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ABSTRACT: JIon-exchange kinetics within a conventional strong base resin, Dowexl1-8X®,
and a resin with uniform particle size, Dowex® Monosphere® Tough Gel® TG550A®,
were investigated using neutron activation analysis and radio-tracer techniques. The
kinetics of ion exchange were measured in a batch and in a “shallow-bed” flow system.
The experimental data were compared with the results of model computations. The
diffusivities of several anions within TG550A and Dowexl-8X were deduced. It was
found that at 25°C Br—, C17, OH ", and Na " diffuse within TG550A with the diffusion
coefficients Dg,- = 6.0 X 107 ecm?/s, D¢- = 1.2 X 10 % em?/s, Dog- = 7.0 X 108 cm?/
s, and Dy.+ = 5 X 10 7 em?/s. Diffusion of anions within a conventional resin, DowexI®,
was slower: Dg,- = 3.5 X 107 cm?/s, Doi- = 6 X 1077 em?/s, Dog- = 2.7 X 1078 em?/
s,and Dy,+ =5 X 1077 cm?/s. A higher rate of ion diffusion and the bead-size uniformity
may make monodisperse Dowex Monosphere Tough Gel TG550A resin attractive for
analytical applications. The difference in properties between conventional and monodis-
perse resins is not sufficient to affect the large volume applications of resins. © 1997

John Wiley & Sons, Inc. J Appl Polym Sci 65: 1271-1283, 1997

INTRODUCTION

The performance of the ion-exchange column de-
pends on the kinetics of ion exchange and the
characteristics of the flow within the column. The
column performance improves when the packing
has a uniform size, since uniform-size resin beads
pack in a regular pattern and the channels be-
tween the beads are not filled with the smaller
resin particles which restrict the flow of the ex-
changing solution.!”® Conventional ion-exchange
resins have a broad bead-size distribution [Fig.
1(a)].* In a newer product, Dowex® Monosphere®
Tough Gel® TG550A® anion-exchange resin (from
here on abbreviated as TG550A®), the resin beads
have an almost identical diameter of 0.055 cm
[Fig. 1(b)].? The resin bead-size distribution is
substantially wider for conventional Dowexl-8X
resin (resin bead diameter standard deviation is
+0.011 cm) [Fig. 1(c)] than for the monodisperse
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TG550A (resin bead diameter standard deviation
is £0.002 cm) [Fig. 1(d)]. Therefore, the solution
flow through the column packed with TG550A
should be better than in the columns packed with
the conventional resins. The resin performance
also depends on the kinetics of ion exchange and
resin selectivity. The investigation of ion-ex-
change kinetics in the monodisperse Dowex
Monosphere Tough Gel anion-exchange resin
TG550A and conventional Dowexl-8X® is pre-
sented below.

In previously reported studies of acrylate-
based anion-exchange resins, experimentally ob-
served kinetics of exchange deviated from the ki-
netics calculated using an approximation to the
Nernst—Planck equations derived by Helfferich
and Plesset.!”® These and other theories of ion ex-
change include kinetics dependence on the size of
the resin bead. The disagreement between calcu-
lated and experimental kinetics of ion exchange
could arise from the unaccounted bead sizes devi-
ation from the average. The TG550A resin is man-
ufactured with a uniform bead size; therefore, the
bead size dispersion would not contribute to ion
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exchange kinetics in TG550A. The exchange ki-
netics in a conventional ion-exchange resin, Dow-
exl-8X,* with an average bead diameter (20-50
mesh) equal to the diameter of the beads in the
monodisperse resin, was affected by the resin
bead-size nonuniformity and was monitored for
comparison.

The present studies were conducted to deter-
mine whether the monodisperse ion-exchange
resin, providing better flow characteristics in con-
tinuous exchange applications, has unusual prop-
erties in comparison with the conventional poly-
disperse Dowexl-8X strong-base anion-exchange
resin. It was also important for future use to eval-
uate the kinetics of the ion exchange in the new
system and to determine the amount of co-ion up-
take by the resin during the exchange process.
The self-diffusion coefficients of the ions were de-
duced using measured exchange kinetics of identi-
cal (isotopic) and different ions.

EXPERIMENTAL

lon-Exchange Resins

Two quaternary ammonium strong base anion-
exchange resins were investigated: Dowex]-8X®,
in the text and figures abbreviated as Dowexl, and
TG550®, full trade name Dowex® Monosphere®
Tough® Gel® TG550A®. The average diameter of
Dowexl beads is equal to 0.0550 = 0.0106 cm (20—
50 mesh ) and comparable to that of TG550A [ Fig.
1(a,c)]. The average diameter of TG550A beads
is also 0.0550 = 0.0020 cm; however, the resin
bead-size distribution is very narrow [Fig.
1(b,d)]. The resin bead-size distribution was de-
duced from a microscopic image of the resin using
the “Area Morphometry” utility of Optimas 5.2
Image Analysis Package (Optimas Corp.). Bead
diameter (width) was used as a measure [Fig.
1(c,d)]. Both resins are 8% crosslinked. Both res-
ins can contain up to 43—45% (by weight) of wa-
ter. Total water content in the resin depends on
the type of co-ion present. Only the relative
change in the amount of water due to exchange
of Cl™ in the resin with OH™ from solution was
measured here. The resins were initially in Cl
form and were stored in deionized water prior to
the experiments. Before use, the resins were
placed on a glass filter opened to the atmosphere
and excess water in the interstitial volume be-
tween the beads was drained using a water vac-
uum pump at room temperature for approxi-

b)

Figurel (a)Micrograph of the conventional Dowexl-
8X resin. Average bead diameter is 0.0550 cm. (b) Mi-
crograph of the monodisperse resin Dowex Monosphere
TG550A. Average bead diameter is 0.0550 cm. (c) Bead
diameter distribution in the conventional DowexI-8X
resin. (d) Bead diameter distribution in the resin Do-
wex Monosphere TG550A.

mately 1 min. Such a procedure leaves the resin
fully saturated with water (i.e., no water is re-
moved from the resin beads), but the weight mea-
surement error arising from varied amount of wa-
ter trapped between the beads is minimized. After
water draining, 2.0 g of the resin was transferred
either into a 50.0 mL polyethylene vial for batch
mode exchange or into 15.0 X 0.65 cm Omni®
glass columns (Ace Glass, Inc.) for flow mode ex-
periments.
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Reagents

Research-grade sodium bromide, sodium hydrox-
ide, and sodium chloride (Fisher Scientific Co.)
were used. The water used as a solvent and for the
resin storage and rinse was filtered and deionized
with the Milli-Q water purification system (Milli-
pore Corp.). In all the experiments, a 10%
(2.77M) NaOH solution was used. Correspond-
ingly, the concentration of other solutions was se-
lected to be 2.77M.

Production of Radioactive Isotopes

The ion-exchange kinetics was monitored by the
y-radiation emission of isotopes of Cl, Br, and Na.
The short-lived isotopes **Cl, ®?Br, and ?*Na were
produced using a 100 kW Dow TRIGA MARK I
nuclear research reactor (General Atomic Tech-

nologies Inc.). From here on, the radioactive iso-
topes will be labeled with an asterisk: C1*, Br¥,
and Na*. To obtain radioactive C1* and Br*, sev-
eral milliliters of 1.0N HCI or 1.0N NH,Br solu-
tions were irradiated in the nuclear reactor core.
Then, the irradiated solutions were diluted with
nonradioactive solutions of the same concentra-
tion to yield a radioactivity level desired for the
flow mode experiments. To produce the resin con-
taining active Cl* isotopes for the batch experi-
ments on Cl~ self-exchange kinetics, the ion-ex-
change resins containing Cl were irradiated in the
reactor. The radiation damage to the resin was
minor under the radiation conditions employed
and did not affect ion transport as was shown by
the preliminary measurements of the radiation
dose effect on the resin properties (color, cross-
linking, density, etc.). Solutions of the radioactive
Na* isotopes were produced by irradiation of the
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NaOH solution and dilution with a nonirradiated
solution of the same concentration to achieve the
desired activity level.

Exchange Kinetics: Flow Experiments

In the flow mode measurements, 2.0 g of the
anion-exchange resin (in Cl form) were placed
into a 15.0 X 0.65 cm Omni glass column (Ace
Glass, Inc.). Then, the resin inside the column
was presaturated by pumping through the column
a solution containing a radioactive isotope of in-
terest (e.g., NaBr*). After that, prior to the kinet-
ics monitoring, deionized water was flushed
through the column to remove radioactive mate-
rial from the interstitial volume. To record the
exchange kinetics, the y-radiation emission inten-
sity of the column was continuously monitored,
while the solution containing a nonradioactive
counterion (e.g., a solution of NaBr) was pumped
through the column. The rates of flow of the coun-
terion solution ranged from 10.0 to 30.0 mL/min.
The flow rates were sufficiently high to ensure
that the resin layer behaved as a “shallow-bed,”
i.e., the solution residence time in the column was
substantially shorter than the time of total ion
replacement. The y-radiation emission intensity
was monitored continuously during the exchange
using a Nal detector, interfaced with a computer-
based multichannel analyzer ND7600 (Nuclear
Data System, Inc.). The detector was placed near
the column portion filled with the resin containing
radioactive ion. To avoid interference from the ra-
diation emitted by the collected effluent, the ef-
fluent was collected in a container shielded by
lead bricks and located several meters away from
the detector. Due to substantial dilution by nonra-
dioactive solution flowing through the column and
careful shielding, the radiation emitted by the ef-
fluent near the column was below the detection
limit and did not interfere with the monitoring of
the column radiation. The signal was accumu-
lated and averaged over 1 s intervals. The data
were then transferred to a VAX 11/780 system
for further processing.

Exchange Kinetics: Batch Experiments

Monitoring of equilibrium attainment kinetics,
TG550A resin selectivity, and co-ion (Na™) inva-
sion kinetics during ion exchange was conducted
in a batch mode point by point. In a typical experi-
ment, 2.0 g of the resin, irradiated in the TRIGA
reactor to produce resin containing **Cl isotopes
in situ, was placed in a 50.0 mL polyethylene vial.

Then, an appropriate counterion solution (NaOH,
NaCl, or NaBr) was poured over the resin into the
vial. After that, the vial was capped and shaken.
Exchange time recording started simultaneously
with pouring the solution into the vial. After a
predetermined time, the vial contents were
dumped on a glass filter and the solution was
drained under a vacuum. Three 20.0 mL portions
of deionized water were poured over the resin to
rinse the remaining counterion solution from the
resin surface. Recording of the time of the resin
contact with the counterion solution was stopped
after the first water rinse. It was established by
flow mode measurements that the amount of ions
washed out of the resin by deionized water was
negligible relative to the total ion contents of the
resins. Therefore, in the batch experiments, the
decrease in ion concentration caused by the water
rinse was neglected. The concentration of the ra-
dioactive ions remaining in the resin after the
batch exchange and water rinse was determined
using NaGe detectors (EG&G Ortec Corp.) inter-
faced with an ND6700 multichannel analyzer
(Nuclear Data System, Inc.).

To determine the amount of Na™ invading the
resin by neutron activation analysis,®’ the resin
was irradiated in the reactor core after the batch-
mode exchange was completed. The radioactivity
of the ?*Na (y 2754 and 1369 keV) generated by
the neutron activation was measured. The kinet-
ics of co-ion invasion were deduced using these
point-by-point measurements in the batch. The
exchange time was recorded as described above.
The numerical modeling and computations were
conducted on a VAX 11/780 using a FORTRAN
compiler.

RESULTS AND COMPUTATIONS

Isotope-Exchange Kinetics

The kinetics of ion exchange in a majority of ion-
exchange resin applications is controlled by the
diffusion of the exchanging ions. Therefore, along
with monitoring the exchange kinetics, the diffu-
sivities of ions within the resin were deduced. The
ion-exchange kinetics were monitored in batch
and flow modes. Batch experiments yielded abso-
lute concentrations of ions, both in solution and
within the resin. The flow experiments provided
more precise data on the kinetics of ion exchange.
Batch measurements are labor intensive and
yield reliable kinetic data only for long exchange
times. The flow experiments also reduce the er-
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rors associated with the formation of the ion con-
centration gradient on the ion-exchange bead sur-
face, thus simplifying the data interpretation.

Concentration of the radioactive ion within the
resin was recorded as a function of exchange time.
The data were used to compute the fractional at-
tainment of equilibrium function, U(¢), indicating
how far from the completion the exchange process
was. In this work, we followed the notations and
the names of the variables selected by Helffer-
ich,'® rather than those used in heat-exchange
and molecular-diffusion publications.®>® By defi-
nition, U(?) = [Qa(?) — @A(0)I/[Q4(*) — Qa(0)],
where Q4 (¢) is the amount of the ion A within the
resin at the time ¢ elapsed from the beginning of
the exchange and Q4(~) and Q,(0) are the
amounts of the ion A in the resin at the end and
at the beginning of the exchange, respectively.
The rate of ion-exchange equilibrium attainment
depends on the diffusivities of ions in the resin.
Thus, U(t) depends on the diffusivities of the ex-
changing ions. To obtain the coefficients of ion
diffusion in the resin, experimentally measured
kinetics of equilibrium attainment was compared
with the results of numerical simulation of the
exchange process. Numerical simulation of ion ex-
change was based on idealized mathematical
models corresponding to the experimental condi-
tions.'7*%° It was assumed in the modeling that
ions were free to diffuse within the resins. High-
concentration solutions (2.77M) were used to en-
sure that the ion-exchange kinetics was resin par-
ticle diffusion-controlled.

The diffusivities of molecules in water are usu-
ally several orders of magnitude higher than in
the crosslinked polymer.®? High ion concentration
in water, 2.77M, also reduces the possibility of
ion-gradient development between the bulk of so-
lution and resin particle surface. Electrostatic
hindrances are also minimal during the exchange
of the identical ions.'~® Therefore, it is reasonable
to assume that exchange of identical ions from
concentrated solution with those in the resin is
controlled by ion diffusion within the resin
particle. Resin particle diffusion-controlled ion-

exchange kinetics may be approximated by eq.
( 1 ) 1—3,9,10:

exp(—S2T)
1+ 82/9w(w + 1)

Ut)=1-2/3w Y

n=1

(1)

where w = C,V,/C,V, (indexes r and s correspond
to resin and solution, respectively). In the batch
experiments, the resin volume was 2.0 mL, the

solution volume was 20.0 mL, while the ion con-
centrations were identical in the resin and in the
solution. Thus, w ~ 0.1. 7 = Dt/r? and S,, are the
roots of the equation S, cotng S,, = 1 + S2/3w.
In ion-exchange resins, the diffusion coefficients
are <107® cm?/s; the radii of the beads in the
selected resins are close to 0.0275 cm, and the
time of the process <1200 s. Under these condi-
tions, 7 does not exceed 0.05. Thus, 7 < 0.1 and
the approximation of eq. (1) derived by Paterson '°
can be used [eq. (2)]:

Ut) =[(w+)/wl{l - [1/(a — B)]

X [a exp(a?®7)(1 + erf ar'?)

— Bexp(B%r)(1 + erf frVH1} (2)

where a and [ are the roots of the equation
x2 + 3wx + 3w = 0. The C1*—Cl exchange kinetics
was computed by eq. (2) using Cl~ ion diffusivity
in a resin as a parameter [Fig. 2(a)]. The frac-
tional attainment of the equilibrium function was
deduced as a function of time using experimental
data on C1*-Cl exchange in the batch mode in
TGH50A resin. The experimentally derived data
on equilibrium attainment kinetics (open squares
for the batch mode) were superimposed on the
data computed by eq. (2) [solid lines in the Fig.
2(a)]. The agreement between the computed
(solid line) and experimental data (batch mode,
open squares) was obtained with the Cl~ diffusion
coefficient equal to D¢; = 1.2 X 10 cm?/s.

When the solution-containing nonradioactive
isotopes was pumped through the column packed
with the ion-exchange resin containing radioac-
tive ions, the ion-exchange occurred under the
conditions corresponding to an infinite solution
volume. Apart from relatively small isotope ef-
fects, exchange of isotopes is equivalent to the ex-
change of identical ions. Therefore, the change of
the resin volume and electrostatic effects should
not have significantly influenced the exchange ki-
netics. The resin particle diffusion control was as-
sumed. Mathematically, the exchange of identical
ions in a flow system is equivalent to the heat flow
through a sphere immersed in an infinite heat
bath!?%% [eq. (3)]:

Ui =1

—(6/7) Y {(1/n*)exp(—Din®n®/rg)} (3)
n=1

where U(t) is a fractional attainment of equilib-
rium function; Q4(0), Q4(t), and Q4() are the
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Table I Coefficients of Anions Diffusion Within the Resin

Resin Counterion Counterion D¢ Dg,- Dou-
Type in Resin in Solution (cm?s) (cm?s) (cm?/s)
TG550A® 38C1” Cl- 1.2 X 107
Dowex1® 38C1- Cl- 6.0 X 1077
TG550A® 38C1- Br~ 1.1 X 107
Dowex1® 38C1” Br- 45 x 1077
TG550A® 38C1- OH™ 7.0 x 1078
Dowex1® 38CI~ OH" 2.5 x 1078
TG550A® 82By~ Cl- 5.0 X 1077
Dowex1® 83Br~ Cl- 4.0 X 1077
TG550A® 82By- Br~ 6.0 x 1077
Dowex1® 828y~ Br- 3.5 x 1077
Dowex1® 828y~ OH™ 3.0 x 1078

concentrations of isotope A in the resin initially,
at time ¢ (s) from the beginning of exchange and
after the equilibrium was attained; D (cm?/s) is
the diffusion coefficient of ion A in the resin; and
ro = 0.0275 cm is an average resin bead radius.
The number of series members used in summa-
tion (number of iterations in computations), n,
was determined by the conversion criterion, so
that [U(¢,n) — U(t,n — 1)] < 1077 for each time
value considered. As in the modeling of the batch
system kinetics, the diffusion coefficient, D (cm?/
s), was used as the only adjustable parameter in
generation of a series of kinetic curves [Fig. 2(a—
¢)]. The computed and measured dependencies of
U(t) on time of exchange were superimposed, and
the diffusion coefficient corresponding to the best-
fit curve was taken as the anion self-diffusion coef-
ficient (Fig. 2). The self-diffusion coefficients for
Br™ and Cl1™ were determined using the kinetics
of exchange of Br*—Br, and Cl1*-Cl in TG550A
and Dowexl resins in a particle diffusion-con-
trolled flow system (Fig. 2 and Table I). The diffu-
sivities of the Cl~ ion within the TG550A resin
found by batch and by flow methods were the
same within the experimental error [Fig. 2(a)].

Exchange of Nonidentical lons

The exchange kinetics of nonidentical ions within
the TG550A and Dowexl anion-exchange resins
was investigated. The exchange of nonidentical
particles is usually accompanied by changes in
the resin bead shape and charge balance; there-
fore, the kinetics of nonidentical ions exchange
cannot be extrapolated from the data on the ex-
change of the isotopes. The kinetics of flow-mode
exchange of Br*~ in the resin to OH™ from the
solution, of Br*~ in the resin to C1~ from the solu-
tion, of C1*~ in the resin to Br ™ from the solution,
and exchange of both Br*~ and C1*~ in the resin
to OH™ from the solution were monitored in a
flow mode. As described above, the Dowexl and
TGbH50A resins were presaturated with the solu-
tions containing radioactive Br* or radioactive
C1*. The decrease in intensity of y-emission of the
resins due to exchange with the nonradioactive
ions from the solution were recorded.

To deduce ion diffusivities, an approximate so-
lution of the Nernst—Planck equation derived by
Helfferich and Plesset was used in conjunction
with the experimental data on the exchange ki-
netics of nonidentical ions [eq. (4)]'~3!%12:

Figure 2 Measured and computed dependence of fractional attainment of equilibrium
function on the time elapsed from the start of isotope exchange. Radioactive isotopes
of the counter ion (**Cl or #Br) are initially in the resin. Solid lines represent the
results of computation conducted under the assumption of the resin diffusion-controlled
process and infinite solution volume [eq. (3)]"; ion self-diffusion coefficients used as
computational parameters are presented on the left of the corresponding curves. (a)
Exchange in TG550A: (M) batch experiments data; solid line passing through corre-
sponds to the solution of eq. (2) for Dg- = 1.2 X 107% ¢m?/s. (b) C1*—Cl exchange
kinetics in resins: ([) in TG550A; (+) in Dowexl. (¢) Br*—Br exchange kinetics in

resins: (0) in TG550A; (+) in Dowexl.
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U(t) = {1 — expln?(fila)T
+ fole) T3+ fo(a) T2} (4)

where 7 = D,(t/r2); D, and Dy are the diffusion
coefficients within the resin of the A~ (counterion
originally in the resin) and B~ (counterion in the
solution), and @« = D,/Dg. When the ions of equal
valence are exchanged (Br~, Cl 7, and OH ™ in the
present studies), the coefficients f; are expressed
as

fila) = —[0.570 + 0.4300%7%]1
fola) = —[0.260 + 0.782a] *
fs(a) = —[0.165 + 0.177a] "

The range of validity of these approximate expres-
sions lies within 0.1 = a = 10.%'*'2 Isotope ex-
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change kinetics measurements presented above
demonstrates that Br~ and Cl ™ diffusivities differ
by less than a factor of 10. The data presented in
the literature on ion exchange '~3'*'2 indicate that
in most systems the OH ™~ exchange rate is of the
same order of magnitude as those of Br~ and C1~.
Thus, the results of our measurements are within
the region where diffusion-controlled ion-ex-
change kinetics could be described by the above
approximation of eq. (4).

Using the diffusion coefficients for C1~ equal to
1.2 X 107% cm?/s in TG550A and 6.0 X 1077 in
Dowexl (measured for Cl~ diffusion as described
above), and using the diffusion coefficient of the
anion present in solution as an adjustable param-
eter in computations, a series of kinetic curves
were generated to fit the experimental data [Fig.
3(a,b)]. In this way, the self-diffusion coefficients
for the hydroxyl anion in TG550A and Dowexl

(b)
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Figure 3 Exchange kinetics of nonidentical ions, **C1~ with Br~ and OH ~, in TG550A
and Dowexl. The ion of the radioactive **Cl isotope is initially in the anion-exchange
resins. The lines were calculated by eq. (4) using the self-diffusion coefficients of invad-
ing counterions presented on the left side of the graphs. (a) Exchange kinetics in
monodisperse TG550A; calculations were made using the coefficient for **Cl diffusion
equal to 1.2 X 106 cm?/s. (b) Exchange kinetics in Dowexl; calculations were conducted
using *Cl self-diffusion coefficient equal to 6 X 10" cm?/s.
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Figure 4 Exchange kinetics of nonidentical ions, 8?Br ~ with C1~ and OH ~, in TG550A
and Dowexl. Radioactive 3Br isotope is initially in the anion-exchange resins. The data
depicted by the solid lines were computed using eq. (4). The self-diffusion coefficients
of invading counterions used in computations are presented on the left of the corre-
sponding curves. (a) Exchange kinetics in monodisperse TG550A; computations were
conducted using a coefficient for #?Br diffusion equal to 6 X 107 cm?/s. (b) Exchange
kinetics in Dowexl; computations were conducted using the ®*Br diffusion coefficient

equal to 3.5 X 1077 cm?/s.

were determined (Table I). The Br~ diffusion co-
efficient controlling the Br~ exchange with the
Cl~ anion was also deduced, applying eq. (3) to
analyze the Cl1*~—Br~ exchange kinetics (Ta-
ble I).

To evaluate the influence of the counterion in
the resin on the invasion kinetics and diffusivity
of the invading counterion, the exchange kinetics
of radioactive Br* isotope in TG550A and in Dow-
exl resins with the stable Cl isotope from the solu-
tion were monitored. To deduce the diffusivity of
the invading Cl~ ion in the presence of Br*~ in
the resin, a Br~ self-diffusion coefficient derived
from the data on Br*—Br exchange was used as
a constant. The Cl~ diffusivity was used as an
adjustable parameter in numerical simulation of
the nonidentical ions exchange kinetics by eq. (4).

The Br~ self-diffusion coefficients used in compu-
tations were 6.0 X 107 cm?/s in TG550A and 3.5
X 1077 em?/s in Dowexl [Fig. 4(a,b)]. The Cl~
diffusion coefficients were determined by graphic
superposition of the computed and monitored ex-
change kinetics (Table I). It was observed in other
resins'~® that the diffusivity of Br~ in the pres-
ence Cl~ was the same as found in Br— Br ex-
change, while the diffusion coefficient of Cl1~ de-
termined in the presence of Br~ in the resin was
lower than in C1—Cl exchange. The self-diffusion
coefficients determined by us in TG550A during
the exchange of nonidentical ions followed the
trend reported for other ion-exchange resins.
Almost identical values for the diffusivities of
OH ™ in the Dowexl were obtained using the ex-
change kinetics of *C1~ or *Br~ in the resin with
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Table II Resin Capacity (wt %)

Resin Cl Br Nainma] Nac1 NaBr NaOH
TG550A 7.3 14.81 0.008 0.197 0.175 0.05
Dowex1 7.47 — 0.013 — — 0.092

The weight % of ion uptake was measured relative to the weight of the original resin washed with distilled water and drained
on a Biichner funnel under the vacuum. Nay signifies the amount of Na* invading a resin during exchange of Cl™ in the resin

with X~ in NaX solution, where X is Cl, Br, or OH.

OH " in the solution (Table I). Similar to other
ions, the diffusivity of OH~ within TG550A was
higher than in Dowexl (Table I).

Sodium Co-ion Invasion

Sodium was the co-ion in all of the experiments.
During ion exchange, the co-ion is partitioned be-
tween the solution and the resin as a result of
concentration gradients and the fluxes of the ex-
changing counterions. This distribution of the co-
ion depends on the type of exchange and the resin
properties. No data on co-ion exchange were pre-
viously reported for TG550A. Therefore, the total
amount of sodium cation invading the resin was
measured after the several repeated equilibra-
tions of 2 g of the TG550A with 20 mL of the 10%
NaOH solution (fresh solution after each equili-
bration) (Table II). The kinetics of Na* invasion
during isotope and nonidentical anion-exchange
in the batch mode were also measured (Fig. 5).
The error in measurements of sodium invasion
kinetics was larger than that in the other experi-
ments described above. The low amount of Na™
entering the resins during anion exchange was
partially masked by the Na remaining on the
resin bead surface even after a distilled water
rinse. Additional errors may have been introduced
by low precision in recording the time of termina-
tion of the exchange.

The accumulation of the Na™ co-ion in the resin
was observed in all of the investigated exchange
processes (Fig. 5). An increase in co-ion concen-
tration in the resin was detected even when the
slower diffusing counterions were initially in solu-
tion and the temporary co-ion depletion in the
resin was expected based on the data reported in
the literature.'® Apparently, the high concentra-
tion of the solutions used in exchange (2.77M)
resulted in a high concentration gradient between
the co-ion in solution and within the bead. There-
fore, the difference in counterion mobilities was
not sufficient to overcome the gradient-driven co-
ion flow into the resin. The kinetics of Na ™ co-ion

uptake varied somewhat for different counterions
taking part in the ion exchange. However, the
magnitude of the variation was comparable to the
experimental error. Therefore, no attempt was
made to assign different Na ™ diffusivities to the
different exchange processes (Fig. 5). A small
variation in the Na* diffusion rate confirms that
electrostatic interactions play a secondary role in
Na™ co-ion invasion at high solution concentra-
tion. According to previously published data of
Schlogl, the co-ion self-diffusion coefficient within
the resin decreases with the increase of solution
concentration.’®'* Perhaps at lower concentra-
tions it would be possible to differentiate the elec-
trostatic effects from those induced by concentra-
tion gradients. More work on co-ion invasion ki-
netics is required to fully characterize the resins.

Almost the same amount of co-ion invaded
TG550A resin during the Cl1*—Cl isotope ex-
change and during Br*—Br exchange [Fig.
5(a)]. During the exchange of isotopes, electro-
static charges between the resin and solution
remain at equilibrium. Therefore, the observed
Na™* accumulation in the resin at high concen-
tration of exchanging solution (2.77M) is con-
trolled by the Na™ concentration gradients. Dif-
fusion from the solution into a spherical resin
bead, induced by concentration gradient, was
treated as analogous to the heat flow from the
infinite heat bath into the cold sphere immersed
in it [eq. (3)]. The diffusion coefficient of Na™
was found to be 5 X 107 cm?/s in both resins
studied [Fig. 5(b)].

Resin Capacity

The contents of Cl, Br, and Na in the TG550A
and Dowex] were measured by batch experiments
before and after the exchange took place (Table
II). As can be seen from the data, the Dowexl
capacity for chlorine is slightly higher than that
of TG550A. A correspondingly larger amount of
co-ion was absorbed during ion exchange by Dow-
exl. The lower co-ion uptake may justify selection
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Figure 5 Kinetics of Na* invasion into TG550A monodisperse anion-exchange resin
during an exchange of **Cl~ radioactive ion from the resin with nonradioactive ions
from solution. The exchange was conducted in a batch. Na™* concentration within the
resin was determined by neutron activation analysis: (a) dependence of the absolute
concentrations of the Na* within the resin on the time of shaking of 2.0 g of resin in
20.0 mL solution; (b) fractional attainment of equilibrium function dependence on the
time of shaking of 2.0 g of resin in 20.0 mL of solution.

of TG550A in applications where buildup of the
co-ion in the resin is undesirable. However, in
most applications, a small difference in the capac-
ity of Dowexl and TG550A resins will not affect
the results or the choice of the resin.

lon-Exchange Equilibrium

The batch experiments show that the equilibrium
between 2.0 g of TG550A in its chlorine form and
20.0 mL of 2.77M NaOH solution is attained in
less than 20 min. The equilibrium selectivity of
the TG550A to OH ™ versus Cl~ was determined.
The total amount of radioactive C1* in the resin
and in the solution in equilibrium with the resin
was deduced by the y-activity level of Cl1*. The
OH " ion contents were determined using the ma-
terial balance and solution pH. It was found that

the selectivity coefficient of the monodisperse
resin, K81H = [(Mou/Mci)resin 1/ [(Mon/ Mcsotution 1,
increased at 25°C from 0.020 + 0.005 at (Moy/
MCl)resin = 0.03 to 0.031 = 0.005 at (MOH/MCl)resin
= 0.5. The ion-exchange isotherm for Cl~ ion dis-
tribution during C1~ to OH ~ exchange in TG550A-
C1® also was obtained (Fig. 6). The measurement
of C1~ distributions between the resin and solu-
tion equilibrated with the resin demonstrate that
the TG550A resin, like the conventional Dowexl
resin, exhibits a higher affinity for Cl~ than
for OH™.

Swelling

The swelling of the TG550 resin beads was mea-
sured by the resin weight increase occurring after
the C1"—OH"™~ exchange. Following the resin
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Figure 6 The 25°C isotherm of C1—OH distribution
between TG550A resin and solution in a batch.

equilibration with solution (2.0 g resin, 20.0 mL
10.0% NaOH solution, 20 min of shaking), the
batch was dumped on a glass filter, drained under
a vacuum, and weighted. After such a batch
Cl™"—OH "~ exchange with one 20.0 mL portion
of solution, the weight increase was 15%. After
several repetitions of the exchange procedure
with the successive batches of fresh NaOH solu-
tion, the asymptotic value of 22% weight increase
was reached. The resin volume increase by swell-
ing is proportional to the solution uptake. There-
fore, using the TG550A in columns, it is advisable
to leave free space between the resin and column
inlets to prevent pressure-induced deformation of
the resin beads and/or column fracture. A similar
volume increase of 20% was observed by other
researchers in Dowexl resins during C1~ to OH~
exchange.*

DISCUSSION AND CONCLUSIONS

Diffusion coefficients measured in the presented
studies should be called, using the terminology of

Boyd and Soldano,'® “apparent self-diffusion coef-
ficients” since neither degree of solvation nor the
degree of association of the radioactive ions were
known. However, the found diffusivities correspond
to those determined in other studies and permit
meaningful comparison of exchange kinetics in
TG550A, Dowexl, and other ion-exchange resins.

No large qualitative difference between the ion-
exchange kinetics in TG550A and Dowexl were
found. Both resins exhibited Br*—Br and
Cl1*—Cl isotope exchange kinetics well described
by the particle-controlled diffusion model (Fig. 4).
Exchange of nonidentical ions occurred with a
similar deviation from the theoretical model
(Figs. 3 and 4). This similarity in behavior indi-
cates similarities in the exchange mechanism and
the internal structure of the two resins. However,
for good column performance, the uniformity of
the packaging size is important; thus, the TG550A
resin may be selected over Dowexl resin in some
analytical applications. Higher ion diffusivity in
the TG550A (Table I) may also present an advan-
tage in ion-exchange chromatography. Indeed,
higher diffusion rates are beneficial in the reduc-
tion of the eluent dispersion in the column and
yield better resolution of the ion-exchange col-
umns. The difference in performance of TG550A
and Dowexl is not large enough to affect the choice
of the resin in high-volume applications such as
solvent purification and desalination.

Since both resins have a similar degree of cross-
linking and an even similar capacity for the ions,
the cause of the higher ion-exchange rates in
TGH50A is unclear. Perhaps, the difference in the
method of resin bead production leads to some
difference in the bead surface structure. This
question requires further investigation.

An interesting problem is the deviation of the
kinetics of nonidentical ion exchange from the
model developed by Helfferich and Plesset '~
[eq. (4); Figs. 3 and 4]. The rate of the ion ex-
change decreased at the end of the exchange in
each case studied by us. This deviation was pre-
viously attributed to the change of the individual
diffusion coefficients with the water contents of
the resins. Water in the resin occupies part of
the free volume and plasticizes the polymer. As a
result, molecular diffusion in some polymers is
substantially reduced in the presence of mois-
ture.'®'® Since a 22% weight increase during the
Cl~—OH ~ exchange was observed, the water con-
tent increase may be the main factor reducing
the ion diffusivity at high fractions of equilibrium
attainment. Thus, the deviation of observed ex-
change kinetics from the Helfferich—Plesset
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model may be caused by water absorption. The
electrostatic effect of co-ion invasion may be also
a factor reducing the exchange rate at longer
times of exchange.'®'* It appears that use of the
uniform T'G550 resin did not improve agreement
between the experimental ion-exchange kinetics
and the modeling results. Further investigation
of the mechanism of ion exchange is needed. Ex-
tensive numerical kinetic modeling, taking into
account the bonding sites and hydration sphere
variation as well as experimental data obtained
at a variety of exchange conditions, is required to
further clarify the ion-exchange mechanism. The
current data and numerical modeling were de-
signed to assist in selection and practical use of
TG550A and Dowexl in analysis and purification.

The values of the diffusion coefficients deduced
using kinetic data are always model-dependent.?
Particular attention was paid in this work to the
applicability of the models. Other researchers
applying the same models to the ion-exchange ki-
netics measurements in strong base styrene
anion-exchange resins obtained Br~, C17, OH",
and Na* diffusion coefficients close to those re-
ported here, i.e., Br~ diffusivity varied between 8
X 10 % ecm?/s, reported by Schlogl,®* and 9
X 1077 em?/s, reported by Boyd and Soldano.®
The self-diffusion coefficients for C1-, 8.5 x 107"
cm?/s, reported earlier'® were only slightly lower
than our measurements. In measurements by
Schlogl,'® Na* diffusivity was found tobe 2 x 107
cm?/s. This value is close to the Na* diffusivity
determined by us, 5 X 1077 cm?/s.

In general, the presented results are in agree-
ment with the data obtained by other groups, i.e.,
Dg,- > D¢~ > Doy-. Availability of the radioac-
tive isotope-producing facility, the 100 kW TRIGA
research reactor, greatly simplified the experi-
ments and ensured high precision of the measure-
ments. The neutron activation®® and radiation-
based monitoring of ion-exchange kinetics are
proven to be an excellent tools in the evaluation
and development of ion-exchange resins and poly-
meric materials, in general.
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