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An analogy of solvent extraction to ion-exchange was taken to explain anion affinities
to anion-exchangers. Distributions of the model compound whose cation was the ionogenic

group of an anion-exchanger and whose anion the counter ion, between water and an
organic solvent, were investigated. The degree of distribution of the model compound
for a solvent layer was expected to increase with increasing anion affinities to the corre-
sponding anion-exchanger. Cobalticinium, benziltrimetylammonium and benzildimethyl-
amine salts were employed as model compounds for the polymeric olygomethylene cobalti-
cinium anion-exchanger, the strong base anion-exchange resin and the weak base anion-
exchange resin, respectively. The distribution sequences in solvent extraction were essen-
tially identical with the ion affinity series in anion-exchange. From these correlations,
the selectivity coefficient for an anion was explained as the affinity of an anion to an
ionogenic group with the use of an ion-pair concept. Some differences between ion-exchanges
and solvent extractions were discussed.

In recent years, many attempts have been
made to predict selectivity coefficients for ion-
exchange systems. It has been thought that
the activity coefficient in an ion-exchanger

phase and the strain energy of the molecular
network in an ion-exchange copolymer most
seriously influence selectivities. The former
was found to be dominant for ion-exchange
resins1,2) and the latter cannot be attributed
to osmotic pressure but to the diffusion of
network molecules because ion-exchangers are
not bound by semipermeable membranes from
the external solution. The strain energy ef-
fect seems to be difficult to estimate. This

paper pays attention to the activity coefficient
only.

The relation between the selectivity coef-
ficient and the activity coefficient, or the
evaluation of the latter from the former, has
been studied by many workers.3-6) However,

the difference in activity coefficients for dif-
ferent anions has not been explained as affin-
ities of adsorbed ion to ionogenic groups.
According to thermodynamic considerations,
a lower activity coefficient, or a higher selec-
tivity coefficient, is interpreted as the higher
sorbability to ion-exchangers. If the affinity
of an anion to the same monomeric cation as
the ionogenic group is similar to that in the
corresponding exchanger, the salt whose cat-
ion is the ionogenic group and whose anion
the counter ion may be suitable as a model
compound for the ion-exchanger. The affini-
ty should increase in organic solvents of low
dielectric constant. From this point of view,
cobalticinium (π-dicyclopentadienyl cobalt-

(Ⅲ)), benziltrimethylammonium and benzil-

dimethylamine salts were selected as model
compounds for the polymeric pentamethylene
cobalticinium anion-exchanger, the strong base
anion-exchange resin and the weak base anion-
exchange resin, respectively. Some interrela-
tions between them were found.

Experimental

Preparation of Cobalticinium, Benziltrimethyl-
ammonium and Benzildimethylamine Salt Solu-
tions. Cobalticinium picrate ((C5H5)2CoOC8H2(NO2)3)
was obtained by the method mentioned in a previous
paper.7) The desired form of the cobalticinium
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salt was obtained by passing the picrate solution
through Dowex 1 X-8 columns. The concentration
of the resulting solution was 0.0444M. The benzil-
trimethylammonium salt (C6H5CH2N+(CH3)3X-) was
obtained commercially. It was converted to the
perchlorate by adding 2M sodium perchlorate solu-
tion, and the perchlorate was purified by recrystal-
lization. The perchlorate solution was converted
to the desired salt forms by the same procedure as
for the cobalticinium salt. The concentration of
the resulting solution was 0.0500M. Benzildimeth-
ylamine (C6H6CH2N+H (CH2) 2X-) was obtained com-
mercially. The procedure for preparing the solution
was similar to that used for the benziltrimethylam-
monium salt solution. The concentration of the
solution was 0.0500M.

The Solvent Extraction of Various Ions and
Their Determination in the Organic Solvent Layer.
n-Butanol, n-pentanol, n-hexanol, chloroform and
benzene were used as organic solvents (obtained
commercially). An aqueous solution of the salt
(10ml) and 10ml of the solvent were shaken to-
gether for 10min at room temperature. The solvent
layer was separated and the concentration of salts
determined colorimetrically using 1cm quartz cells
and a spectrophotometer (Hitachi EPU-2A). The
wavelength employed was 340mμ for cobalticinium

and 262mμ for both benziltrimethylammonium and

benzildimethylamine. Calibrations were made by
dissolving a known amount of perchlorate or picrate
in a known amount of each solvent saturated with
water.

Adsorption spectra in the UV region were meas-
ured on a Shimadzu multipurpose recording spectro-
photometer.

Calculation of the Degree of Distribution. The
degree of distribution of an anion A-(KA) was cal-
culated according to the equation

where [RA]r, [R+]w and [A-]w are the concentra-
tions of RA in the solvent layer and cation R+ and
anion A- in the aqueous layer, respectively. [R+]w
was always equal to [A-]w in this experiment.

Results and Discussion

According to Bjerrum's theory,8) the pro-
bability of an ion-pair formation increases
with increasing concentration. Accordingly,
ion-pair formation in ion-exchangers might
be quite possible since the density of counter-
ion arround an ionogenic group is very high.
Further, many thermodynamic data for uni-
valent cation exchanges9-12) show that enthal-

pies decrease when entropies decrease in sys-
tems of decreasing free energy. This fact
appears to support the assumption of ion-pair
formation. One of the most typical theories
of an ion-exchange equilibrium introducing
the ion-pair concept has been proposed by
Gregor.5) He introduced a dissociation con-
stant for ion-pair formation between an iono-

genic group and a counter ion in an exchanger
phase. For the processes of ion-pair forma-
tion,

dissociation constants DA and DB are given
by

where R's refer to ionogenic groups, A- and
B- to exchange anions and brackets to the
molality of each species. Neglecting strain
energy effects, the molality of unpaired ions
in the exchanger phase is related to that of
these ions in the external solution according
to the Donnan equilibrium condition and one
obtains the equation

Then, selectivity coefficients KA are given by

where A or B refers to the total amount of
the species in the exchanger phase, subscript
r and w to the exchanger and external solu-
tion phase, respectively. Additional condi-
tions are

Then KBA is obtained as a function of [A]r
or [B]r by a combination of the following
equations:

and

where
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Figure 1 shows the selectivity coefficient-
molality curves calculated from the above
equation for various DA and DB values. The
figure indicates that a larger selectivity coef-
ficient for anion A- than for anion B- means
a smaller dissociation constant for A- than
that for B-.

Ion-pair formation between an ionogenic

group and the counter-ion can be analogized
to the Langmuir adsorption process; that is,
the dissociation constant in an ion-exchange
corresponds to the egilibrium constant of the

process

Therefore, the dissociation constant can be
understood as an equilibrium constant for the

process

This process can be compared to the distri-
bution of the model compound between a
solvent layer and an aqueous layer,

From these analogies for ion-pair formation
between an ion-exchanger and an organic sol-
vent phase, it can be assumed that some cor-
relation exists between selectivity coefficient
sequences against a common anion and distri-
bution sequences in solvent extraction for
corresponding model compounds.

Tables 1, 2 and 3 give the degree of distri-
bution for cobalticinium, benziltrimethylam-
monium and benzildimethylamine, respective-
ly. From a comparison of selectivity coeffi-
cients in ion-exchange with the degree of dis-
tribution in solvent extraction, it is found
that they are related to each other in sequences

Fig.1. Calculated curves for selectivity of anions

A and B for the following sets of postulates;

of values, except for the position of BrO3-
and ClO4-.

A possible difference between ion-exchange
and solvent extraction is the effect of freedom
of rotation. In the case that A is a monatom-
ic anion and B a polyatomic anion, the effect
of freedom of rotation between A and B
would be greater in ion-exchange than in
solvent extraction; that is the effect promotes
the dissociation of polyatomic anions from
ionogenic groups in ion-exchange more readily
than in solvent extractions, because ionogenic

groups are fixed to one another while the
corresponding cation is moving freely in sol-
vents. However, the trend mentioned above
was not found to be very remarkable in the
experimental results; the affinity of the poly-

TABLE 1. DEGREE OF DISTRIBUTION FOR COBALTICINIUM SALTS IN VARIOUS SOLVENT
SYSTEMS AND SELECTIVITY COEFFICIENTS (Kc) OF POLYMERIC

PENTAMETHYLENE COBALTICINIUM ION-EXCHANGER (PPC)

*1 Almost all ions were found to form ion-pairs in a solvent witha very low dielectric constant.13)
13) C. A. Kraus, J. Phys. Chem., 60, 129 (1956).
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TABLE 2. DEGREE OF DISTRIBUTION FOR BENZILTRIMETHYLAMMONIUM SALTS IN
VARIOUS SOLVENT SYSTEMS AND SELECTIVITY COEFFICIENTS (Kr) 

OF DOWEX 1X-8 (D1 X-8)

TABLE 3. DEGREE OF DISTRIBUTION FOR BENZILDIMETIIYLAMMONIUM SALTS IN
VARIOUS SOLVENT SYSTEMS AND SELECTIVITY COEFFICIENTS (Kc)

OF AMBERLITE IR-45 (IR-45)

atomic anion BrO3- was greater in the system
of the cobalticinium type anion-exchanger and
Amberlite IR-45 than in the corresponding
solvent extraction systems. Accordingly, the
effect of rotation of anions might be not very
important.

Differences in interionic interactions be-
tween ion-exchange and solvent extraction can
be mainly attributed to the difference in sol-
vents. Possibly because of the effect of
hydration, affinities of the counter ion to an
ionogenic group in an aqueous layer are weak-
er than those of the same anion to the cor-
responding cation in solvents. The greater
amount of water a solvent contains, the more
similar to ion-exchange the solvent extraction
system may be. In the system of benzene
for cobalticinium halogenate (Table 1), the
sequence is opposite to the affinity series for
ion-exchange, and consistent with the order of
solubilities.14) This behaviour, perhaps, can be
ascribed to the extremely low water content
in the benzene layer. Because of the much
lower dielectric constant of an organic solvent
compared with that of water, an anion could
approach a cation more closely in organic sol-
vents than in water. Therefore, factors

TABLE 4. THE WAVELENGTH OF ABSORPTION

PEAKS FOR BENZILTRIMETHYLAMMONIUM
SALTS IN n-BUTANOL LAYER

which are effective in a very short range e.g.,

polarizability are more effective in an organic
solvent than in water. Table 4 gives absorp-
tion peaks of UV spectra for benziltrimethyl-
ammonium in the n-butanol layer. It indi-
cates that the absorption peak shifts to longer
wavelength with increasing affinities. This
result suggests some relation between the

polarization of charge on ammonium cations
and the interactive force between a cation
and an anion.

Thus, these systems which consist of solvent
extractions and model compounds have a pos-
sibility of being adequate models for ion-
exchange although some differences can be
pointed out.

14) T. Ito and T. Kenjo, This Bulletin, 41, 1600
(1968).


