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XXIII.»? Activity Coeflicients of Some Electrolytes in the
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Ratios I' of activity coefficients of a number of electrolytes in the resin (Y+(») to those in the agueous phase (Yx) are
evaluated from water and electrolyte uptake data. At high concentrations I' = Y= (»y/Y+ is remarkably constant but it
varies substantially at low concentrations. Activity coeflicients 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 llpear 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 Y=gci(r for HCl-

LiCl mixtures where I'gci is comparatively small.

LiCl mixtures.

. Because of the relatively low activity coefficients of HCl in the resin
phase, separation of HCI from concentrated halide solutions is possible.

The separations are illustrated with several HCl-

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
v+ in the aqueous phase and it is customary,
though not well established, to assume that the
activity coefficients y.() in the resin are constant.
Actually rather large changes of y+(¢) have been
reported?¢ 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.?

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 coetficient
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. 8. Atomic
Energy Commission at the QOak Ridge National Laboratory.

(2) Previous papers: XXI. K. A. Kraus, G. E. Moore and F.
Nelson, Tuis JourNaL, 78, 2692 (1956); XXII. X. A. Kraus and F.
Nelson, Metal Separations by Anjon-¢xchange in Symposium on lou
Exchange and Chromatography in Analytical Chemistry (June 1956),
Am. Soc, for Testing Materials, Special Technical Publication No. 185,

(3) K. A. Kraus and G. E, Moore, Tris JourNar, 75, 1457 (1933).

(4) M. H, Gottlieb and H. B. Gregor, #bid., 76, 4639 (1954).

(5) K. A, Kraus and F. Nelson, Proceedings of the International
Conference on the Peaceful Uses of Atomic Energy (Geneva, 1933).
7. 113, 131, United Natious 1956,

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

ay = aym (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 X would appear in equa-
tion 1. With our definition of standard states the
difference in standard free energies is zero and
hence X = 1.

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

ay = my? mxrT vt = mMm*’ Mxo? van (2)

where m is the stoichiometric concentration of the
ions indicated as subscripts, v+ the mean activity
coefficients of the components and » = vy + »_.
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
Ty = Yx@/v=. 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 ~vyi«) 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 y4 ) for HCL,? and by Gottlieb
and Gregor* for determination of vy.i() of various
electrolytes in anion exchangers. A number of
authors determined in this manner activity coeffi-
cients of electrolytes in cation exchangers.® While
the general conclusion seems to be that I'y is closc
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 “*lon Exchangers in Organic and

Biochemistry,” C. Calmon and T. R. E. Kressman, editors, Inter-
science Publishers, Inc., New YVork, N. Y., 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 HCI and LiCl solutions’ 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.! Resin samples (0.2 to 1 g.) in small columus
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 ‘‘dry’’ 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 similatr mesh size? 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, H,SO,4 and
LiCl we have used acid—base and argentometric titrations.
For (NH,).SO, the NH,* 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 ==19,. 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 coeflicients in the resin phase. It 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. 109, 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.?
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-
hvdrone.”

For a few experiments resins of the sanie 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 169, 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). Its capacity was 4.40 moles per
kg. dry resin (chloride form).

C.pr. reagents were used throughout. Concentrated HCI
and LiCl stock solutions were passed through anion-exchange
beds to purify them from ‘‘adsorbable’’ impurities. The
radioactive tracers (Na?¢, T1/, = 15 hr.; Ba!3%, Ty, = 8 yr.;

(7) K. A. Kraus, F. Nelson. F, B. Clough and R. C. Carliston, TR18
JoURNAL, 77, 1391 (1955).

(8) K. W. Pepper, D. Reichenberg and D. K. Hale, J. Chem. Soc.
(London), 3129 (1952).
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Co®, Ti/y = 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, (NH,):50,, H:S0, and HCI-LiCl mixtures.
The HCl data are a recheck at high concentrations
of those reported® since the present (weight)
method is more accurate than the volume method
used previously. We shall also report our studies
with NaCl, BaCl, and CoCl; which were carried
out by the tracer method.

The results for the various electrolytes, all ob-
tained with the 109, D.V.B. resin, are summarized
in Table I, which lists the analytical data (molality
of electrolyte J in the aqueous phase (m;) and in the
resin phase (mjy)), anion concentration #mx() in
the resin, water content), the activity coefficient
ratio Ty = vyu(n/v+ and the activity coefficients
Y= for the resin phase. The latter were com-
puted from I'y with the values of v for the aqueous
phase summarized by Harned and Owen,® and
Robinson and Stokes.!?

It is apparent from examination of Table I that
Ty is surprisingly constant at high electrolyte con-
centrations and is not far from unity. Indeed,
T'rici varies only from ca. 0.7 to 0.8 as myici changes
from 2 to 20 and vy from 0.7 to 50. The ratio
T'naci varies from 1 to 1.1 for 0.9 < mnact £ 5.9 but
drops off rapidly at lower concentrations. The
ratio T'mci is considerably lower and lies between
0.5 and 0.6 for muci1 > 2.

The values of T'(wm,,s0, are also remarkably con-
stant in the molality range 0.8 to 5.8 but are sub-
stantially higher than unity (ca. 2). While T'n,so,
is reasonably constant (ca. 0.4) at high concentra-
tions it decreases rapidly for mu,so, < 3. presum-
ably because most of the adsorbed H,SO; reacts
with the SO~ ions of the exchanger to form HSO,~
1ons!! (see also section 5).

The values of T'coci, and I'sacy, are almost the same
at low molalities. Near my; = 2, I'sacy, is consider-
ably larger than I'ceci, which appears to go through
a shallow maximum near m = 1. The decrease in
Tcocy, 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.!?

In summary, present results are consistent with
those reported earlier for other electrolytes.34s
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,” Reinhoild Publ. Corp., New York, N. Y., 2nd
edition, 1950.

(10) R. A. Robinson and R. H. Stokes, "‘Electrolyte Solutions,"”
Butterworths Scientific Publications, London, 19355.

(11) (a) K. A, Kraus, F. Nelson and J. F. Baxter, Tris JoURNAL,
76, 2768 (1953); (b) R. E. Anderson, W. C. Bauman and D. F. Har-
rington, Ind. Eng. Chem., 47, 1620 (1953).

(12) K. A. Kraus and G. E. Moore, THIS JoURNAL, T8, 1460 (1953).
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ably lower than in the aqueous phase for reasons F. Cobalt chloride
which are still obscure. At high concentrations, ( pg2 0.0012  6.40 0.550  0.0087  0.0U7
and over a wide concentration range, activity co- 02 0010 6.45 546 092 06
efficients in the resin of ‘‘strong” electrolytes do not 05 0017  6.45 546 192 11
differ markedly from those in the aqueous phase 20 0108  6.55 539 41 20
which further supports the now widely accepted 61 121 6.89 529 34 25
1.03 413 7.61 .520 .57 .30
TABLE I 209 2.20 12.1 . 460 .49 0. 44
Acrivity COEFFICIENTS OF SOME ELECTROLYTES IN THE 4.0y Y72 32.6 .267 4D 1.01
ResIN Prase (Dowex-1 X 10) G. Bariuin chloride
- I L SN 0.02 0.0012 640 0.550  0.09 0.06
A. Lithium chloride 0'%(3_ '9098 6’fl5 "?48 43 19
N 0 640 0530 N - 1.775 .630 8.29 501 .80 .36
2.07 1.09 7.59 542 0.72 0.67 hypothesis that these organic ion exchangers may
4.10 3.03 9.80  .520 75 1.16 be likened to concentrated electrolytes and that it
6.03 5.15 12.3 492 76 2.1 is convenient to consider these imbibed electro-
8.03 7.46 15.0 467 76 3.9 lytes “‘completely” dissociated in the resin.!? In
9.82 8.63 16.6 442 .82 7.3 general, interaction of the imbibed electrolyte with
12.8 11.9 20.4 414 -82 16.2 the “resin-electrolyte’ is relatively small though,
17.4 17.1 26.5 376 82 38 as in the adsorption of acids, there are notable ex-
18.5 18.2 27.6 374 .82 44 ceptions.
19.8 20.0 209.7 363 81 50 The difference between vy.imciry and yericir 18
B. Hydrochloric acid small if cgngpared with the marked differences ir} thg
o 13 1.04 364 0.525  0.32 0 51 adsorbabilities of complex ions in these media.’”
145 518 129 502 56 112 Howev_er,' cc.)n51d‘erable interaction of the ac1d. with
600 3 50 158 483 60 95 the resin is implied, which becomes apparent if the
P 123 20 0 5T o 59 number of moles of electrolyte taken up per kg. of
12 5 16 8 05 410 61 1921 resin are compared. The excess uptake of HCI
146 2 0 98 6 410 1 19 compared with LiCl is much too large to result
16.0 23 9 42 5 379 58 24 from acid-base reactions with lower amines which
may be present as impurities in the exchanger, al-
C. Sodium chioride though this mechanism may be responsible for the
0.0021  0.0003 6.40  0.380 0.048 0.046 extremely low values of y.mciry which occur in
010 0015 640 550 .104 .094  very dilute solutions.? The difference in HCl and
050 0035 6,40 UABD 357 .29 LiCl uptake may result from other acid-base reac-
oo L0061 5,43 548 807 .39 tions with the resin, e.g., with its aromatic groups
.25 0187 646 546 72 .52 or, it may result from a more general effect of the
.91 114 5. 89 319 1.03 .68 resin on the activity coefficients of electrolytes dis-
2.24 307 763 . 494 1.18 .73 solved in it, z.e.,, from differences in the *‘salting
5.00 2.62 10.72 434 111 1.08 effects’ of the resin on these electrolytes.
. Ammouium sulfate 2 Water Con'ten’_c.—-ﬂThg water contenjc of ’Fhe
3 . resin decreases with increasing electrolyte invasion
0 o 2.62 0645 . - and the extent is markedly different for each elec-
D52 12 ‘:\‘: 614 ‘f?’ 0.51 trolyte. Figure 1 gives a summary of the data
")“‘;') l(‘) ';:: '(_’Sls'f S Ji'i ;‘? for the 109, D.V.B. resin in the form of plots of
S s :4 t;‘g; ;67) 3 14 o moles of water in the resin vs. moles of imbibed
- ‘ L mee e - electrolyte, both computed per mole of exchange
+70 b4 a0 522 ,"6',3 2? sites. The slopes of these functions give the num-
A RO 165 500 .A03 248 20 ber of mocles of water displaced from the exchanger
E. Sulfuric acid per mole of imbibed electrolyte. These are ca.
00016 1,080 2.71 0.642  0.0038 0.0046 1.0, 1.5 and 5.0 for the 1:1 electrolytes HCI, LiCl
0025 142 2.79 636 0066 .0048 ?md N?ICI, respectively. For (NH,)2SOs, the value
0030 250 2,96 624 0086 0055 1s 15, 4.e., much larger than for the 1:1 electrolytes.
0110 385 3.41 508 0105 .0055 For sulfuric acid the number of moles of water dis-
0130 730 362 585 0120 .0059 Placed per mole of electrolyte adsorbed is initially
0235 1.00 101 560 0148 0064 9.2 and decreases to ca. 3.2 at large values of im-
0285 1.16 128 540 .0150 0065 bibed H2SOs.  The larger figure presumably applies
099 917 5.63 487 0332 .onss  when acid uptake is paralleled by the neutralization
949 2 88 6.48 468 0841 013 reaction HoS0; + SO4~ ¢y = 2HSO4~«r;. The Watgr
515 3 54 = 24 443 113 .017  content curves for CoCl, also show a change in
1.04 4.23 8.22 422 .196 025 slope. At low CoCl, uptake, approximately 3.6
2 04 5.84 10.2 .391 320 .041  moles of HyO are displaced per mole of imbibed
3.47 7 86 12.5 364 378 .058  CoCly, which is only slightly less than for BaCl..
4.94 10.4 15.4 338 416 og7 At high CoCl; concentrations the amount of wa-
7.46 14.9 20.4 .308 . 451 162 (13) K. A. Kraus and F. Nelson, THIs JourxaL, 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 CoCl, 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 “flotation 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: Hq0, p = 1.097; mgc = 12.7, p = 1.158;
mrict = 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: vm,o = 1.41;
vacr = 1.44; v = 1.39. This (109, 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 HCI as a Function of
Cross-linking.—Activity coefficients Y1 mcyr) were
determined (Table II) for Dowex-1 resins with
different D.V.B. content at constant HCI activity
(mrc1 = 12.7). As cross-linking increases from 1
to 169, D.V.B., T'uci and hence y.mcir) decreases
by almost a factor of two. Further, I'uci is almost
unity for the 19, D.V.B. resin.

Activity coefficients yimcir) were also deter-
mined for the apparently low cross-linked (‘“high
porosity’) quaternary amine resin (Dowex-21K)
as a function of HCI activity (0.02 £ mua < 16,
Table IIT). Values of I'uci tend to be larger than
those for the 109, D.V.B. resin (Table I) but other-
wise are very similar.

Comparison of the data in Tables I, IT and III
shows that yincir, though generally less than

TABLE II
ApsorpTIoN OF HCI As A FuNcTIioN oF CROSS-LINKING

(Dowex-1, muacy = 12.7)
kguz0/ T =
% D.V.B  mucie ) Kgres Y@/ Y= e (1)
1 13.2 14.8 2.58 0.91 19.0
2 13.8 16.3 1.69 .85 17.8
4 14.6 18.8 0.95 77 16.1
8 15.6 22.2 .498 .68 14.2
10 17.1 25.5 .420 .61 12.7
16 18.5 31.3 207 .53 11.1
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Fig. 1.—Water content of an anion exchanger in various
media.

v=xwucl, does not differ from it widely at any given
activity of HC1. Plots of log yxucir) vs. Mucin
also are very similar to those of log yimc us.
muci, as was demonstrated earlier.?! The values
of yxucir) plotted in this manner lie in a narrow
region below those of yiuq.

TaBLE 111
ApsorprioN oF HCl BY A Low CROSS-LINKED ANION
ExcHANGER (Dowex-21K)

kgHz20/ Tacy =

MHCI MHECr) meiw kgres  Yat/v= Y lr)
0.02 0.0036 3.11 1.423 0.19 0.17

.10 .0135 3.16 1.403 .48 .38

.501 .237 3.72 1.287 .53 .40
1.03 0.737 4.37 1.217 .58 .47
2.10 2.08 5.81 1.200 .59 .60
4.44 4.89 8.65 1.176 .68 1.37
9.65 11.0 15.1 1.093 .75 7.1
16.0 19.5 24.3 0.940 .74 30.5

Such comparison of activity coefficients in the
resin and aqueous phases, though useful for esti-
mation of Tuci and vimciry 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 mrc 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, my(), is given by

My(ry = MRCI + MI@ (3)
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At constant muw and if J is a chloride, y=jyn
should be given by

log yarm = log yarm — amepc (4)

where « is a constant and yxyj) is the activity
coefficient of J in1 a binary aqueous solution of con-
centration my ).

To test applicability of this expression, values of
a for HC1 were calculated from the data of Tables
I, IT and III. Since mx; becomes considerably
larger than 16, the highest concentration for which
values of yxmc are recorded,®!® an extrapolation
method was used for their estimation. The values
of Y+rer in the region 10 < mue1 < 16 were fitted
to the quadratic expression

log varc1 = Amc1 + Broi muct 4+ Caorlaer (5)

and the computed constants 4dmci = —0.30,
Buci = 0.156, Cuc1 = —0.00225 were assumed to
hold at higher concentration. The computed
values of a could be approximated by the linear ex-
pression a = 0.21 — 0.0032my. Thus, although
a is not independent of ionic strength, Harned’s
rule seems to apply because approximately the same
values of « are obtained for resins of different cross-
linking, immersed in different HCI solutions pro-
vided m( is the saime.

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

3 [ T 7 T Ty UTTTTITTT T T
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+ |
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o i —
o Ly
l |
! i
2ol 1 ! | H ! ’ B
o} 10 20 30

TOTAL ELECTROLYTE CONCENTRATION .,

Fig. 2.—Computed activity coefficients y+mciRC) of
trace HCl in various anion exchangers: 0O, Dowex-1 X 10
(Table I); A, Dowex-1, Variable DVB (Table 1I); O,
Dowex 21K (Table III).

coefficients yamciry and the values of yomc (or
y+ucimcy) observed or estimated at the same
myr for the binary HCl solutions and compute
point by point, activity coefficients of a trace
amount of HCI in the resin phase (yLmcircn)
assuming that the linear variation of log v with m
holds, 7.e., that

= log v.rmcin + (mEcun/

mrci) 10g (varciny/vercumCoD)  (6)

These values of log yxzmcyrcny decrease regularly
and with reasonable scatter from ca. —0.44 at
miey = D to —1.2 at myey = 32 and are approxi-

log v_mCI®RED
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mately the same for high cross-linked and low cross-
linked resins at the same ). If this concen-
trated electrolyte model of the resin is generally
applicable, one expects that activity coefficients
approximately equal to Y = HCIRCD would be found
for aqueous solutions containing small amounts of
HCI and a high concentration of the equivalent
monomer of the resin, e.g., benzyltrimethylam-
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 coeflicients of trace LiCl in the resin
(v+Liciren) were computed from the data of
Table I by an equation analogous to (6). For
high LiCl concentrations +yxiici was estimated
from a quadratic equation analogous to (5) with
the constants Arici = —0.37, Brict = 0.165 and
Crict = —0.0028 which were obtained by fitting
the known values® of yirici in the region 16 <
muyic1 < 20. The computed values of log v+ riciran
(Fig. 3) increase from ca. —0.5 at myry = 8to 1.0 at
myry = 30. The rapid divergence of ¥yiriciren
and yaxucyrepy with increasing mu«) dramatically
illustrates the large differences in the interaction of
LiCl and HC1 with the resin and the importance of
ionic strength for enhancing this difference.

4. Activity Coefficients in LiCl-HC1 Mixtures.
Separation of HC! from Concentrated Chloride
Solutions.—Activity coefficient ratios I'mci and
TLici were determined for HCI-LiCl mixtures of
constant total molality »n = mngc -+ muc =
9.9 and the results are summarized in Table IV.

TasLe IV
Apsorprion OF HCl axp LiCl FROM MIXTURES
(macy + muict = 9.90; Dowex-1 X 10)

kgu0/
MHCI maciec  MLClo  mcim Daci®  kgrem  Tmeir T
0.00704 0.187 9.26 17.78 14 0,424 0.15 0.77
L0157 0.339 9.14 17.956 11 .413 .18 L7
115 1.35 8.54 18.4% 6 .408 .21 .78
.411 3.58 6.90 19.20 4.2 .403 .24 .84
1.99 7.72 4.02 20.71 1.9 .304 .35 .97
3.97 9.81 2.74 21.27 1.2 403 .43 1.01
5.95 11.1 1.71 21.28 1.0 .417 .50 1.04
7.92 12.2 0.81 21.25 0.8 .428 .55 1.07
9.90 13.0 0 20.97 0.7 .442 .60 1.09”
@ In units: moles HCI per kg. dry resin/moles HCI per

liter of solution. ?® Extrapolated.

As the medium changes from essentially pure
LiCl to pure HC], I'ic rises moderately from 0.77 to
1.07. The values of T'uci are much lower, partic-
ularly for muc < muca (Tma = 0.14 at muc
= 0.007; Trc = 0.60 at muc = 9.9) which implies
that HCI 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 HC,
Dyci which were computed, after conversion to
the usual units (moles per kg. of dry resin/moles per
liter of solution) from the equation

_ mHEm _ ma y=Ec _ mo 1 -
Doy = my mei YieECIKn Mo Do @
which follows directly from equation 1.
Typical separatlons of HC1 (M = 0.1) from LiCl
solutions (s = 5, 10 and 16) are 111ustrated in Fig. .
4 in the form of ‘‘break-through curves.” While
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Fig. 3.—Computed activity coefficients vz rLici(rcr) of trace
LiCl in Dowex-1 X 10.

L]
30

the retardation of HCl is only moderately large for
mric1 = 5, it amounts to more than 8 column vol-
umes for mrict = 16. Removal of the adsorbed HCl
may be achieved within ¢a. 1 column volume on
washing with water. In similar experiments with
magnesium chloride solutions (mugc1, = 5, muci =
0.12) 509, 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 HCI 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 as!4

n
log v; = Y Filog vin (8)

i=1
Here ~j4 is the activity coefficient of a trace
amount of J in electrolyte i and F; = m/Zm; =
mi/m: where my is the total (constant) electrolyte
concentration. For a resin system with 3 electro-
lytes® (HCI, LiCl and RC1) equation (8) becomes

log vrcin = Frcin log vrci@en +
Fricimy log vreiwicny + Froi log vecireny  (9)

Similar equations may be written for vyricir; and
vrci.  On the basis of equation 9 log Yuci() is de-
termined by the fractions F of HC}, LiCl and RCl
in the resin phase and by the activity coefficients
of pure HCl (ymcumen), of trace HCl in RCl
('YHCI(RC])) and of trace HCl in LiCl (’YHCI(LiCl))
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, ¢.2., HCl and RCI, equation 8 becomes log

YHO1 = FHC1(r) log vHO1IECH + FRe1 log vaCI(RCD) Which may
also be obtained by rearrangement of equation 6.
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Fig. 4—Adsorption of HCI from concentrated LiCl solutions
(Dowex-1 X 10, Muc1 = 0.1).

electrolyte concentration which is given here by
MCi(r).

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, 7.¢.,
when the terms involving Fuci and Fuciq) vanish,
this expression becomes

me1
Mo

log Dro1 = log + 2 log y=mci1 — 2 log y=roim =

mc1
mciry

log + 2 log v'«mC1LICH —

2 Fricun log vy=mciwicry — 2 Frel log y<mcigen  (10)

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 Duci with equation 10 and the
data of Table I are summarized in Table V. Since
values of yxmciwicn are not available except for
mucr < 6 (ref. 9, p. 467) we have approximated
Dyc1 by substituting yeramcy for yzmciwicy.
This is equivalent to writing

log ¥'wnCKHCD + B’
log y«mCIECD + B

log +'=gmciwicn

log y=rciwicn
and then setting

B’ — BFricin = 0 (12)

Though 8 and 8’ are functions of the total chloride
concentration and though B8’ is probably a small
negative quantity for mpic < 4 (ref. 9, p. 467), at
high chloride concentrations 8 and 8’ are probably
positive and 8 > B’ which tends to make 8’ —
8 Fricir small since FLiCl(r) <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
Dyc rise with myrici, as observed. The term log
mac1/mciey which is approximately constant at high
myric1 becomes a large negative quantity at very
low myici and then is dominant in making Duc
small. Since log y+ucirey 1S always negative (see
Fig. 2) the last term of equation 10 will always favor
adsorption. While ¥’ iuci@cn rises more rapidly
than v’ +mciECc) 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 Friciw, which is substan-
tially less than unity.

An attempt was made to apply these considera-
tions to computation of T'mcr for the HCI-LiCl

(1)
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TABLE V
EsTIMATION OoF Daci FOR TRACE AMmounts oF HCl1 1x LiCl SoLuTtions
(Based on data of Table I)
log -2Z2CL , Fricim X I'rei X

MLiCl MmCl(r) log v'mcimen®  log vmoi@Een?  log yacuacenh log yHCuRCYD log YHCI(RCD log Duci®

2.07 —0.44 0.01 0.72 0.10 —-0.83 —-0.30 —-0.02

4.10 — .38 .25 .99 .31 - .75 - .35 .20

6.03 — .31 .51 1.28 .54 - .87 — .41 .45

8.03 - .27 77 1.55 77 - .96 — .44 61

9.82 - .23 1.00 1.67 .87 —1.02 — .44 .01

12.8 - 20 1.33 1.95 1.14 —-1.13 — .46 1.10

17.4 - .18 1.73 2.25 1.45 -1.20 — .48 1.34

18.5 - .17 1.82 2.29 1.51 —-1.21 — .47 1.39

19.8 — .18 1.91 2.35 1.58 —-1.21 — .46 1.40
¢ Evaluated for solution phase at m¢ = mryic1. ® Evaluated for resin phase at mx = moir. ¢ Computed from equation
log Dgcy = log mr:l;?:r) + 2 log v'mecrmeny + 28’ — 2Fvnicin log vymcimen — 2Fricin B — 2Frei log yacimen setting 28" —

2Fpic1n 8 = 0.

mixtures of Table IV. Applying Harned's rule
to both log vucir and log yuci, one obtains

TasLg VI
CoMPUTATION OF I'mc1 FOR HCI-LiCl MIXTURES
(Data from Table I1V)

(Fucun +
log TIuicim)) X log Frci log log 'ra1 log T'nci
mucl Y'HCI(HCl)  YHCIECI) ~/HCI(RC) (caled.) (obsd.)
0.00704 1.02 0.94 —0.50 —0.58 —0.82
.0157 1.02 .94 — .51 - .59 - .80
116 1.02 .97 — .50 - .55 — .68
411 1.02 1.02 — .50 — .50 - .62
1.99 1.02 1.12 — .49 - .39 — .46
3.97 1.02 1.18 — 47 - .31 - .37
5.95 1.02 1.20 — .46 — .28 - .30
7.92 1.02 1.22 — .45 — .23 - .26
9.90 1.02 1.23 — .44 - .23 — .22
logI' = log '%I-C-lﬁl = Frucin log Yrci@men +
HC1
Friciin log Yrciwicy + Frer log Yacimen —
Fgey log Y'gonmeny — Fricn logY'maaacy  (13)
This equation simplifies to
log I' = (Facin + Fricin) log Yraimen + (14)

Frer log Yaormen — log v/ yeimeny + Fricin 8 — FricB’

if we apply equation 11. If one assumes again that
as a first approximation Fricin8 — Frica 8 = 0,
log T may be computed and the results are sum-
marized in Table VI. While agreement between
calculated and observed values of I'mci is satis-
factory and indeed better than expected at high
HCI concentrations, the observed values are con-
sistently smaller at low HCI concentrations.
This is not surprising if one recalls?® that presence of
small amounts of lower amine groups as impurities
in the resin can substantially lower ¥ tuci).

5. The Sulfate-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 T'mso, and
Yxmsourn (Table I) presumably results from the
acid-base reaction

HSOq'(,—) ‘?._ SOA"(;—) + H*
with an equilibrium constant

by = gSO{'){r)(H*')lr) £80unIEH (1) =
alr (HSO:™ )y £HSO4(D)

(15)

kO Gamy  (16)

where parentheses indicate concentrations of spe-
cies, g their activity coefficients, k.9 the concentra-
tion quotient and Gax) the species activity coeffi-
cient quotient. With our choice of standard states,
1.e., that they are the same for distributable com-
ponents in both phases, the equilibrium constant
in the resin phase ki is identical to that in the
aqueous phase and Rary = k. = 0.0104. The
concentration quotients and the activity coefficient
quotients of course differ for the two phases, 1.e.,
BV #£ B Gagy # Ga. While evaluation of
kO« or Gaqy is difficult because simultaneous de-
termination of the concentrations of the species
S0,~, HSO,~ 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

amsos, = (H*)%(S0,™)g%mgsos = (H )20 (SOs™)mg Bmesons =
k(H)(HSO: " )grgasos = k(H ) (HSO ™) mgumgrsos
(17)
(HSOy ) £Hs04x)
*(S04=)V2¢ry /%04
(18)
At low sulfuric acid invasion where the free
hydrogen ion concentration, (H*)(,), in the resin
is presumably small, the sulfate and bisulfate con-
centrations may be approximated by the relation-
ShipS (HSO,;_)(r) = 2mH,So‘(,) and (SO4=)(1-) =
Cso, — muso.r where (Cso, is the sulfate ca-
pacity of the resin in the units moles per kg. water.
Thus the species activity coefficient quotient
gHsOWn /2504y may be computed. This ratio
varies (Table VII) from approximately 0.08 to 0.3
as Mmu,so.r increases from 0.08 to 3.5 where ca.
909, of the SO;= in the resin is converted to HSO4~.
A plot of log (guso,n/g”*soun) vs. mmso, is
approximated by the linear equation
log (grsoun/g"/*s0un) = —1.05 + 0.178 mmsoun

If the ratio gusoun/g”’soury is combined with
estimates of the sulfate and bisulfate concentrations
in the aqueous phase, the activity coefficient quo-
tient

(HSO:™)gusos _
# (Sof')l/?gl/ﬂso‘

a'/rms0, = R

G = ZHEO(E /2804
218085504
for the ion exchange equilibrium

1/9(804™)ny + HSO,~=2(HSO0, ) + 1/2(S04~) (19)
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may be computed with equation 18. Table VII
includes values of this quotient obtained by esti-
mating (HSOs™) and (SO,~) at low concentrations
(mmso, < 0.05) from the data of Sherrill and
Noyes®® and at high concentrations from the
Raman data of Maranville, Smith and Young.V
The activity coefficient quotient for the sulfate—
bisulfate exchange equilibrium varies remarkably
little in the concentration range 0.001 < mmuso, <
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 gaso,r/g"%s0, < 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+) ¢ = mwasory — C/2 and
(HSO,;‘)(:) ~ MHS0.) T 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 gmmgaso,ry thus computed with equation
17 are listed in Table VIIB. As shown in Fig. 5,
a plot of log gumgaso.r at high values of mmso,m
is approximated by the linear equation log guwm-

ZHSOur) = —142 + 0.203’”11—1,50‘(1-).
TABLE VII
THE SULFATE-BISULFATE EQUILIBRIUM IN THE RESIN
Puase

(Computations based on data of Table I)
A. Low H.SO, invasion

ZHSO4in)

ZH8048 %804

mugsos  (HSO4« ) (SO« gV2s504m ZHS0481/2504(m)
0.0015 0.160 2.55 0.078 0.067
.00253 . 284 2.51 .085 .068
.0050 .518 2.44 105 .086
011 1.17 2.24 .110 .083
.015 1.48 2.14 120 .088
0235 2.00 2.01 141 .095
.0285 2.32 1.94 146 .094
.099 4.34 1.29 214 104
242 5.76 0.72 296 .101
515 7.08 0.26 ( .303) ( .068)
B. High H,S0, invasion
g H, HSO4(r)
mEsor  (HSO« ) (HY)w ZH(r)§ASO4 (1) &= H, HBOY
1.04 8.22 0.24 0.47 0.71
2.24 10.2 1.53 0.56 .54
3.47 12.5 3.23 1.43 .52
4.94 15.4 5.43 4.99 .51
7.46 20.4 9.43 38.7 .51

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

(16) M. S. Sherrill and A. A. Noyes, TrHiS JourNaL, 48, 1861
(1926).
(17) We are indebted to Professor T. F. Young for making these

data available to us in tabular form.
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Fig. 5.—The sulfate-bisulfate equilibrium in the resin phase.

gHs0,0/ 20, and gmw) guso,n. 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
Gary we shall assume that the straight line varia-
tion of the logarithms of these products with
mmso.r holds throughout the H,SO, 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 Gaw).

On the basis of the assumptions made, log Gaq,
may be represented by the linear equation log Gay=
0.68 — 0.153mm,s0,¢r) and log £V. ) hence increases
linearly with mmso,r). A comparison of k0, and
kVaqry (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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chloride.
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