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ABSTRACT

The microstructure of ion-exchange resins has been investigated
to understand more clearly the ion-exchange mechanism, Nine
types of resins with different pore structures were used: all of
the polystyrene family crosslinked with divinylbenzene and anionic
resins, with mesh sizes ranging from 100 to 200, except for one
(20-50 mesh). Various pore volumes of each resin were deter-
mined by measurements of intrusion of some chemical species
(HZO’ Nd**, and Hg) into the resin. The results are analyzed on

the basis that an ion-exchange resin particle consists of four
regions. They are: 1)the mercury intrusion region, 2) the re-
gion where coions (such as Nd*') can intrude but mercury cannot,
3) the region where water or counterions can intrude but coions
cannot, and 4) the polymer matrix region occupied by the polymer
skeleton., The former two regions are not influenced by the resin-
fixed ionic groups. While it used to be thought that specific ad-
sorption of counterions may occur in the entire exchange resin
particle, it is appropriate to consider that specific adsorption
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takes place only in the latter two regions. According to this point
of view, the adsorption equilibrium of the Fe®*' /C1™ complex ions
could be explained more satisfactorily.

INTRODUCTION

Empirical and theoretical analyses of the equilibrium behavior of
ions in ion-exchange resins have been studied based on the assump-
tion that the interior of an ion-exchange resin is a homogeneous elec-
trolyte solution [1]. Most studies of ion exchange describe the equili-
brium behavior of ions, mainly of counterions with the charge sign
opposite to the resin-fixed charge. A theoretical approach for the ex-
clusion of coions with the same charge sign as the fixed ions from an
ion-exchange resin was originally established by Donnan [2, 3]. The
exclusion is strongly dependent on the concentration of fixed ionic
groups.

According to the above "homogeneous'' assumption, the entire par-
ticle of the ion-exchange resin is taken as the adsorption phase, and
a hypothetic Donnan membrane is set up at the resin-particle surface.
However, it has often been observed that coions other than those of the
Donnan salt are contained even in gel-type ion-exchange resins, and it
is apparent that macroporous ion-exchange resins can extensively ac-
commodate coions in their macropores.

In order to clarify ion-exchange behavior more clearly, we have
focused on close analysis of the microstructure of ion-exchange
resins. A macroporous ion-exchange resin may be one of the most
interesting materials for this purpose because the pore structure can
be directly observed by electron microscope and other methods.
Macroporous ion-exchange resin have been prepared since 1960 with
the aim of improving the performance in practical applications [4].
There are, however, few studies which relate the ion-exchange char-
acteristics of ion-exchange resins to their physical fine structures [5].

Such information is required for the molecular design of ion-ex-
change resinsg with appropriate properties. The different selectivity
coefficients have often been reported in ion-exchange studies, and this
limits the elucidation of ion-exchange behavior because of the lack of
physical and chemical characteristics of the ion-exchange resins,
such as the location of the Donnan membrane. The purpose of this
study is to analyze the pore structure of ion-exchange resins and to
clarify its relation to ion-exchange behavior. Then the applicability
of the results to the ion-exchange equilibrium of Fe®**/Cl™ complex
ions will be examined.
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EXPERIMENTAL

Ion-Exchange Resins

Nine types of anion exchange resins were used. Three were com-
mercially available, and the other six were prepared in our labora-
tory. The experimental resins, GR-1 to GR-6, were prepared prin-
cipally according to the conventional method by suspension polymeri-
zation. The general protocol for resin synthesis begins with polymer-
izing a mixed monomer solution of chloromethylstyrene (a mixture
of m- and p-isomers, 80 parts) and m-divinylbenzene (20 parts). The
mixed monomers are suspension polymerized with 1 part of azobis-
isobutyronitrile as initiator in aqueous medium. Then the spherical
resin obtained is reacted with an excess of trimethylamine. The re-
sulting resins are strongly anionic, and their fixed ionic groups are
tetraalkylammonium cations, Of the commercially available anion-
exchange resins, Dowex 1-X8 is a tetraalkylammonium type, Dowex
2-X8 is a hydroxylated tetraalkylammonium type, and Dowex 11 is a
more porous resin than Dowex 1-X8, though with essentially the same
chemical composition as 1-X8. The properties of all the resins are
listed in Table 1.

Measurements of Ion-Exchange Capacity

The ion-exchange capacity was measured according to the conven-
tional method at 25°C by the use of a jacketed Pyrex column 1 ¢m in
diameter and 20 cm long,

The ion-exchange behavior of complex ions was measured with the
same apparatus as used for the measurements of the ion-exchange capa-
city. After ion-exchange equilibrium was attained, the adsorbed ions
were eluted and their quantities were measured by spectrophotometry.

Measurements of Pore Volumes

The pore volumes of ion-exchange resins were measured according
to the following three methods:

1) The method based on water content and density of resin
2) The pressurized-mercury intrusion method
3) The nonexchangable ion pulse method
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TABLE 1. Properties of Ion-Exchange Resins

IEC,P d .,
cL? mol /kg kg/L ftd e
Dowex 1x8 8 3.5 1.10 0.43 0.01
Dowex 2x8 8 3.5 1.13 0.41 0.01
Dowex 11 - 4.0 1.12 0.53 0.01
GR-1 16 2.8 1.14 0.61 0.40
GR-2 16 2.8 1.14 0.61 0.27
GR-3 16 2.8 1.14 0.61 0.01
GR-4 16 2.1 1.10 0.59 0.38
GR-5 16 2.1 1.10 0.59 0.25
GR-6 16 2.1 1.10 0.59 0.01

3¢ rosslinking (wt% DVB).
bIon-exchange capacity (dry resin).
CDensity.

Total pore ratio.
fFixed pore ratio.

The pore volume, which is determined by the method based on the
water content/density, is defined as the total pore volume, because
water may intrude so deeply as to contact throughout the resin matrix.

In the pressurized-mercury intrusion method, a mercury porosi-
meter (Carlo/Elba 200 size) was used. Two types of void are detected
by this method: one is the inherent pores within the resin particles
and the other is the interstices between the packed resin particles. The
inherent pores can be distinguished from the interstices by their pore
sizes. The interstices show pore sizes larger than a few ym, i.e.,
larger by about one order of magnitude than the largest inherent pores
within resin particles. It is instructive to trace the curves shown in
Fig. 1. Both types of resins have sharp peaks at a small pore size
range. Well beyond this peak, one finds the foot of another peak around
2 000 nm.

From these examples, the pores less than 800 nm in diameter are
properly regarded to be inherent pores inside the particles, whereas
the pores of more than 2 000 nm can be considered to be the packing
interstices between the resin particles. In effect, pores of 5 to 800
nm in diameter are assigned to be inherent within particles, and they
are called "fixed pores."
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FIG. 1. Pore size distribution of ion-exchange resins by the
pressurized mercury intrusion method.

The pore volume, which is measured by the nonexchangeable ion
pulse method, is assigned to the region where coions intrude. A
jacketed Pyrex column (1 c¢m inner diameter and 50 ¢cm long) was
packed with ion-exchange particles. After conversion to the C1™

form, a tracer-level amount of 1 M solution of NdCl3 dissolved in

1 N HC1 was injected into the column. The retention volume of Nd**
ions was measured at 795 nm using a spectrophotometric detector
equipped with a flow cell. The outer void fraction is defined as the
ratio of the total void volume outside the packed particles to the bed
volume. It was calculated from the total pore volume, the weight and
specific gravity of the ion-exchange resin, and the bed volume, From

the retention volume VR’ the outer void fraction ¢ 0 and the bed volume
VO’

the volume of the coion intrusion region is obtained, The ratio of
the above volume to the total resin volume, which is defined as the co-
ion pore ratio fi’ can be calculated as follows:

V, -V_.e
f_:_R—OO. (1)
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Lanthanide ions, such as Nd**, are known to be nonexchangeable on

an anion-exchange resin even in 12 M HCI1 solution [6, 7]. Nd** ions
remain positively charged in these chloride solutions, and thus Na**
is suitable as a probe for searching the region where nonexchangeable
ions intrude.

RESULTS AND DISCUSSION

The Four Regions of an Ion-Exchange Resin

Table 1 shows ion-exchange capacities, densities, total pore ratios
ft’ and fixed pore ratios ff. The total pore ratio was found to be in the

range of 0.41-0.53 for the Dowex ion exchangers, while it was approxi-
mately 0.6 for all the synthesized ion-exchange resins. The fixed pore
ratios of GR-3, GR-6, and Dowexes are relatively low as 0.01, while
they are 0.25-0.4 in GR-1, GR-2, GR-4, and GR-5.

Table 2 shows the coion pore ratios fi measured according to the

nonadsorbable ion pulse method. The outer void fraction € , was found

0
to be nearly constant for all the resins. The coion pore ratios of GR-3
and GR-6 are 0,25 and 0.28, respectively, and those of GR-1, GR-2,
GR-4, and GR-5 are as high as 0.45-0. 54, while those of Dowexes are
0.19-0.24. These values indicate that GR-1, GR-2, GR-4, and GR-5
have higher fixed pore ratios to permit intrusion of coions.

Figure 1 shows the pore size distribution curves for GR-1 and GR-~
4, measured with the mercury porosimeter. The fixed-pore size is
centered at 100 nm, ranging from 40 to 300 nm, in GR-1, and at 20 am,
ranging from 10 to 100 nm, in GR-4. Figure 2 shows electron micro-
graphs of cross sections of particles of GR-1 and GR-3. The pore
structure of GR-1 can be seen to be clearly distinguished from the
resin matrix, while the cross section of a GR-3 particle is apparently
homogeneous. As described above, the present measurements can
discriminate the following three pore regions:

1) Total pore region: the region where water intrudes
2) Fixed pore region: the region with pore diameters between
5 and 800 nm where mercury can be intruded under pressure
3) Coion pore region: the region where nonexchangeable ions can
migrate.

The volumes of these pore regions decrease in the order, total pore
region > coion pore region > fixed pore region, as shown in Tables 1
and 2. On account of the measurement conditions of these pore vol-
umes, there may be some overlap among these regions. To make

clear the relationship among the three regions, it is assumed that a
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TABLE 2, Measurement of Coion Pore Ratios by the Column Method

€ Vg’ f°
Dowex 1x8 0.41 20.4 0.19
Dowex 2x8 0.42 20.4 0.20
Dowex 11 0.41 21.6 0.24
GR-1 0.41 28.7 0.53
GR-2 0.41 26.7 0.45
GR-3 0.42 22.4 0.25
GR-4 0.41 28.7 0.54
GR-5 0.41 26.3 0.45
GR-6 0.42 22.8 0.28

aOuter void fraction.
Retention volume.
CCoion pore ratio.

resin particle may be divided into four regions, A, B, C, and D, as
shown schematically in Fig. 3. The cross-hatched Region A repre-
sents the polymer matrix region, and Region D refers to the fixed-
pore region. Foreign substance enters into the particle from the sur-
face at the right. Both water and counterions intrude as far as Region
B. Coions like Nd** enter into Region C through Region D, and mer-
cury enters into Region D but not further. Thus, the total pore region
consists of B, C, and D, and the hypothetical Donnan membrane is
located as the boundary between Regions B and C.

In the present treatment, an ion-exchange resin particle can be
considered to consist of polymer matrix and total pores, that is,

f+f =1, (2)

where fp is the volume fraction of polymer matrix and ft is the volume

fraction of total pores.

Table 3 summarizes the results of volume fraction determination.
Figure 4 shows the volume fractions of the four regions in GR-1, GR-
2, and GR-3, whose total pore ratios are equal to each other. These
three types of ion-exchange resins differ greatly in the volume frac-
tions of Regions B and D.
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FIG. 2. Electron micrographs of the cross sections of ion-
exchange resin particles.
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FIG. 3. Schematic model for the structure of an ion-exchange
resin particle.

By taking these resins as examples, the four regions of ion-ex-
change particles could be characterized as follows:

Region A is the exclusive volume of polymer chains and fixed
ionic groups.

Region B is considered to be under the Donnan effect resulting
from the strong electrostatic field of the fixed ionic groups. This
is certainly the region where the exchange of counterions takes place.
The volume fraction of this region is given by (ft - fi); 0.08, 0.16, and

0.36 for GR-1, GR-2, and GR-3, respectively; it varies inversely with
the fixed pore ratio.
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TABLE 3, Volume Fractions? of the Four Regions of the Ion-
Exchange Resins

ftb fpc fd (t, - ff)e fif £8
Dowex 1x8  0.43  0.57  0.01 0.42 0.19 0.81
Dowex 2x8 0,41  0.59  0.01 0.40 0.20 0.80
Dowex 11 0.53 0.47 0,01 0.52 0.24 0.76
GR-1 0.61 0.39 040 0.21 0.53  0.47
GR-2 0.61  0.39 027 0.34 0.45 0.55
GR-3 0.61 0.39  0.01 0.60 0.25 0.75
GR-4 0.59  0.41 0.38 0.21 0.54 0.46
GR-5 0.59  0.41 0.25 0.24 0.45 0.55
GR-6 0.59  0.41 0.01 0.59 0.28 0.72

aVolume fraction is defined as the ratio of each volume to the
whole volume.

bTotal pore ratio.

CPolymer matrix ratio.

dFixed pore ratio,

€ Fluxional pore ratio.

Coion pore ratio.

€Volume fraction of coion exclusion region, equal to (1 - fi).

The volume fraction of Region C is given by (fi - ff); 0,13, 0.18, and

0.24 for GR-1, GR-2, and GR-3, respectively. This region consists of
the pores smaller than 5 nm in diameter, into which coions can in-
trude. The pore size of 5 nm is critical in considering the physico-
chemical properties of the ion-exchange resins. In our measurement
of pore sizes of 3.7-5 nm with the mercury porosimeter under high
pressure, each run gave a different nonreproducible value, We also
attempted to measure the surface area of an ion-exchange resin with
a high proportion of pores smaller than 5 nm by the low-temperature
nitrogen adsorption method (BET method), but accurate data could

not be obtained. These results suggest that the pores smaller than

5 nm may not be present in a fixed state but fluctuate, This region is
formed as interstices between polymer chains with thermal motion,
This region decreases significantly with increasing fixed pore volume,
as shown in Fig., 4. It is suggested that polymerization under higher
spatial restrictions gives more rigid polymer chains, which yield a
larger fixed-pore volume,
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Region D consists of pores clearly distinguishable from the resin
skeleton, as can be seen in the electron micrograph of a GR-1 particle
(Fig. 2). The volume fraction ff is 0,40, 0.27, and 0.01 for GR-1, GR-2,

and GR-3, respectively. This region is occupied by a solution of the
same composition as the external solution in which the resin is im-
mersed.

Of the three pore regions, Region D is rigidly fixed, while Regions
B and C may fluctuate in position. These regions are considered to
be at least partially exchangeable in spatial position because thermal
motion of the polymer chains prevails in these regions.

The comparison of GR-4, GR-5, and GR-6, another series of resins
with the same total pore ratio and the same exchange capacity, gave
results similar to those shown in Fig. 4 for the series GR-1, GR-2,
and GR-3.
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TABLE 4, Concentrations of Fe®* Ions Adsorbed in Ion-Exchange
Resins

CFe,r’c
CCl’a mol /L CFe’b mol /L (a),d mol /L (b),€ mol/L
GR-1 5 0.022 0.49 0.24
0.098 1.46 0.74
0.201 2.07 1.08
0.297 2.40 1.28
GR-2 5 0.022 0.55 0.31
0.098 1.46 0.85
0.201 1.98 1.18
0.297 2,24 1.37
GR-3 5 0.022 0.71 0.54
0.098 1.43 1.10
0.201 1.75 1,36
0.297 1.90 1.50

#Concentration of C1” ions in solution.

bConcentration of Fe®* ions in solution.

CConcentration of Fe** ions adsorbed on an ion-exchange resin.
Concentration based on the summed volume of Regions A and B.

€Concentration based on the whole particle volume.

Coion Exclusion Region and Complex Ion Adsorption

Equilibria

Table 4 shows results for the ion-exchange equilibrium of the com-
plex ion Fe®'/C1” on GR-1, GR-2, and GR-3. These ion-exchange
resins have essentially the same ion-exchange capacity and total pore
ratio. The solutions had constant C1” ion concentration, but that of
Fe®" was varied. The ionic strength of the solutions was approxi-
mately constant at 5.0 because it is determined principally by the con-
centration of Cl™ ions.

The exchange reaction of complex ions on an anion-exchange resin
can be expressed by
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. + - -VA . *.'VA
VA(R-C1)+A (VAR)A + v

A O (3)

where R* represents a fixed ionic group and A~ YA is a complex ion
with a negative charge of v A

The total adsorption capacity C t of an ion-exchange resin is the

sum of the fixed ionic group concentration and the Donnan salt con-
centration. Thus,

VC 2 4 4C,'Cn, + C
c, - R 2A cL' "R, (4)

where CR is the concentration of fixed ionic groups (ion-exchange

capacity), while C A and C_, are the concentrations of ion A™"A and

Cl
Cl” ion, respectively, in the solution,
Equations (3) and (4) lead to

oz : . v
A_[Car (VCp™ + 4C,-Cy + CR)-204°Cy | A 5)

CA 2CC1

Ko

where KCl

is the concentration of the adsorbed ion A'VA.

A
If KCl and UA

tions, plots of KCIA against Va for the various concentrations of ions

A is the molar selectivity coefficient in Eq. (3) and CA r
y
are constant in a certain range of ion concentra-

should all intersect at a single point on the v-K plane. Examples are
shown in Fig. 5, where four curves correspond to four experimental

data. The values of v A at this intersection indicates the average

valence number of the complex ions adsorbed by the ion-exchange
resin [8].

In order to determine the adsorption phase concentrations, it is
required that a boundary between the adsorption phase and the solu-
tion phase be determined. Here the adsorption phase is assumed ac-
cording to the following two approaches: (a)based on the hypothesis
that the ion-exchange equilibrium holds across a hypothetical Donnan
membrane between the coion exclusion region and the coion pore re-
gion; and (b) based on the conventional hypothesis that the equilibrium
takes place across the surface membrane between the exchanger par-
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ticle and the external solution, i.e., the particle surface is regarded
as a hypothetical Donnan membrane.

In Approach (a), the ion-exchange of the Fe**/C1~ complex ions
is considered to take place only in the coion exclusion region. Here
it was assumed that the concentration of Fe®* ions in coion pores is
the same as in the external solution. In Approach (b) the ion-exchange
resin as a whole is regarded as a homogeneous adsorption phase, and
Fe®* ions in pores are counted as the adsorbed ions.

The v-K plots of Eq. (5) for GR-1 based on both approaches are
shown in Fig, 5, For Approach (a), the curves intersect exactly at
one point, v = 1,2, K = 28,3, The coincidence at one point is also ob-
served for other GR resins. In contrast, for Approach (b), the inter-
sections do not converge to one point in the v-K plane (Fig. 5). It
can be concluded from these results that a uniquely defined ion-ex-
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change constant is derived from the proposition that the coion exclu-
sion region is an adsorption phase and the concentration of ions in
the coion pore region is the same as in the external solution. The
theoretical adsorption isotherms calculated by using v and K values
based on the coion exclusion region approach give good agreement
with the measured values even in a range of high concentrations, as
shown in Fig, 6.

The selectivity coefficient K is one of the most fundamental and im-
portant indexes for studying ion-exchange equilibrium. In all the
studies reported hitherto, the selectivity coefficients have been mea-
sured by Approach (b). Thus, these values do not correctly depend
on the concentrations of ions influenced by the fixed ionic groups but
on the arbitrarily averaged concentrations of ions influenced by the
fixed ionic groups and ions in the solution, In this study the selec-
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tivity coefficients for GR-4, GR-5, and GR-6 were estimated to be
28.2, 34,5, and 70, 8, respectively, by Approach (a).
The v values falling in a range of 1.2-1,.6 (for GR-1, GR-2, and

GR-3) indicate that complex ions FeCl 4' and FeCl52' coexist within

the ion-exchange resin as exchangeable ions. The volume fraction of
the coion exclusion region to the whole volume of particles is ex-
pressed as fx (Table 3),

The difference in v (1.2 in GR-1 with fx = 0,47 and 1.6 in GR-3
with fx = 0,75) supports the above discussion that GR-3 has a higher

freedom of polymer motion than GR-1. The higher flexibility of the
polymer chains favors the adsorption of polyvalent complex anions
having inherently higher adsorption ability.

There are some literature reports that only one species of com-
plex ions is adsorbed on the ion-exchange resin, as suggested by the
reflectance spectra of the resin-bound complex ions [9], the stoichio-
metric methods [10, 11], and the method based on the distribution co-
efficient [12]. However, our observed nonintegral valences of the
Fe®'/C1™ complexes, together with the theoretical consideration in
this study, suggest that several species of complexes simultaneously
exist on the ion-exchange resin. The distribution of the complexes
on the ion-exchange resin are now being studied in detail and will be
the subject of forthcoming reports.

CONCLUSIONS

(1) It was assumed that four regions comprise a particle of ion-
exchange resin: 1) the polymer matrix Region A, 2) Region B where
counterions can intrude but coions cannot, 3) Region C where coions
can intrude but mercury cannot, and 4) the mercury intrusion Region
D.

(2) It was found that the ion-exchange behavior can be uniquely de-
scribed based on the proposition that the former two (coion exclusion
region) are taken as the adsorption phase, and the latter two (coion
pore region) as the solution phase. This treatment gave a better
graphical solution of the equation for the complex ion-exchange equili-
brium than the old treatment, which regards the whole particle as the
adsorption phase. This result suggests that a hypothetical Donnan
membrane should be located within ion-exchange particles.

(3) The adequacy of this treatment was supported by good agree-
ment between the calculated and experimental adsorption isotherms
for Fe®* /C1~ complex ions.

(4) The estimated values of valence number v of exchanged com-
plex ions were not integral. This suggests that more than one species
of complex ions is exchangeable on the ion-exchange resins.
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SYMBOLS
C A concentration of ion A in solution
C Ar concentration of ion A in ion-exchange resin
CR concentration of fixed ionic groups
Ct total exchange capacity
K molar selectivity coefficient
ff fixed pore ratio
fx coion exclusion ratio
fi coion pore ratio
fp polymer matrix ratio
ft total pore ratio
V0 bed volume
VR retention volume
€ outer void fraction
v average valence number
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