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Selectivity coefficients of a quaternary base ammonium anion-exchange resin toward a number of univalent anions have
been measured. In some systems the selectivity coefficients varied little with composition, while in others a marked de-
pendence was observed. Examples of the former included systems made up of various pairs of ions from Group A—halide,
acetate, iodate and nitrate, or of pairs of ions from Group B—thiocyanate, perchlorate, di- and trichloroacetate, trifluoro-
acetate, toluenesulfonate and naphthalenesulfonate. Examples of systems where the selectivity coefficient changed markedly
were made up of an anion from Group A with one from Group B. These data were interpreted in terms of two postulited
types of specific interactions (ion-pair formation) of these ions with those of the resin matrix. The ion-pairs of Group A
were assumed to be randomly distributed in the resin phase, while those of Group B were assumed to occur in the form of

“patches,” t.e., form clusters.

The effect of temperature on the distribution coefficient was small; the concentration of the

solution (when dilute) had a negligible effect upon the selectivity.

The previous paper in this series showed that the
exchange capacity of a quaternary ammonium base-
anion exchange resin was the same for 2 number of
univalent anions and that the swelled volume of the
resin phase in different exchange states appeared to
be a function of interactions between the movable
exchange anions and the fixed groups.? This paper
describes the selective uptake of one anionic species

(1) Taken in part from the Dissertation submitted by Jack Belle
in partial fulfillment of the requirements for the degree of Doctor of
Philosophy in Chemistry, Polytechnic Institute of Brooklyn, October,
1962,

(2) H. P. Gregor, J. Belle and R. A. Marcus, TRIS JOURNAL, 76,
1984 (1954),

over another for various combinations of ions with
resins of different degrees of cross-linking, and the
effect upon this selectivity by variations in the
ionic strength of the equilibrating solution and the
temperature of the system. These results are inter-
preted in terms of two different mechanisms of ion-
pair formation.?

Experimental

A series of benzylethanoldimethylammonium anion ex-
change resins (Dowex 2, Dow Chemical Co., Midland,
Michigan) was used in this study. These resins were iden-
tical with ones used in the previous paper? and are desig-

(3) H. P. Gregor, sbid., 78, 3637 (1951).
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nated by their percentage divinylbenzene (DVB) contents
as DVB 1, 2, 4, 8 and 16. In general, unless otherwise
specified, all of the experimental conditions were the same
as described previously, i.e., employing dilute (0.01-0.1
molal) solutions and room temperatures (24-26°). Sodium
or potassium salts were used, except where specified other-
wise.

The selectivity coefficient K4 is defined in the conven-

tional manner
M |) (Mz)
Mz m)

where K} is the selectivity coefficient for a particular ex-
change process, here the displacement of anion (2) from the
resin by anion (1) from the solution, the M’s refer to molali-
ties of the anions in the resin phase, and the m’s to molali-
ties of the respective ions in the solution phase. This
system of notation, where upper case letters refer to terms
in the resin phase and lower case letters to corresponding
terms in the solution phase, will be used in this paper.
The mole fraction of the total exchange capacity of the resin
in a particular anionic state (as chloride, for example) is
designated Xci.

Selectivity coefficients were determined by either a
column or a shaking procedure. In the former, a known

Key=Ki=

.solution was passed through a small (1 g.) bed of resin to

equilibrium, the resin phase separated from' the solution
either by centrifugation or suction, the ions eluted from it
and anaiyzed. The halide, thiccyanate and iodate ions were
determined with the silver electrode; hydroxide was ti-
trated. Other ions could be calculated by difference, since
the capacity of the resin is the same for all of the anions
studied.?

With the shaking procedure, a weighed amount of resin
in a specific anionic state was shaken with a given portion
of a standardized solution of another anion. After equilib-
rium, the resin and solution phases were separated and each
analyzed. These procedures are the same as those de-
scribed by Gregor and Bregman.* The K4 values reported
in this paper are reproducible to at least +5%. In every

TABLE 1

SeLECTIVITY COEFFICIENTS AS A FUNCTION OF FRACTION OF
ExcHANGE CAPACITY IN CHLORIDE STATE

Xa Ka Xo1 Ka - Xo1 Ka
Todide Thiocyanate Perchlorate
Resin DVB 2
0.08 0.092 0.11 0.091 . 0.03 0.032
.46 .11 .48 .17 .50 A1
.85 .097 .89 . .88 .87 .62
Resin DVB 8
Fluoride Bromide Iodide
'0.15 15.0 0.22 0.29 0.07 0.076
.56 11.5 .49 .40 .49 .055
.80 9.70 .88 .34 .88 .029
. .Thiocyanate Perchlorate Iodate
0.05 0.05¢ 0.04 0.036 0.27 4.22
47 0.22 .62 .11 .60 4.11
.98 4.12 .74 .26 .83 4.80
Nitrate Hydroxide Acetate
0.08 0.37 0.20 4.48 0.13 6.80
47 33, . .63 1.91 .49 6.43
.78.- .36 .94 1.1 .86 5.80
Chilor: tate Dicht tate Trichloroacetate .
0.28 6.41  0.19 0.39 0.09 0.12
.47 6.04 - .50 .0.46 .66 0.43
.88 4.76 .94 2.13 .92 2.97
. g-Naphthalene
Trifluoroacetate p-Toluenesulfonate sulfonate
- 0.08 0.46 0.07 0.073 0.12 0.017
.48 0.46 .49 0.12 .53 0.049
.84 1.24 .90 1.12 .99 3.11

(4) H. P. Gregor and J. I. Bregman, J. Colloid Sci., 6, 323 (1951).
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case they are equilibrium values. Routinely, each experi-
ment was allowed to proceed for at least three times the
period of time required for equilibration before the resin
and solution phases were separated. Also, it was firmly
established that the same equilibrium state was reached
regardless of the direction from which it was approached.

Selectivity coefficients for exchange of various anions with
the chloride ion as a function of Xe¢1 for DVB 2 and 8 resins
using dilute solutions are given in Table I. Table II pre-
sents selectivity coefficient data for various combinations of
jons other than chloride with resin DVB 8. Some calcu-
lated values of K3, i.e., Ka are also given; these will be
discussed in a later section. Examination of these tables
shows that all of the systems studied could be divided into
two groups, sharply differentiated from one another. One
set of systems had Ka values which did not vary markedly,
if at all, over the entire range of X values. For the other
?Et('i K4 varied sharply with X, sometimes as much as 100-

old. :

Tables I and II give but a limited number of the experi-
mental points determined. Figure 1 shows Ka plotted
against X¢ for those systems (involving the chloride ion)
where K4 was relatively constant, showing all experimental
points determined using the DVB 8 resin, while Fig. 2 gives
detailed data for systems where K4 varied sharply with Xci,
and also where ions other than chloride were involved.

TABLE 1]

SELECTIVITY COBFFICIENTS WITH VARIOUS PAIRS OF
ANIONS FOR RESIN DVB 8

Ions
(6)) 2 X5 K. (Exp.) Kj (Calc.)

10, CH,CO0 0.19 1.73
.50 1.69 1.5
.83 1.65

Br I .15 0.18 0.25

Br OH .74 2.84 3.3

Br NO; .09 0.93
.50 1.00 1.0
.98 0.94

SCN CC1,Co0 11 2.43
.47 1.79 1.4
.83 1.13

SCN ClO, .036 0.63
.42 0.59 0.5
.87 0.57

SCN I .61 1.55 1.8

Figure 3 shows how Ka measured for various ions against
the chloride ion at Xo) =2 0.5 varied with the percentage
DVB for a series of resins. Table III shows Ka values
measured at two temperatures, 5 and 26°, for resins DVB 2,
8 and 16 and for the chloride jon measured against the io-
dide, perchlorate and acetate ions.

TasLg III

SELECTIVITY COBFFICIENTS AGAINST CHLORIDE AS A FUNC-
TION OF TEMPERATURE FOR DVB RESINS

Resin 5° 25°
Anion DVB Xa Kd Xo Kda
Todide 2 0.47 0.083 0.46 0.11
8 .42 .042 .49 .055
16 .47 .031 .60 .065
Perchlorate 2 .44 .032 .32 .048
8 .48 .044 .47 .070
16 .52 .030 .38 .035
Acetate 2 .67 5.45 .46 4.96
8 .58 10.3 .49 6.43
16 . .66 13.3 .59 10.2

As expected, the ionic strength of the solution phase (in
dilute solutions) had a slight, if any, effect upon K4 values.
For example, with resin DVB 8 and chloride—perchiorate
exchange K8,, was 0.062-0.066 in the X¢ range of 0.43-
0.46 while the solution ionic strength was varied from 0.001
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Fig. 1.—Selectivity coefficients measured against chlo-
ride with resin DVB 8 for the following anions: fluoride
(A); acetate (O); chloroacetate (A); iodate (®); bromide
(0); uitrate (¥ ); iodide (V); hydroxide (4).
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Fig. 2.—Selectivity coefficients measured against chlo-
ride with resin DVB 8 for the following anions: trichloro-
acetate (®); thiocyanate (m); perchlorate (X). Other
selectivity coefficient curves are for thiocyanate over tri-
chloroacetate (©) and over perchlorate (@).

to 0.1. Chloride-acetate and chloride-trichloroacetate ex-
change equilibria were similarly unaffected.

Discussion

Most of the selectivity coefficients measured -in
this study are quite different from unity, and in
some cases vary to a considerable degree with
the resin composition. This situation is quite dif-
ferent from that with cation exchange processes,
where reasonable explanations based upon ‘‘pres-
sure-volume” effects, upon analogies with ionic
activity coefficients in solution, and upon adsorp-
tion of organic cations have been presented.45—?
The data obtained for anion exchange processes
which are presented here and elsewhere? strongly

(6) H. P. Gregor, THIS JOURNAL, 70, 1203 (1948).

() W. C. Bauman and J. Eichhorn, ibid., 69, 2830 (1647).

(7) F. Glueckauf, Proc. Roy. Soc. (London), 214, 207 (1052).

(8) B. R. Sundheim, M. H. Waxman and H. P. Gregor,-J. Phys.
Chem., 57, 974 (1963).

(9) H. P. Gregor and M. Frederick, Ann. N. V. Acad, Sci., 87, 87
(1953). :
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Fig. 3.—Selectivity coefficients measured against chlo-
ride for various DVB resins at Xc1 22 0.5 for the following
anions: acetate (O); iodate (®); hydroxide (+); bromide
(D); trichloroacetate (®); iodide (V); perchlorate (X).

suggest that a different major factor-is operative
in the case of anion-exchange resins. A considera-
tion of differences in specific interactions between
various anions and the resin cationic group is indi-
cated. "

If one assumes that ion-pair formation occurs,
then the ease of ion-pair formation inferred in this
manner coincides with that inferred in a similar
fashion from data on the dependence of resin
volume on the nature of the anion present.2 More-
over, this correlation can be made roughly quantita-
tive. .

Method of Calculation.—Ion-pair dissociation
constants will be estimated from selectivity co-
efficient data as follows.: Consider fitst an ideal
system where the resin phase consists of a three-
dimensional network of fixed, positive exchange
groups (R*) which are compensated for electrically
by exchange anions A~ and B—. Association or ion-
pair formation can take place between fixed and
movable ions to form RA and RB ion-pairs. The
resin phase also contains W grams of solvent (wa-
ter), and is in equilibrium with a dilute solution
phase containing A—and B~ salts. .

Several cases present themselves. First, con-
sider a system where the interaction between a
fixed cation and a movable anion is independent of
the formation of ion-pairs on neighboring resin
sites. The occurrence of ion-pairs will then be ran-
dom throughout the network, comparable to the ad-
sorption of a gas on a lattice where the adsorption
is not a function of whether the neighboring site is
occupied or free. For the process RA = R+ 4 A-,
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the practical (molal) dissociation constant Ra is
clearly given by
M+ M- 1000
R (R = TR X
where N is the number of moles. All of these sym-
bols refer to components in the resin phase. Ac-
tivity coefficients are assumed to be unity; these
are described in another paper.'
For systems where either or both ions form ran-
dom ion-pairs, it can be shown readily that Ky is
fairly independent of the ionic composition of the

Ny+Ny-

resin. In Figs. 4 and 5 calculated curves are given
1.0
0.5 l//
. /
II
/7K
. /’
m<
R
g
i

Log (Ms/Ma).

-2 1 1

-1 0 1 2
Log (mp- /ma-).

Figs. 4 and 5,—Calculated curves for selectivity of anions
A and B for the following sets of postulates: I, Ra = 0.1,
B not associated; II, Ra = 0.1, R = 0.1; III, Ca» = 0.1,
B not associated; IV, Ca = 0.1, Rp = 0.1.

(10) M. Gottlieb and H. P, Gregor, TH18 JoURNAL, 78, 4639 (1954).
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for two systems: curve I, Ry = 0.1 and Rp = o,
.., anion B does not associate; curve II, Ry =
Rp = 0.1. The units of R are moles/1000 g. of
water.

The selectivity coefficient X4 may be calculated
on the basis of this model in terms of Rs and Rp in
the following way. Neglecting ‘‘pressure~volume’’
effects, the molality of unpaired ions in the resin
phase is related to the molality of these ions in the
external solution according to Donnan conditions,
and one obtains in this manner the equation
MA-/MB— = mA-/mB-. Then

= mA o (Ma o M+ Mzra (mp-
Ka = Kz Mn) Mp- + Mrp \ma- 1
where the subscript A or B refers to the fofal amount
of that species in the resin phase. The two addi-
tional conditions are: (1) electroneutrality in the
resin phase, or Mp+ = Ma-+ Mn-; (2) Mra +
Mgg + Mg+ = 1molal.

That these assumptions will explain part of the
data can be seen by making a judicious choice of
R constants and obtaining approximate fits of cal-
culated curves with the experimental values of Fig.
1.

This assumption of random ion-pairing does not
explain the data of Fig. 2. Interactions other than
those between one anion and one resin cation may
also be postulated. For example, strong coulombic
and van der Waals forces may exist between adja-
cent ion-pairs such that the paired ions would es-
sentially form a clustered or separate phase, i.e.,
ion-pair formation at sites adjacent to those al-
ready occupied is assumed to be energetically pre-
ferred to a significant degree. The equilibrium ex-
pressions for this system are C4 = Ma-and Cp =
Mp-, where Cj is the constant for dissociation of
the RA ion-pair in the clustered system. This ex-
pression applies only when M = Ca; when M, is
less than Ca no ion-pairs RA are present and simi-
lar considerations apply to RB. The behavior of
many heterogeneous systems is described by this
type of equation; the system calcium carbonate-
calcium oxide—carbon dioxide is typical.

It can be shown that with systems where either
anion forms a clustered ion-pair K4 will vary strongly
with the mole fraction. In Figs. 4 and 5, curve III
is for a system where Ca = 0.1 and Rgp = «, and
curve IV for C4 = 0.1, Rg = 0.1.

For a system where anion B forms random ion-
pairs and anion A forms clustered ion-pairs (curve
IV), and where the total amount of A present is
equal to or greater than Ca or Ma = Ca = Ma-,
the expression relating the ratio of these ions in the
resin phase to the ratio of their solution molalities is

mp-
MmA=

2™ = —Rs + [(Rs + Ca)* + 4XaRal's (2)

Curves based on systems where both RA and RB
would form separate phase clusters are rather simi-
lar in shape to curve IV. However, as can be seen
from the data, the selectivity coefficients of such
pairs of anions are instead relatively independent
of the mole fraction, as shown in Fig. 2. Such be-
havior readily can be explained if both anions form
a cluster which approximately consists of an ideal
*“solid”" solution rather than of two separate ‘‘solid”
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phases. The dissociation constants in this case
would take the form
Sa = (MaXRa) = CaXra
where
. Ngra
" Npa + Nmo

Clearly, the selectivity coefficient for these “C —
C” systems can then be calculated in terms of these
C’s, which in turn can be evaluated from “random-
clustered” (R — C) ion-pair data. It thus becomes
possible to use R — C data to calculate the ¢ — C
curves. This has been done and the results are
described later.

Each method of plotting used in Figs. 4 and 5
has certain advantages. The log K4 vs. X plot is
widely used; in particular it points up the differ-
ences between systems which do show and those
which do not show large changes in Ky with X.
However, the nature of this plot masks experimental
errors, particularly when K, is determined by the
shaking procedure, for errors which thake X large
also make Kq large, and conversely. The plot used
in Fig. 5 is superior because: (a) the slope of the
line is equal to K, at any point (in the logarithmic
plot log Kq4 = log (Mp/Ma) — log (mp-/ma-),
etc.); (b) variations in K4 with changes in the
composition of the resin phase show up clearly;
(c) 1t is sensitive as regards showing up erroneous
experimental points.

The curves where the selectivity coefficient var-
ies with the molar ratio in the resin essentially con-
tain only one characteristic, namely, the value of
K4 and so cannot be used to evaluate absolute val-
ues of these postulated ion-pair constants. The
curves where Kq varies appreciably with external
molar ratio need several parameters to describe
them by means of an equation and hence can be
used to estimate the absolute values of the R and C
constants. These R constants can then be employed
in the R — R curves to determine the R’s of other
ions.

The constants Rg and C, were estimated from
curves where Ky varied with mole fraction in the
following way. Selecting a given point on this
curve, Rp was calculated for various assumed val-
ues of C4 using equation 2, thus yielding a curve of
Rg vs. Ca. This calculation was repeated for two
other, widely different points on the data curve.
The region of intersection of all three Rp vs. Ca
curves yields the relatively unique values of Ry and
Ca.

Evaluation of Dissociation Constants from Se-
lectivity Coefficient Data.—Since practical (molal)
dissociation constants were calculated, data on the
water content of the resin phases was needed. In
a previous paper in this series? it was shown that
the molality of exchange anions in the resin phase
of a DVB 8 resin were as follows: 4.3 for chloride;
5.2 to 6.0 for dichloroacetate, trichloroacetate, tri-
fluoroacetate, toluenesulfonate and naphthalene-
sulfonate; 7.5 for thiocyanate ;9.2 for perchlor-
ate. Comparable values for a DVB 2 resin did not
differ from these by more than 209, because while
the water content was greater due to the greater
degree of swelling, the greater exchange capacity of
the resin (3.86 compared to 2.25 mmoles g.) com-

XRa
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pensated for this. Further, since the values of We
are approximately linear functions of the mole
fractions, the taking of an average value of W, =
200 g. for most of the anions introduces but a small
error; however, for the chloride~thiocyanate Sys-
tem W, was taken as 170, and for chloride—per-
chlorate W = 150.

Turning first to the data for systems where Ky
did vary sharply with resin phase composition,
consider those in which the chloride ion was in-
volved. Figure 6 shows experimental points and
curves fitted to these points calculated for systems
where one ion (chloride) is assumed to form a ran-
dom ion-pair and the other anion a clustered ion-
pair. While data were obtained in the range X¢; >
0.9 (Ms/Mj4 > 10), they were not included because
of the relatively large experimental errors that arise
here, since ion A usually was determined by dif-
ference. For resins DVB'2 and 8, a single value for
Rey, 0.65, was found to fit all these systems. With
resin DVB 8 (except as noted) the C constants for
the other anions were as follows: thiocyanate, 0.25;
thiocyanate (DVB 2), 0.20; perchlorate (also for
DVB 2), 0.10; dichloroacetate, 0.35; trichloroace-
tate, 0.35; trifluoroacetate, 0.35; p-toluenesulfon-
ate, 0.15; B-naphthalenesulfonate, 0.050. Each of
these values is probably accurate to but £10%,.
It is seen from Fig. 6 that the fit of experimental to
curves calculated using the above constants is rea-
sonable except with the dichloroacetate and the
trifluoroacetate systems.
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Fig. 6.—Experimental points and curves calculated based
upon the postulate of random-clustered systems for anion-ex-
change processes with resin DVB 8 and chloride with the
following anions: trichloroacetate (®); p-toluenesulfonate
(¥Y); B-naphthalenesulfonate (0); thiocyanate (O), with
DVB 2 (m); perchlorate (A), with DVB 2 (a); dichloro-
acetate (V); trifluoroacetate ( o).
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Before evaluating ion-pair dissociation constants
for systems where both ions form random ion-pairs,
it is of value to calculate the maximum value that
Kg' (A is any anion) can have if Ro = 0.65 as just
calculated and anion A does not associate. At
Xa = 0.5, K4 (max.) = 5.6. Since K& = 11.6 and
K% = 6.5 it would appear that a significant dis-
crepancy exists. However, a consideration of pres-
sure-volume effects shows that this discrepancy is
apparent rather than real because in systems which
are largely dissociated high osmotic pressures pre-
vail and pressure—volume effects act to exclude the
larger or unassociated jon from the resin phase.
From relative humidity data and comparisons with
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sulfonic acid resins of comparable cross-linking (the
chloromethylation reaction introduces additional
cross-linking), the osmotic pressures which prevail
can be estimated at about 150-200 atm.®?

Using the appropriate differences in volumes of
resins in different anionic states given previously,*
our selectivity coefficients corrected to zero osmotic
pressure become: K§, 5.1; K§h, 4.3; Ko 4.6;
KS, 2.7. These pressure-volume corrections are
very approximate; the accuracy of the corrected
K4 values is estimated to be £209%. Therefore,
one can conclude that there is little, if any, associa-
tion in the case of the fluoride, acetate and chloro-
acetate resins. The values of Ra, calculated on the
assumption of R — R systems and Rci = 0.65 are
as follows: iodate, 3.6; bromide, 0.20; nitrate,
0.17; iodide, 0.025. The pressure-volume term
can be neglected in these latter systems because
even the chloride state resin is about 709, associ-
ated so that the osmotic pressure is relatively
small.!?

Using the R and C values just calculated for the
various anions, the selectivity coefficients of other
systems composed of different combinations of
these same anions can be predicted. Table IT shows
a comparison of predicted and experimental values.
The first four are for R — R systems. The next
two values are for systems where the ions were
“clustered” when paired with chloride, but are as-
sumed to form a “solid solution” or S — S system
when paired together. Thiocyanate-iodide ex-
change is an example of an R — C system; here the
caleulated value of 1.8 compares favorably with
the experimentally determined value of 1.55.

General Discussion.—While one might attempt
to correlate ion-pair dissociation constants with
such physical properties as ionic polarizability or
molar refraction, this does appear possible at this
time. In general, the selective uptake of an ion
increases as does its molar refraction. However,
since the geometry of an ion is sure to be an impor-
tant factor, comparisons should be made only for
ions of similar geometry and size. Figure 7 shows a
plot of log K4 for the halides (measured against
chloride) as a function of their molar refraction.'®
The relationship between Kq4 and the molar refrac-
tion is not a general one, however. For example,
the molar refraction is 11.0 for nitrate and 13.2 for
perchlorate; Kg values for these ions would fall
approximately along the curve of Fig. 7. However,
for acetate the molar refraction is 13.6 and the
value does not fall along the curve. Here molar
refraction by itself is not a valid criterion, probably
because of size and geometry factors; these consid-

(11) It should be pointed out that the osmotic pressures which
could reasonably be encountered in these systems would have but a

negligible effect upon the dissociation constants themselves, because
here the thermodynamic expression for the closed system is

d1n Ry _ (Va- + Vr+r — Vra)
o RT

where = is the osmotic pressure and the V’s the partial molar volumes.
Since electrostriction usually occurs in these systems, AV is small and
negative, and dissociation would increase with «. The fact that we
are dealing with an open osmotic system here means that where Rp
is small (strong association), the gel will contract and make for the
formation of more ion-pairs but with the same value of Ra.

(12) Taken from A. Kruis and W. Gefcken, Z. physik. Chem., B34,
51 (1936); H. Kohner and H. Gressman, {bid., 144A, 137 (1929).
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erations presumably apply to the other unsymme-
trical ions.

In addition to the simple ion—ion coulombic forces
which are present, ion—dipole and van der Waals
interactions are appreciable in these systems. Evi-
dence of this may be found in the adsorption of
iodide and iodine by sulfonic acid cation-exchange
resins, and by the strong uptake of organic ions by
the same resin, the effect increasing with increasing
molecular weight of the ion.* These forces may
also contribute to ion-pairing and it would then
be predicted that ion-pairing would increase with
the polarizability of the exchange ion, with the
closeness of approach of the ions and with organic
substitution in the anion.

At first glance the strong preference of the resin
for the perchlorate ion appears surprising. How-
ever, this interaction in these quaternary ammo-
nium resins is consistent with the low solubilities
of the quaternary ammonium perchlorates. For
example, tetramethylammonium perchlorate is
soluble only to 0.03 M, while the iodide is soluble to
0.25 M.

The parameter which appears to determine
whether an anion will give selectivity coefficient
curves with chloride ion of the R — Ror R — C
type is the ionic size. With the exception of the
perchlorate, the anions giving the R — R curves
are small, those giving the R — C curves are large.
Clustering interactions presumably occur largely
along the polymer chain where the fixed groups are
about 3—4 A. apart. Since the forces that make for
clustering are very short range ones, it is important
that the associated ion-pairs be large enough to
affect association at an adjacent site. If a resin were
prepared in which the fixed exchange sites were far
enough apart, it would be predicted that all anions
would associate in the random system.

Since the formation of ion-pairs is reflected in
both volume and selectivity coefficient data, these
data are interrelated, although not necessarily in a
simple manner. Figure 8 shows a plot of log K as
a function of Ve, the swelled volume of the resin in
the various anionic states.? The selectivity coef-
ficients (at X — O) are used instead of dissocia-
tion constants because of the different forms of R
and C constants. Data for most of the systems are
found to fall approximately along the same line;
a large value of Ve corresponds to a low degree of
selective uptake, and the converse is also true.
However, with the large trichloroacetate or aryl
sulfonate anions one finds a large swelled resin vol-
ume together with a high degree of selectivity.
Apparently here the size of the anion itself is such
as to make the resin swell.

The effects of changes in temperature upon the
gelectivity coefficients with three sets of anions on
resins of three different degrees of cross-linking
were shown in Table III. It is evident that Ky
for these systems is fairly independent of tempera-
ture. There is a small tendency for the system to
become more random (K4 approach unity) with
increasing temperature in that the ionic preference
decreases. This effect applies to both clustered and
random ion-pairs, also where one ion is not appre-
ciably associated.
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Fig. 7.—Selectivity coefficients for halide exchange with
DVB 8 resin as a function of ionic molar refraction.

As regards the effect of cross-linking, as shown in
Fig. 3, the uptake of the favored ion is increased
with increasing cross-linking. K$. increases from
3.8 to 10 as the DVB content of the resin goes from
1 to 16%, while K{, increases from 9.6 to 16 and
K&® increases from 48 to 62. In the chloride-
trichloroacetate system where AV is nearly zero,
K4 is independent of cross-linking, as expected.
Pressure—volume effects appear to be a major factor
only in the absence of ion-pairing.

There is an obvious parallel between the extent
of ion-pair formation as described here and the
well known Lyotropic or Hofmeister series of col-
loid chemistry, where adsorbability at polar-apolar
interfaces by anions and the coagulation of posi-
tively charged colloidal particles by anions follow
the series: naphthalenesulfonate > benzenesulfon-
ate > thiocyanate > iodide > bromide > chloride
> fluoride. The forces making for these effects are
presumably similar, although in ordinary colloidal
systems the clustering effect is probably not present
because of the low charge density on the surface.
The general effects which exist in the ion-exchange
resin systems are considerably stronger because
thehdensity of active sites in the resins is very
high.

A direct comparison of our data and those of other
authors is made difficult by the large differences
which exist between resin samples prepared by es-
sentially the same procedures. Wheaton and Bau-
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Fig. 8.—Selective uptake of the chioride ion over various
anions with a DVB 8 resin, as a function of the swelled vol-
ume of the resin in the corresponding anionic states. All
values taken at Xa — 1.
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mann'® have studied selectivity coefficients for
Dowex 2 and Dowex 1 (both DVB 8) resins, the
latter being of the benzyltrimethylammonium type.
They found with Dowex 2 that K§ = 7.7 and K§!
= 0.14; both values are smaller by a factor of about
two than ours. The behavior of a similar anion-
exchange resin, Amberlite IRA 400, which is also
of the benzyltrimethylammonium type was inves-
tigated by Kunin and McGarvey,!¢ who found that
Kf' = 0.33 and K§,y = 0.5. These selectivities
are in the same direction as those observed by us,
but are very much smaller in magnitude, about
one-tenth as large.
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