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Kinetics of Anion Exchange Accompanied
by Fast Irreversible Reaction

E. E. GRAHAM and J. S. DRANOFF

Department of Chemical Engineering
Northwestern University, Evanston, llinois 60201

The kinetics of binary anion exchange accompanied by a fast irreversible reaction at the
exchanger surface was studied. Dowex 1, X-8, in the hydroxyl form was contacted with a
strong acid in a well-stirred batch reactor and concentration-time data were obtained by elec-
trical conductivity measurements. The process was analyzed assuming rote control by film
diffusion, intraparticle diffusion, and a combination of both mechanisms. The results indicated
that models based on the individual mechanisms gave quite satisfactory representations of the
data under appropriate conditions, but the combined model appears superior in the nominally
intraparticle diffusion controlled range. It was also found that severe particle cracking occurs,
particularly with larger resin particles, at high solution concentrations. This results in degrada-
tion of the particles as well as apparent intraparticle diffusion coefficients that vary during
the exchange process. Care must be taken to avoid or to account for this phenomenon.

Recently Helfferich (1) has developed a detailed analy-
sis of ion exchange coupled with chemical reaction based
on the generally accepted model of the exchange process
but modified to include the effects of reaction. This model

Correspondence conceming this paper should be addressed to J. 8.
Dranoff. E. E. Graham is with Esso Research and Engineering Company,
Florham Park, New Jersey.
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considers the exchange process to be controlled by trans-
port of ions to the exchange surface and/or diffusion of
counter (exchanging) ions within the exchanger. The first
step (film diffusion) is approximated as diffusion through
an idealized thin stagnant film of thickness 3. The second
step (intraparticle diffusion) is considered to be diffusion
of ions in a spherical, quasi-homogeneous exchanger matrix
in which there is no co-ion uptake and no solvent flux.
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Helfferich (1) derived several rate laws assuming that
the chemical reaction is very rapid and that one or the
other of these diffusional processes is rate controlling. The
Nernst-Planck equations were used to describe the indi-
vidual ionic fluxes around and within the exchanger parti-
cle. These equations account for transport of an ionic
species due to a gradient in its own concentration and a
gradient in electrical potential, but neglect cross-diffusional
effects and variations in activity coefficients. For an indi-
vidual ion the flux equation takes the following form:

CZF )
v 1
Rt ¢ (1)

where J; is the flux of species ¢ relative to the solvent
in moles/{cm?2-s). The solvent velocity is assumed to be
zero, however, so that J; = N; the flux of species i rela-
tive to stationary coordinates.

Rate laws of ion exchange based on this model have
been tested with good success for both ordinary ion ex-
change (2 to 4) and for cation exchange accompanied by
a neutralization reaction (5 to 7). However, little experi-
mental work has been published verifying the rate laws
for anion exchange, and no test has been made of anion
exchange accompanied by a chemical reaction. Therefore,
the present study was undertaken to test the validity of the
Helfferich model for the neutralization of a strongly basic
anion exchanger.

]i=Di(VCi+

THEORY

Since the basic equations have been derived previously
(1), they will only be summarized here. In this work
strongly basic anion exchange resin (Dowex 1-X8) com-
pletely in the hydroxyl form is contacted with an acid
solution (HCI or HNO;3). The chloride (or nitrate) ions
exchange with the hydroxyl jons, which in turn react with
the hydrogen ions at the exchanger surface to form water.
Schematically

OH + Cl- + H* — Cl- + H,0 (2)

where overbars indicate the species in the resin phase.
The base form resin and neutralizing acid are assumed to
be completely dissociated. The resin particles are taken to
be uniform spheres, and isothermal operation is assumed.

Film Diffusion Control

For this idealized case, the problem is analyzed assum-
ing pseudo steady state diffusion in a planar stagnant film.
The fractional approach to equilibrium (complete neutral-
ization of the resin) F(t) is given as follows:
When CV < CV

—3 DuaV )
F(t) =1-— (——t 3
(t) exp Vs (3)
When CV > CV
cv [ (—SDHCW‘ )]
F(#) = ==} 1— —_——
() == P oV ’
for 0=t<t. (4)
and
F(t) =1, for t. =t (3)
where
Ve Ccv
= w(E=) e
3 Dy V CV —-CV

Finally, when CV >>CV
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3 Duci C

= — =t=t, 7
F(t) 3G t, for 0=t (7
and
F(t) =1, for t. =t (8)
where
L (9)

These equations involve the generally unknown parame-
ter {Dycys) which can be determined by fitting the equa-
tions to experimental data.

Intraparticle-Diffusion Control

When intraparticle diffusion controls, the rate equations
for neutralization are identical to those for ordinary ion
exchange with the “infinite solution volume” boundary
condition. In this limiting case the solution composition re-
mains essentially constant during exchange. This problem
has been discussed in detail elsewhere (8), and tabulated
numerical solutions are readily available (9, 10).

Thus, when CV < CV

EF(t) = G(¢) (10)
And, when CV > CV
cv
F(t) __cvc(t)’ 0=t=t, (11)
F(t) =10 t. <t (12)

where G(t) is the tabulated fractional approach to equi-
librium for ion exchange in the infinite solution volume
case. These solutions involve as unknown parameters the
ratio of Nernst-Planck ionic diffusivities of the two dif-
fusing species as well as the absolute value of one of them.

In the absence of other information, the ratio of diffusivi-
ties within the ion exchanger can be assumed to be the
same as in free solution. Assuming further that the aqueous
solution diffusivities may be estimated by the Nernst-Ein-
stein relation

Di=—u, (13)

the ratio of intraparticle diffusivities can be related to ionic
mobilities at infinite dilution.

Dox- ) (14)
501- Uc1—

Values of the latter are available in the literature (11).

The remaining parameter Dou- can be determined by
best fit of the experimental data to the theoretical model.

EXPERIMENT

The experimental program was aimed at testing the validity
of the two limiting rate models. The experimental equipment
and procedure were essentially the same as used by Blickenstaff,
Wagner, and Dranoff (5 to 7). A well-stirred, isothermal batch
reactor was employed. The resin, initially completely in the
hydroxyl form, was injected into a known concentration of acid
solution in the reactor to initiate the exchange process. The
progress of the exchange was followed by continuous monitoring
of the electrical conductivity of the solution. Unlike the pre-
vious work, it was necessary to shield the two platinum elec-
trodes of the conductivity probe with a nylon mesh screen to
exclude resin particles from the space between them. Without
the screen the particles significantly influenced the conductivity
at high solution concentrations. It was shown experimentally,
however, that the nylon mesh screen did not affect the time re-
sponse of the system under the conditions used.
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In order to test the rate equations, the resin particle diameter
was varied from 0.0612 cm to 0.0938 cm (OH~- form), the
solution concentration from 0.005 N HCl to 0.70 N HCI, and
the resin volume from 0.07 ml. to 40 ml. A solution volume
of 600 ml. was used throughout. For the experiments designed
to test the film diffusion model, very low solution concentrations
(0.005 N) and low stirring rates (600 rev./min.) were used,
while for the experiments designed to be in the intraparticle
diffusion controlled range high concentrations (0.38 to 0.70 N)
and stirring rates (1750 rev./min.) were utilized. Table ]
summarizes all the experimental conditions studied.

The Dowex 1-X8 resin particles were sized by wet screening
and the average diameter determined by sampling and mea-
surement with a calibrated microscope. The resin diameter was
found to be approximately 6.5% smaller in the Cl— form and
9.8% smaller in the NOg form than in the OH~ form. The
particles were observed to be essentially all spherical and un-
damaged. Experimentally determined exchange capacities are
listed in Table 2. More detailed descriptions of both the experi-
mental equipment and the procedure may be found elsewhere
(12).

RESULTS AND DISCUSSION

The results of experiments conducted under nominally
film diffusion controlled and intraparticle diffusion con-
ditions will be discussed separately.

Film Diffusion Control

Table 3 presents a summary of the principal experimen-
tal results obtained in the test of the film diffusion con-
trolled model. Figures 1, 2, and 3 show how well typical
experimental data conform to the various theoretical equa-
tions. In each case a straight line was drawn through the
points to determine the corresponding values of Diycys
listed in Table 3. These values show a maximum deviation
of about 5% from the overall average value reported in

1.0
o9l
o8
o7
o6
o5
O4r
- o03f
02k e
o
Film Diffusion Control
CV>cv
& Case 12 o
o Case 13
o Case i4
ol i L L L 1 L
o} 25 50 75 100 125 150 175
Time ( Sec.)
Fig. 1. Experimental test of Equation (3).
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the table. This is an indication of the reproducibility and
internal consistency of these experiments.

The data show in general that the film diffusion model
provides an excellent description of the exchange-reaction
process at very low solution concentrations and low stir-
ring rates. There are some deviations from the predicted
linear graphs on Figures 2 and 3. However, these occur
close to the end of the exchange, where the theory pre-
dicts sharp discontinuities. The deviations may well result
from a switch in mechanism in these cases as the resin ap-
proaches exhaustion.

TaBLe 1. EXPERIMENTAL CONDITIONS

Rate
controlling C, N
mechanism  Case Reactant meq/ml V, ml rg, CM
Film Diffusion
CV <<V 1 HCI 0.005 0.07 0.0306
2 HCI 0.005 0.10 0.0469
3 HCI] 0.005 0.07 0.0469
4 HCl 0.005 0.07 0.0469
5 HNO3; 0.005 0.08 0.0469
6 HNO; 0.005 0.08 0.0469
CV<cv 7 HCl 0.005 0.38 0.03086
8 HCI 0.005 0.97 0.0306
9 HCl 0.005 0.97 0.0352
10 HCl 0.005 0.97 0.0469
11 HC] 0.005 0.51 0.0469
CV>cv 12 HCl 0.005 5.00 0.0306
13 HCI 0.005 10.00 0.0306
14 HCI 0.005 10.00 0.0469
Particle Diffusion
CV <y 15 HCl 0.38 20.00 0.0308
16 HCl 0.58 20.00 0.0306
17 HCI 0.38 20.00 0.0469
18 HCI] 0.58 20.00 0.0469
19 HCI 0.58 40.00 0.0469
20 HNO; 0.65 20.00 0.0306
21 HNO3 0.75 20.00 0.0469
22 HNO; 0.65 20.00 0.0469
23 HNO; 0.70 20.00 0.0469
TasLE 2. RESIN S1zE AND CAPACITY
Particle Average Exchange
Mesh size diameter particle, capacity,
range, range®, radius mm, meq/ml
Cl— form mm, OH~ form OH~ form OH- form
18-20 0.89-1.03 0.469 1.097
25-30 0.614-0.772 0.352 1.104
30-35 0.547-0.686 0.306 1.113
® 90% of the particles had diameters within the indicated range.
10
09
—~ 08
w
212 o7 FFiIr_n_Diffusnon Control
i L CVC<CV7 S T - ———
oot 1o
o Case 9
° casle ‘O 1 1 1 1 1
055 100 200 300 400 500 600 700

Time ( Sec.)

Fig. 2. Experimental test of Equations (4) and (5).
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TABLE 3. VALUES OF Dyc)/8 ¥FroM FiLM DrIFrFusioNn Data

Duci/d
Condition® Case CV, meq cm/sec
CV>cv 12 5.565 1.59 x 10-2
13 11.13 1.61 x 10—2
14 10.97 1.67 x 10-2
Average value 1.62 x 10—2
CV < CcV 7 0.423 1.64 x 10-2
8 1.080 1.52 x 10—2
9 1.071 1.52 x 10—?
10 1.064 1.52 x 10-2
11 0.560 1.51 x 102
Average value 1.54 x 10-2
CV <<y 1 0.0867  1.59 x 10~?
2 0.1097 1.60 x 10-2
Average value 1.59 x 102
Overall average 1.58 x 10—2

® For all these cases, CV = 3.00 meq, stirring rate = 600 rev./min.

Experiments were also made with HNO; solution and
at two different stirring rates. The results shown in Table
4 indicate that while there is no significant effect due to
acid type, the stirring rate appears to be a major variable.
The first effect is not unexpected since the diffusion coeffi-
cients for the two neutral acid species are almost equal. In
fact, one may show (12) the calculated ratio of Dyxo, to
Dy, for these dilute solutions to be 0.959, while the ratio
of (Duxos/8) to (Duci/8) is 0.952 and 0.972 at 524 rev./
min. and 750 rev./min., respectively.

It was anticipated that stirring rate might be of great
importance in the film diffusion range and these few ex-

[oX: N i /

o7

F(t)

ost

03} Film Diffusion Control
CV<<CV

o Case |
o2 o Cagse 2

Ol t+

1 1 1 L 1 1
0 100 200 300 400 500 600
Time (Sec.)

Fig. 3. Experimental test of Equations (7) and (8).
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TaBLE 4. EFFECT OF ACID AND STIRRING RATE ON Dy4/8

Cv, Stirring Dya/d
Condition® Case meq rate cm/s
CV << Ccv, HCl 3 00768 524 RPM 147 x 10-2
4 00768 T50RPM 1.75 x 102
CV << CV, HNO3 5 0.0878 524RPM 1.40 x 1072
6 0.0878 750RPM 1.70 x 1072

2 CV = 3.00 meq for these cases.

periments were designed to illustrate this fact. The ob-
served effect of stirring rate is consistent with the postulate
that at the higher rate there is greater turbulence and thus
the effective value of 8 is smaller. However, no attempt
was made to develop a quantitative model for the observed
variation because of the limited data presently available.
In view of the significance of this variable, one should be
cautioned about applying the present values of (D/8) to
other experimental situations. Nonetheless, this work does
show clearly the utility of the film model in the appropriate
range of conditions.

Intraparticle Diffusion Control

As shown in Table 1, Cases 15 to 23 were designed to
test the theory in the intraparticle diffusion controlled re-
gime for a range of solution concentrations and resin

particle sizes. Tests were limited to cases in which CV <
CV since previous study (5) has shown that the case where
CV < CV will deviate from intraparticle diffusion control
as the solution approaches exhaustion. The experimental
data for hydrogen chloride are shown in Figures 4 and 5
along with the best fitting theoretical curves. The latter

F(T)

Intraparticie Diffusion Control

02 ® Case 15 -
& Case 16 1, = 00306 cm.
— Theoretical Curve
[eX]
00 L 1 ¢
00 Ol 0.2 0.3

T

Fig. 4. Experimental test of Equation (10), small particles.
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F(T)

Intraparticle Diffusion Control

e Case I7
02 a Case 18 ,=0.0469cm.
» Case |9
— Theoretical Curve
0l
1 1 1
0055 X 0.2 03

T

Fig. 5. Experimental test of Equation (10), large particles.

were determined from the spherical particle curves of Helf-
ferich (10) using the ionic diffusivity ratio calculated from
Equation (14).

OH

De;

=26

The appropriate value of Doy for the experimental data
was determined from the time required to achieve an F (t)
value of 0.7 and the corresponding theoretical value of
the dimensionless time = defined by

D
= — (15)

1'02

The 0.7 value was selected since it was found to yield
generally excellent fits of theory and experimental data.
The agreement between theory and experiment was ap-
parently independent of bulk solution concentration, resin
volume, and the specific acid used. These results were ex-
pected on the basis of the previously discussed theory.

However, it was observed that the value of Doy was a
function of resin particle size, being larger for larger parti-
cles, as shown in Table 5. Furthermore, the fit of theory
to data was not as good for the larger particles toward the
end of the exchange.

The larger resin particles were then examined after
exchange and found to contain many apparent cracks or
cleavage planes. It was felt that these might somehow be
responsible for the observed variation of Don with particle
size. To investigate this possibility further, the exchange
process was observed microscopically. Within a second
after the OH~ form resin on a microscope slide was con-
tacted with acid, many of the particles split open. Large
fissures often extending as much as 1/3 of the way into
the particle appeared. After about 10 to 15 seconds the
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fissures began to close, and by the end of the exchange the
particles were again completely spherical but with many
small cracks or cleavage planes throughout. This “crack-
ing” was apparently due to strong stresses and strains put
on the polymer matrix of the ion exchanger as various lay-
ers of the particles rapidly shrank when solvent content
changed during the exchange.

The destructive cracking phenomenon was observed to
be much less severe for the smaller particles which ap-
parently were able to absorb the strain without fissuring
or cracking. Similarly, very little cracking was observed for
solution concentrations less than 0.1 meq./ml and for the
reverse (no reaction) exchange. In these cases the ex-
change process was slower and hence the large strains
necessary to crack the beads were not present.

The cracking of the resin beads obviously opens an
easier path for diffusion within the particles and explains
the larger diffusion coefficient determined for the larger
particle. It also explains the apparent change in diffusion
coefficient observed as the exchange progressed. This is
illustrated in Figure 6 where the effective intraparticle dif-
fusion coefficient is plotted against F(t). The Doy values
were calculated for various values of F(t) from 0.1 to
0.95 and for both sizes of particles. After 5 seconds (F(#)
~ 0.8) the diffusion coefficient for the smaller particles
remains essentially constant at about 1.35 X 1075 cm?/s
for the rest of the exchange. On the other hand the diffu-
sion coefficient for the larger particles initially increases
sharply to a maximum (about 1.95 X 1075 cm?/s in 5
seconds) and then begins to decrease, slowly approaching
the diffusion coeflicient of the smaller particles. The peak
in diffusion coefficient observed for the larger particles
apparently reflects the opening and closing of the resin
particle structure.

Figure 6 also points up another failure of the simple
intraparticle-diffusion control theory. Initially (for at least
the first 2 seconds of exchange) the experimental rate was
invariably lower than the theoretical rate based on the
average intraparticle diffusion coefficient for the particle
in question. This is because any exchange must be film-
diffusion controlled in the initial stages since for the first
fraction of a second the rate of intraparticle diffusion will

TaBLE 5. EFFECT OF RESIN PARTICLE S1ZE ON Don

Particle radius, cm Don, cm?/s
0.0306 1.35 x 10-8
0.0469 1.80 x 10-5

intraparticle Diffusion Controt

* Case 20
05 ® Case 22
~--- Apparent average value

O L 1 1 1 1 L 1 1
Ql 0.2 03 04 05 06 Q7 o8 09 1.0

F(t)
Fig. 6. Effect of fractional exchange on aparent intraparticle diffu-
sities.
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Fig. 7. Comparison of models, apparent intraparticle diffusion
control.

approach infinity until the outer layers of the exchanger
are exhausted.

A computer solution for this system with a neutraliza-
tion reaction has recently been developed by Lupa (13).
This solution takes into account both film-diffusion and
intraparticle diffusion effects simultaneously. Figure 7 is a
plot of F(t) versus t for both the intraparticle diffusion

control model with Dog = 1.35 X 105 cm?/s and this

combined model with Doy = 1.35 X 10—5 cm?/s and a
film-diffusion mass transfer coefficient (Dyc)/8) of 1.8 X
10~2 cm/s. The latter value was selected based on the film
diffusion control results at 750 rev./min. to account for
the higher stirring rate used in the intraparticle range. As
the figure shows, the experimental results for the smaller
particles are in excellent agreement with the theoretical
model of Lupa. After F(f) = 0.7 the two theoretical
models give essentially the same results. The detailed
computer output indicates that intraparticle diffusion be-
comes the rate determining process after 0.33 seconds
(F(t) = 0.13); however, the effect of the initial film-
diffusion control is observable for a large part of the ex-
change (until F(t) = 0.7). This illustrates the initial poor
fit of a purely intraparticle diffusion model and the ap-
parent increase in diffusion coefficient observed in Figure
6 for the smaller, noncracking particles.

Based on these studies, a value of 1.3 X 1075 cm?/s
appears to be the best estimate in the intraparticle diffusion
coefficient of the OH™ ion for undamaged particles. It is
1/4 the value of the diffusion coefficient of OH~ ions in
water calculated from infinite dilution jonic mobility data.
Like all the intraparticle diffusion coefficients calculated in
this work, this value is based on a constant particle radius,
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that of the OH~ form. To obtain more exact estimates of
Dou, the change in radius would have to be taken into
account.

The results of this study have shown that anion exchange
coupled with an irreversible fast reaction can be well de-
scribed by the limiting models of Helfferich for film diffu-
sion or intraparticle diffusion control. However, a combined
model appears to be more successful in the intraparticle
diffusion regime. Particle fracture appears to be a serious
problem in the latter situation and care must be taken to
avoid it.
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NOTATION

= initial solution concentration, meq./ml

concentration of fixed ionic groups in the solid
exchanger, meq./ml
solution phase diffusion coefficient, cm?/s

intraparticle diffusion coefficient, cm?/s

Faraday’s constant, coulombs/mole

fractional attainment of equilibrium dimensionless
fractional exhaustion of resin during ordinary ex-
change with infinite solution boundary condition,
dimensionless

ionic flux, moles/ (cm?2-s)

radius of exchanger particle, cm

gas constant, ergs/ (mole-°K)

time, seconds

time for complete exchange, seconds

temperature, °K

ionic mobility, cm?/ (second-volt)

solution volume, ml

resin volume, ml

ionic valence

effective film thickness, cm

dimensionless time of exchange

electrostatic potential, volts

refers to species {

i

molT aola
il

F(t)

o

0
~
-
=

1 I T B TR A T T

i nun

"6 Y ONC TR NSt s

LITERATURE CITED

1. Helfferich, F., J. Phys. Chem., 69, 1178 (1965).

2. Hering, B., and R. H. Bliss, AIChE ]., 9, 435 (1963).

3. Smith, T., and J. S. Dranoff, Ind. Eng. Chem. Fundamen-
tals, 3, 195 (1964 ).

4. Turner, J. C. R, M. R. Church, A. S. W. Johnson, and
C. B. Snowdon, Chem. Eng. Sci., 21, 317 (1966).

5. Blickenstaff, R. A, J. D. Wagner, and J. S. Dranofl, J. Phys.
Chem., 71, 1665 (1967).

6. Ibid., 1670 (1967).

7. Wagner, ]. D, and ]. S. Dranoff, J. Phys. Chem., 71, 4531

(1967).

8. Helfferich, F., “lon Exchange,” p. 260, McGraw-Hill, New
York (1962).

9. Plesset, M. S., F. Helfferich, and J. N. Franklin, J. Chem.
Phys., 29, 1064 (1958).

10. Helfferich, F., ibid., 38, 1688 (1963).

11. Harned, M. 8., and B. B. Owen, “The Physical Chemistrv
of Electrolytic Solutions,” Reinhold, New York (1958).

12. Graham, E. E., M.S. thesis, Northwestern Univ., Evanston,
Ulinois (1967).

13. Lupa, A. J., Ph.D. dissertation, Northwestern University,
Evanston, Illinois (1967).

Manuscript received June 1. 1971; revision received January 4, 1972;
paper accepted january 5, 1972.

May, 1972 Page 613



