16 

mHCKr 

13.2 
13.8 
14.6 
15.6 
17.1 
18.5 

men,) 

14.8 
16.3 
18.8 
22.2 
25.5 
31.3 

k g H 2 o / 
k g r m 

2.58 
1.69 
0.95 

.498 

.420 

.207 

r = 
7=fc«/7=fc 

0.91 
.85 
.77 
.68 
.61 
.53 

7=1= W 

19.0 
17.8 
16.1 
14.2 
12.7 
11.1 

O 
2 

I 

O 
2 

Fig. 1, 

0 .25 .50 .75 1.0 1.25 
MOLES ELECTROLYTE / MOLE OF SITES. 

-Water content of an anion exchanger in various 
media. 

Y±Hci. does not differ from it widely at any given 
activity of HCl. Plots of log Y±Hci(r) vs. WHCIM 
also are very similar to those of log Y±HCI VS. 
WHCI, as was demonstrated earlier.3 The values 
of Y±HCi(r) plotted in this manner lie in a narrow 
region below those of Y ± H Q . 

ADSORPTI 

OTHCl 

0.02 
.10 
.501 

1.03 
2.10 
4.44 
9.65 

16.0 

ON OF HCl 
TABLE II I 

BY A Low CROSS-LINKED 

EXCHANGER (Dowex-21K) 

WHCKr) 

0.0036 
.0135 
.237 

0.737 
2.08 
4.89 

11.0 
19.5 

mcifr) 

3.11 
3.16 
3.72 
4.37 
5.81 
8.65 

15.1 
24.3 

k g H 2 0 / 
k g r e . 

1.423 
1.403 
1.287 
1.217 
1.200 
1.176 
1.093 
0.940 

T H C I = 
7=t=<r) /7± 

0.19 
.48 
.53 
.58 
.59 
.68 
.75 
.74 

ANION 

7=t(rt 

0.17 
.38 
.40 
.47 
.60 

1.37 
7.1 

30.5 

Such comparison of activity coefficients in the 
resin and aqueous phases, though useful for esti­
mation of I1HCi and Y±Hci(r) does not focus atten­
tion on the intrinsically high electrolyte concen­
tration of the resins. Since from many points of 
view the resin phase with its imbibed electrolyte 
might profitably be considered a mixed concen­
trated electrolyte solution, an alternate method of 
correlation, based on application of Harned's rule 
(see ref. 9, Chapter 14), has been chosen. 

We shall assume that the resin network together 
with its counterions behaves like a concentrated 
electrolyte solution with molality WRCI which is 
given by the number of moles of sites per 1000 
grams of imbibed water. On imbibing a 1:1 elec­
trolyte, J, the total electrolyte concentration of 
the resin, mt(T), is given by 

*ttt(r) = WJRCl + « J ( r ) (3) 
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At constant OTt(ri and if J is a chloride, 7±j(r) 
should be given by 

log 7=b.T<r) = log T^J(J) — amnci (4) 

where a is a constant and 7±j(j> is the activity 
coefficient of J in a binary aqueous solution of con­
centration OTt(r). 

To test applicability of this expression, values of 
a for HCl were calculated from the da ta of Tables 
I, I I and I I I . Since mtw becomes considerably 
larger than 16, the highest concentration for which 
values of 7 ± H C I are recorded,9 '10 an extrapolation 
method was used for their estimation. The values 
of 7±HCI in the region 10 < wHci < 16 were fitted 
to the quadrat ic expression 

log T=bHci = A-RCi + B-BGi trinci + CHCIW!JHCI (5) 

and the computed constants AHCI = —0.30, 
BHCi = 0.156, CHCI = —0.00225 were assumed to 
hold a t higher concentration. The computed 
values of a could be approximated by the linear ex­
pression a = 0.21 - 0.0032w t(r). Thus, although 
a is not independent of ionic strength, Harned 's 
rule seems to apply because approximately the same 
values of a are obtained for resins of different cross-
linking, immersed in different HCl solutions pro­
vided w*t(r) is the same. 

An alternate, though equivalent, method for 
demonstrat ing the applicability of Harned 's rule 
is illustrated in Fig. 2. One may use the activity 

10 20 30 
TOTAL ELECTROLYTE CONCENTRATION . 

Fig. 2.—Computed activity coefficients T ± H C 1 ( R C 1 ) of 
trace HCl in various anion exchangers: D, Dowex-1 X 10 
(Table I ) ; A, Dowex-1, Variable DVB (Table I I ) ; O, 
Dowex 21K (Table I I I ) . 

coefficients 7±Hci(r) and the values of 7 ± H C I (or 
7±HCI(HCI)) observed or estimated a t the same 
Wtcr) for the binary HCl solutions and compute 
point by point, activity coefficients of a trace 
amount of HCl in the resin phase ( 7 ± H C K R C D ) 
assuming t h a t the linear variation of log 7 with m 
holds, i.e., t h a t 

l()g YiHCKRCl) = log TiHCKr) + (OTHCKr)/ 

WlECl) log (Y±HCKi-)/YiECKHCl)) (6) 

These values of log 7±HCKRCI) decrease regularly 
and with reasonable scatter from ca. —0.44 a t 
mnr) = 5 to —1.2 at wit(t) — 32 and are approxi­

mately the same for high cross-linked and low cross-
linked resins a t the same mt(Z). If this concen­
trated electrolyte model of the resin is generally 
applicable, one expects tha t activity coefficients 
approximately equal to 7±HCKRCI) would be found 
for aqueous solutions containing small amounts of 
HCl and a high concentration of the equivalent 
monomer of the resin, e.g., benzyltr imethylam-
monium chloride. Such activity coefficients could 
be obtained through measurement of the activity of 
HCl in such mixtures and the comparison would be 
most interesting. 

The activity coefficients of trace LiCl in the resin 
(7±Lici(RCi)) were computed from the da ta of 
Table I by an equation analogous to (6). For 
high LiCl concentrations 7±Lici was estimated 
from a quadratic equation analogous to (5) with 
the constants Auci = —0.37, Buci = 0.165 and 
Cuci = —0.0028 which were obtained by fitting 
the known values9 of 7±Lici in the region 16 < 
WLiCi < 20. The computed values of log 7±Lici(Rco 
(Fig. 3) increase from ca. —0.5 a t Wttr) = 8 to 1.0 at 
Wt tr) = 30. The rapid divergence of 7±L;CKRCI) 
and 7±HCi(RCi) with increasing wt(r) dramatically 
illustrates the large differences in the interaction of 
LiCl and HCl with the resin and the importance of 
ionic strength for enhancing this difference. 

4. Activity Coefficients in LiCl-HCl Mixtures. 
Separation of HCl from Concentrated Chloride 
Solutions.—Activity coefficient ratios THCI and 
I1LiCi were determined for HCl-LiCl mixtures of 
constant total molality nit — »ZHCI + OTLICI = 
9.9 and the results are summarized in Table IV. 

TABLE IV 

ADSORPTION OF HCl AND 

"!HCl 

0.00704 
.0157 
.115 
.411 

1.09 
3.97 
5.95 
7.92 
9.90 

(TWHCI + mi 

WlHCKr 

0.187 
0.339 
1.35 
3.58 
7.72 
9.81 

11.1 
12.2 
13.0 

mucicfl 
9.26 
9.14 
S.54 
6.90 
4.02 
2.74 
1.71 
0.81 
0 

LiCl FROM MIXTURES 

ici = 9.90; Dowex-1 

KlCl(D 

17.78 
17.95 
18.49 
19.20 
20.71 
21.27 
21.28 
21.25 
20.97 

I>HCl a 

14 
11 

6 
4 . 2 
1.9 
1.2 
1.0 
0 . 8 
0 . 7 

kgHjo / 
kgresin 
0.424 

.413 

.408 

.403 

.394 

.405 

.417 

.428 
.442 

X 10) 

THCl 

0.15 
.16 
.21 
.24 
. 3 5 
.43 
.50 
.55 
.60 

IYiC 
0,77 

.77 

. 78 

.84 

.97 
1.01 
1.04 
1.07 
1.09B 

" In units: moles HCl per kg. dry resin/moles HCl per 
liter of solution. b Extrapolated. 

As the medium changes from essentially pure 
LiCl to pure HCl, IYici rises moderately from 0.77 to 
1.07. The values of THCI are much lower, partic­
ularly for OTHCI <C wuci (I1HCi = 0.14 a t OTHCI 
= 0.007; I1HCi = 0.60 at OTHCI = 9.9) which implies 
t ha t HCl can be removed by anion exchangers in 
the chloride form from concentrated LiCl solutions. 
The extent of this adsorbability is described in 
Table IV by the distribution coefficients of HCl, 
-DHCI which were computed, after conversion to 
the usual units (moles per kg. of dry resin/moles per 
liter of solution) from the equation 

_ OTH(r) 
JJ-BCl = = 

mci (7) 
m-R fflCl(r) T2*HCl(r) ?»Cl(r) T2HCl 

which follows directly from equation 1. 
Typical separations of HCl (M = 0.1) from LiCl 

solutions (m = 5, 10 and 16) are illustrated in Fig. . 
4 in the form of "break-through curves." While 
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O <0 20 30 

TOTAL ELECTROLYTE CONCENTRATION 

Fig. 3.—Computed activity coefficients 7±LiCl(RCl) of trace 
LiCl in Dowex-1 X 10. 

the retardation of HCl is only moderately large for 
WLici = 5, it amounts to more than 8 column vol­
umes for WLici = 16. Removal of the adsorbed HCl 
may be achieved within ca. 1 column volume on 
washing with water. In similar experiments with 
magnesium chloride solutions (wiMgci, = 5, WHCI = 
0.12) 50% break-through of the acid occurred at 3.8 
column volumes, illustrating that low activity co­
efficients of HCl in the resin are found in other con­
centrated chloride solutions, not only in LiCl-HCl 
mixtures. 

While a detailed explanation of the effect of con­
centrated electrolytes on the activity coefficients 
of HCl in the resin is not feasible at this time, the 
following considerations may illustrate the various 
relationships involved and supply at least a semi­
quantitative interpretation. Harned's rule of the 
linear variation of the logarithm of the activity co­
efficients in mixtures of constant total concentration 
(or ionic strength) may be generalized for a system 
of n one-one electrolytes as14 

log TJ = J ] Fi. log 7j(0 (8) 

Here 7j<j) is the activity coefficient of a trace 
amount of J in electrolyte i and Fi = Wi/2?Wi = 
mi/mt where trh is the total (constant) electrolyte 
concentration. For a resin system with 3 electro­
lytes16 (HCl, LiCl and RCl) equation (8) becomes 
log 7HCKr) = .T7HCKr) log 7HCl(HCl) + 

F-LiOlW 1°S 7HCl(LiCl) + -PRCI log 7HCl(ECl) (9) 

Similar equations may be written for Yuci(r) and 
7RCi. On the basis of equation 9 log YHCKO is de­
termined by the fractions F of HCl, LiCl and RCl 
in the resin phase and by the activity coefficients 
of pure HCl (THCUHCD), of trace HCl in RCl 
(YHCKRCI)) and of trace HCl in LiCl (THCKLICU) 
with all activity coefficients determined at the same 

(14) We are indebted to Professor George Scatchard for pointing 
out to us this extension of Harned's rule. 

(15) For 2 electrolytes, e.g., HCl and RCl1 equation 8 becomes log 
7HCKr) ~ ^7HCKr) log 7HCl(HCl) + ^RCl log 7HCl(RCl) which may 
also be obtained by rearrangement of equation 6. 

4 6 
COLUMN VOLUMES. 

Fig. 4.—Adsorption of HCl from concentrated LiCl solutions 
(Dowex-1 X 10, IfHCl = 0.1). 

electrolyte concentration which is given here by 
WCKr). 

By combining equations 7 and 8 an expression 
can be obtained which relates D to the (experi­
mental) values of F and the various "limiting" 
activity coefficients. For mixtures containing a 
small amount of HCl in a large excess of LiCl, i.e., 
when the terms involving FHCI and FHCKD vanish, 
this expression becomes 

log DHCI = log 
mc i 

WC l(r) 
+ 2 log 7=tHCl — 2 log 7=fcHCl(r) = 

log 
WJCl 

+ 2 l o g 7 '±HCl(LiCl>-
WClfr) 

2 ^LiCKr) l o g 7±HCl(LiCl)— 2 . F R C I l o g 7±HC1(RC1) ( 1 0 ) 

The activity coefficient for the aqueous phase car­
ries a prime as a reminder that it needs to be evalu­
ated at a different total electrolyte concentration 
than the equivalent term for the resin. 

Calculations of 2?HCI with equation 10 and the 
data of Table I are summarized in Table V. Since 
values of 7±HCi(Lici) are not available except for 
WLiCi < 6 (ref. 9, p. 467) we have approximated 
DHCI by substituting 7±HCKHCD for 7±HCKLici). 
This is equivalent to writing 

log 7'*HClCLiOD = log 7'*HC1(HCI> + /3 ' 

log 7d=HCKLiCl) = log 7=bHCl(HCl) + /3 (11) 

and then setting 
/3' - /3FLiCKr) = 0 (12) 

Though /3 and /3' are functions of the total chloride 
concentration and though /3' is probably a small 
negative quantity for OTL;CI < 4 (ref. 9, p. 467), at 
high chloride concentrations /3 and /3' are probably 
positive and /3 > /3' which tends to make /3' — 
/3 FucKr) small since FLICIM < 1. 

Thus though equation 12 cannot be considered 
more than a first approximation, computations 
based on it should be qualitatively correct. Table 
V demonstrates the relative magnitudes of the 
various terms and that the computed values of 
F>HCI rise with WLici, as observed. The term log 
WCI/OTCKD which is approximately constant at high 
WLici becomes a large negative quantity at very 
low WLiCi and then is dominant in making Dnci 
small. Since log 7±HCKRCD is always negative (see 
Fig. 2) the last term of equation 10 will always favor 
adsorption. While 7'±HCKHCD rises more rapidly 
than 7'±HCi(Hci) because it is evaluated at a higher 
total molality, the difference between the second 
and third term of equation 10 is positive because 
the third term contains FLICIM, which is substan­
tially less than unity. 

An attempt was made to apply these considera­
tions to computation of THCL for the HCl-LiCl 
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TABLE V 

ESTIMATION OF £>HCI FOR TRACE AMOUNTS OF HCl IN LiCl SOLUTIONS 

(Based on data of Table I) 

TMLiCl 

2.07 
4.10 
6.03 
8.03 
9.82 

12.8 
17.4 
18.5 
19.8 

log WCl 
mci(r) 

0.44 
.38 
.31 
.27 
.23 
.20 
.18 
.17 
.18 

log T'HCKHCI)" 

0.01 
.25 
.51 
.77 

1.00 
1.33 
1.73 
1.82 
1.91 

log THCl(BOl)!1 

0.72 

28 
55 
67 
95 
25 

2.29 
2.35 

FLiCKr) X 
log THCKHCl) 

0.10 
.31 
.54 

1.14 
1.45 
1.51 
1.58 

log THCI(RCDi1 

- 0 . 6 3 
- .75 
- .87 
- .96 
- 1 . 
- 1 . 
- 1 . 
- 1 . 
- 1 . 

.02 

.13 

.20 

.21 

.21 

/''HCl X 
log THCl(RCl) 

- 0 . 3 0 
- .35 
- .41 
- .44 
- .44 
- .46 
- .48 
- .47 
- .46 

log DHCIC 

- 0 . 0 2 
.20 
.45 
.61 
.91 
10 
34 
39 
40 

2F1 LiCKr) 

= log 

/ 3 = 0 . 
»»0l(r) 

Evaluated for resin phase at % , ] = moi(r). 

4- 2 log - / H C I ( H C I ) + 2/3' — 2FLiCKr) log 7HCl(HCl) — 2.FLICUr) $ — 2 F R C I 

• Evaluated for solution phase at mt = ntuoi 
i n i - mcl 

logi>HCl _ 

° Computed from equation 

log 7HCi(RCi) setting 2/3' -

mixtures of Table IV. Applying Harned's rule 
to both log 7HCHr) and log YHCI, one obtains 

TABLE VI 

COMPUTATION OF THCI FOR HCl-LiCl M I X T U R E S 

(Data from Table IV) 
(FHCKr) 4" 

miici 

0.00704 
.0157 
.115 
.411 

1.99 
3.97 
5.95 
7.92 
9.90 

l o g r = 

log FLiCKr)) X log F R C 
T'HCKHCD 

1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 

, THCKO 
log ., -

7HCl 
^LiCl(r) l o g 7 H C 

FHCI log 

l log 
THCl(HCU THCKRCl) 

0.94 - 0 . 5 0 
.94 
.97 

1.02 -
1.12 
1.18 
1.20 
1.22 -
1.23 

.51 

.50 

.50 

.49 

.47 

.46 

.45 

.44 

log THCI 
(calcd.) 
- 0 . 5 8 
- .59 
- .55 
- .50 
- .39 
- .31 
- .28 
- .25 
- .23 

= FlICKr) log 7HC1(HC1) + 

KLiCl) + F R C I 

7 ' H C 1 ( H C 1 ) — 

log VHCKKCU — 

Fnci log7'HCKLiOI) 

log THCI 
(obsd.) 
- 0 . 8 2 
- .80 
- .68 
- .62 
- .46 
- .37 
- .30 
- .26 
- .22 

(13) 

This equation simplifies to 
l o g T = ( F H C U D + F1LiCKr)) log 7HCKHC1) + (14) 

FRCI log 7Hci(RCi) — log 7 ' HCKHCD + FLICKD 0 — Fnci/3' 

if we apply equation 11. If one assumes again that 
as a first approximation J7LiCKr)/? — J7LiCi /3' = 0, 
log T may be computed and the results are sum­
marized in Table VI. While agreement between 
calculated and observed values of THCI is satis­
factory and indeed better than expected at high 
HCl concentrations, the observed values are con­
sistently smaller at low HCl concentrations. 
This is not surprising if one recalls3 that presence of 
small amounts of lower amine groups as impurities 
in the resin can substantially lower Y±HCI(D. 

5. The SuIfate-Bisulfate Equilibrium in the 
Resin Phase.—The strong adsorption of sulfuric 
acid by the sulfate form of the anion exchanger 
which is reflected in the low values of TH1SOJ and 
fiHsSo.tr) (Table I) presumably results from the 
acid-base reaction 

HS04"(r, 7~» S04-(r, + 

with an equilibrium constant 
(SQ4*) ; r ) (H + ) | r ) gSO,(r)gH(r) 

H~<r) (15) 

rVn(r) — (HSO,-)c , gHS04(r) 
fc.°(r>G.(r) (16) 

where parentheses indicate concentrations of spe­
cies, g their activity coefficients, &a°(Dthe concentra­
tion quotient and Ga(D the species activity coeffi­
cient quotient. With our choice of standard states, 
i.e., that they are the same for distributable com­
ponents in both phases, the equilibrium constant 
in the resin phase £a(r) is identical to that in the 
aqueous phase and &»« = k* = 0.0104.10 The 
concentration quotients and the activity coefficient 
quotients of course differ for the two phases, i.e., 
&a°(r) ?* &>(); GaW ?* Ga. While evaluation of 
&a°(r> o r Ga(r> is difficult because simultaneous de­
termination of the concentrations of the species 
SO4", HSO 4

- and H + in the resin is implied, other 
concentration and activity coefficient quotients 
may be determined from the following relation­
ships after making some simplifying assumptions 

GH1SO, = (H + ) 2 (S04-k 2 HgS0< = ( H + ) V ) ( S 0 4 - ) ( r ) g W 9 0 4 ( r ) = 
£a(H+XHSO4-OgHgHSO1 = fe»(H+)(r)(HS04-)(r)2H(r)gHSO,(r) 

(17) 

(HSO4
-QgHBO1 _ , (HSO 4 - ) ( , ) gHSO«r) 

oV>HjS04 = k 
(sor)v»g'As 

' (SOr)1A(O g'AS04(r> 
(18) 

At low sulfuric acid invasion where the free 
hydrogen ion concentration, (H+)(r), in the resin 
is presumably small, the sulfate and bisulfate con­
centrations may be approximated by the relation­
ships (HSO4

-)(r) = 2WH2SO1(F) and (SO4=) CD = 
Cso, — WH2SO1(D where CsO1 is the sulfate ca­
pacity of the resin in the units moles per kg. water. 
Thus the species activity coefficient quotient 
gHso.m/g'Aso^r) may be computed. This ratio 
varies (Table VII) from approximately 0.08 to 0.3 
as WH2SO1(D increases from 0.08 to 3.5 where ca. 
90% of the SO4= in the resin is converted to HSO4". 
A p l o t Of l o g (gHSO.(r) /g 'AsO. f r ) ) VS. W H 2 S O 1 i s 

approximated by the linear equation 
log (gHSO^rj/g1 Ai04<r)) = - 1 . 0 5 + 0.178 OTH2SO1(O 

If the ratio gHso,w/ rV* SO1(D is combined with 
estimates of the sulfate and bisulfate concentrations 
in the aqueous phase, the activity coefficient quo­
tient 

(r — — 
gHSOtg'AsOitr) 

for t h e ion e x c h a n g e e q u i l i b r i u m 

V2(SOr)(O + HSO4-^(HSO-T)(O + 1A(SO4-) (19) 
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may be computed with equation 18. Table VII 
includes values of this quotient obtained by esti­
mating (HSO4

-) and (SO4
-) at low concentrations 

(WH,SO, < 0.05) from the data of Sherriii and 
Noyes16 and at high concentrations from the 
Raman data of Maranville, Smith and Young.17 

The activity coefficient quotient for the sulfate-
bisulfate exchange equilibrium varies remarkably 
little in the concentration range 0.001 < WH2SO, < 
0.5, while the activity coefficients in each phase vary 
considerably. Further, G is considerably smaller 
than unity which implies that at a given sulfuric 
acid concentration bisulfate formation in the resin 
phase is more favored than in the aqueous phase, 
a fact which is of course also apparent from the ob­
servation that gasotf)/gl/'sot <^ 1. 

It is thus probably safe to assume that at high 
sulfuric acid invasion the principal species in the 
resin phase are hydrogen and bisulfate ions with 
concentrations (H+)(D « WH1SO4(I-) — C/2 and 
(HSO4

-)(D » WHJSO1(D + C/2 where C is the ca­
pacity of the exchanger in the units moles of sites 
per kg. imbibed water. The activity coefficient 
products gH(r)gHsot(p) thus computed with equation 
17 are listed in Table VIIB. As shown in Fig. 5, 
a plot of log gH(r)gHso,(r) at high values of WH,SO,CD 
is approximated by the linear equation log £H(D-
gHSO.tr) = - 1 . 4 2 + 0.203mHtSO.(r). 

TABLE VII 

T H E SULFATE-BISULFATE EQUILIBRIUM IN THE R E S I N 

PHASE 
(Computations based on data of Table I) 

A. Low H2SO. invasion 

mmsoi 
0.0015 

.00253 

.0050 

.011 

.015 

.0235 

.0285 

.099 

.242 

.515 

WIHlSO. 

1.04 
2.24 
3.47 
4.94 
7.46 

(HSO.-) <,) 
0.160 

.284 

.518 
1.17 
1.48 
2.00 
2.32 
4.34 
5.76 
7.08 

B. 

(HSO.-) 
8.22 

10.2 
12.5 
15.4 
20.4 

(SO1-)« 
2.55 
2.51 
2.44 
2.24 
2.14 
2.01 
1.94 
1.29 
0.72 
0.26 

fHSO.jr) 

£ 1 / 2 S 0 l ( r ) 

0.078 
.085 
.105 
.110 
.120 
.141 
.146 
.214 
.296 

( .303) 

High H5SO4 invasion 

D (H+)w 

0.24 
1.53 
3.23 
5.43 
9.43 

£H MSHSOKr) 

0 
0. 
1. 
4. 

38. 

47 
56 
43 
99 
7 

gn&ou?gl/Hoi 
£HSO.S 1 / 2 SO. (0 

0.067 
.068 
.086 
.083 
.088 
.095 
.094 
.104 
.101 

( .068) 

gzhU. HSO.Cr) 

,i"±H, HSO. 

0.71 
.54 
.52 
.51 
.51 

The activity coefficient quotient G8(D (equation 
16) which is needed to represent the sulfate-bisul-
fate equilibrium in the resin can be obtained from 

(16) M. S. Sherriii and A. A. Noyes, T H I S JOURNAL, 48, 1861 
(1926). 

(17) We are indebted to Professor T. F. Young for making these 
data available to us in tabular form. 

MOLES H2SO4 PER kg H,0. 

Fig. 5.—The sulfate-bisulfate equilibrium in the resin phase. 

gHso,(r)/g'/!so.(D and gH(D gHso.m- Unfortunately, 
these products are determinable only one at a 
time at the extremes of the sulfuric acid concen­
tration range while they are needed over the entire 
concentration range. To make some estimate of 
Ga(r) we shall assume that the straight line varia­
tion of the logarithms of these products with 
WH2SO,(D holds throughout the H2SO4 concentra­
tion range although, of course there is no assurance 
that this procedure is reliable. Nevertheless, it 
should permit a preliminary estimation of the mag­
nitude of Ga(r). 

On the basis of the assumptions made, log GaCr) 
may be represented by the linear equation log G8 CD" 
0.68 — 0.153TOH2SO4(D and log £(,

a(D hence increases 
linearly with WH2SO1(D- A comparison of k°a and 
£°a(r)(Fig. 5) shows that the bisulfate ion is a very 
much weaker acid in the resin phase than in the 
aqueous phase, a fact which presumably is respon­
sible for the high selectivity of the sulfate form of 
the resin for sulfuric acid. 
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