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lon Exchange Accompanied by Neutralization
Reaction: Removal of Dilute Acids by Anion Exchange

HENRY K. S. TAN

DEPARTMENT OF APPLIED CHEMISTRY
NATIONAL CHIAO TUNG UNIVERSITY
HSINCHU, TAIWAN, REPUBLIC OF CHINA

ABSTRACT

Thekinetics of exchange between an anion resininthe OH™ form with dilute acids
was studied in abatch system. Theresin used was Dowex 1-X 8 and the acids prepared
for the experimental work were 0.005 to 0.01 N HCI and H,SO,. The results of study
showed that afilm diffusion model with a constant rate parameter fits all experimen-
tal datavery well. The experimental results also showed that the rate isinversely pro-
portional to theresin radius as predicted by the film diffusion model. It wasfound that
the rate for CI-OH ™ exchange is higher than that for the SO —OH ™~ exchange. This
higher rate of exchange is attributed to the higher effective diffusivity for the
HCI-OH™ system as compared to that for the H,SO,~OH ™ system.

INTRODUCTION

In an ordinary ion-exchange process, the counterions of different species
exchange with each other. In this case the co-ionsin the system do not undergo
any changes. Asaresult, thetotal concentration of counterions and co-ionsre-
mains constant before and after exchange. M ost of the studies onion exchange
are confined to this type of process in which the result of the exchange is an
ateration of the composition of counterions in both the solution and resin
phases. There are a number of processes in which chemical reactions are in-
volved in the ion exchange. Helfferich (1, 2) and Helfferich and Hwang (3)
have examined some of theses processes. The chemical reactions involved
may deal with neutralization, complex formation, precipitation, or reaction of
weak acid and base. Of these types of reactions, the neutralization and com-
plex formation are of practical importance as they are related to many useful

23

Copyright © 2000 by Marcel Dekker, Inc. www.dekker.com



Downloaded by [National Chiao Tung University ] at 01:38 28 April 2014

ORDER ||l REPRINTS

24 TAN

industrial applications. For instance, the deionization of water by ion ex-
change is achieved by the neutralization of OH™ ion released from the anion
resin. In the case of complex formation, many processes have been devel oped
to capitalize on the enhancement of rate and selectivity due to the accompa-
nied complex formation in the exchange process.

At present the demand for superpure water isincreasing due to the rapid ex-
pansion of the el ectronic and microelectronic industries (4). The production of
deionized water by ion exchange can be carried out by using separate cation
and anion beds in series or by using mixed beds (5-10). For the two-bed sys-
tem, the exchange in the anion bed is between the OH™ form of resinand Cl
and SO%~ ionsin the feedwater. The design and operation of the anion bed re-
quires ample understanding of the kinetics of exchange which isaccompanied
by the neutralization reaction. For ease of experimental work and to be ableto
use simple models for dataanalysis, most kinetics studies onion exchange are
carried out in abatch system. In this study we also employed the batch method
to examine the kinetics of an ion-exchange process accompanied by the neu-
tralization reaction. The experimental work covered anion exchange of both
dilute HCI and H,SO, and a strong anion exchanger in the OH™ form. It is
hoped that the results of this study can be utilized for the design and operation
of industrial applications of deionization by ion exchange.

ION EXCHANGE ACCOMPANIED BY CHEMICAL
REACTIONS

Helfferich (1, 2) initiated the theoretical study of ion exchange accompa-
nied by chemical reactions. He classified these reactions into several cate-
gories including neutralization, complex formations, and reactions involving
weak acid or base (or salts of weak acid and base). A recent study (11) on the
removal of acidic substances by weak anion-exchange resins can aso be con-
sidered as an exchange process accompanied by chemical reaction. Since most
ion-exchange processes are conducted in fixed beds, precipitation as a result
of chemical reaction will not be of any practical use except possibly with a
well-agitated batch system. lon exchange accompanied by neutralization in-
volves reactions between strong acids and OH ™ ions released by an anion ex-
changer or reactions between strong bases and H™ ions released by a cation
exchanger. Typical reactions dealing with strong acidic cation resins or strong
base anion resins are

RH + MOH « RM + H,0 (1)
ROH + HA « RA + H,0 ()

where R represents the matrix group, and MOH and HA are a strong base and
a strong acid, respectively. For the case in which weak acidic or weak base
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resins are involved, atypical reaction is (2)
RNa+ HCI - RH + NaCl 3

Thekineticsfor thistype of reaction is more complex compared to the case
where reactions deal with strong acidic or base resins.

KINETICS OF ION EXCHANGE WITH NEUTRALIZATION
REACTION

In general, the rate of ion exchange accompanied by chemical reaction is
faster than those due solely to mass transfer or a diffusion step. In the case of
the reactions represented by Egs. (1) and (2), since the co-ionsin the solutions
are excluded from entering the resin bead due to the Donnan effect, the reac-
tion occurs at the resin bead surface. Thusthe rate is either determined by the
diffusion of the co-ion and the counterion from the solution bulk to the bead
surface or by interdiffusion between the two exchange counterions in the
resin.

Film Diffusion Rate Control

In the case of film diffusion rate control and for a batch system with afinite
solution volume, the following rate equation is formulated for a binary
exchange:

dg/dt = K¢(C — C*) (%)

where g and C are the concentration of one of the species of the two counteri-
onsin the resin and in the solution, respectively, Ky is the mass transfer rate
parameter, C* is the equilibrium solution concentration at the solid-liquid
film interface, and t is the absolute time.

At the resin bead surface the counterion from the solution is neutralized by
either OH™ or H™ ionsreleased from the resin. Because of the electroneutral-
ity of ions at the resinHiquid surface, and since the dissociation constant for
water is 10~ 14, the value of C* issmall and can be neglected in the rate equa-
tion. A mass balance for one species of the two counter ionsis

V(Co — C) = Vi(d — o) (5)

where V and V, are the volume of the solution and the volume of theresin, re-
spectively, and C and g are the concentration of one the species of the two
counterions in the solution and in the resin, respectively. Subscript “0” de-
notes the initial condition.

Combining Egs. (4) and (5) and neglecting C*:

da/dt = K¢[Co — (V/V)(q — 0o)] (6)
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integrating with initial conditiont = 0,q = qo = O:

Viq . _ Keit
From the mass balance of Eq. (5),
_ £ . _ Kert
=g = ey ®)

Lety = g/Q., where Q. is the exchanger capacity in meg/mL and y is the
equivalent fraction of one the two counterions in the resin.

1 KiVit
0 = &1 e~ <) ©
where Ris the stoichiometric ratio defined by

ViQe _ WQe
(VCo)  (VCy)

here Wisthe weight of resinin gramsand Q. istheresin capacity on adry ba-
sis and the unit is expressed in meqg/g.
In the case of R < 1:

R =

Kert

y(t) = %[1 — exp(— v )] forO<t<te

y(t) = 1fort >t

(10)

where
_ V)
K¢ 1-R

In the case of R> 1 the fractional attainment of final steady stateis defined
by

18

(11)

y(t) — _ Vr Kft )
y(e)

F)=—"F=1—- exp( v

Particle Diffusion Rate Control

The equations derived by Helfferich (1) made use of the analytic solution
obtained from Fick’s second law or numerical solution from the
Nernst—Planck equations (12). If G(t) represents the fractional attainment of
equilibrium for an ordinary ion exchange, then for the case of R < 1:

F(t) = G(1) (12)

MaRcEL DEKKER, INC.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



Downloaded by [National Chiao Tung University ] at 01:38 28 April 2014

ORDER ||l REPRINTS

REMOVAL OF DILUTE ACIDS BY ANION EXCHANGE 27

For the case of R > 1:
F(t) = RG(t) for 0 <t <t
F(t) = 1fort >t

where the value of t. is determined from RG(t;) = 1, and G(t.) is obtained
from Fick’ ssecond law of solution or numerical solution of the Nernst—Planck
eguations.

(13)

Other Kinetic Models

The above discussion deals primarily with astrong acidic or baseresin. In
the case of chemical reactions involving weak resins or weak €electrolytes
present in solution, various kinetics models have been attempted. For exam-
ple, Helfferich (2) proposed the use of a shell-core model (13, 14). A
slightly more complex model (15) was used in the study of the reaction be-
tween a strong acidic exchanger and aweak base in the form of an ammonia
solution.

EXPERIMENTAL

Experimental Systems

A strong anion resin, Dowex 1-X8, was used in the experimental work.
Three commercially available resin sizes, 20-50 mesh, 50-100 mesh, and
100—200 mesh, were employed. Most of the experiments were conducted with
the 20-50 mesh resins. Dilute HCl and H,SO, with concentrations of about
0.005 to 0.01 N were prepared for the kinetics study of HCI-OH™ and
H,SO,~OH™ exchange. The reacting vessel was arectangular glass container
of 400 cm? cross-section area and had a maximum capacity of 6 L. A total of
12 experimental runs were performed with the experimental conditions listed
in Table 1.

Resin Capacity Determination and Analytical Methods

The resin was originally in chloride form and was converted to OH™ form
by a standard procedure for the kinetics study of HCI-OH™ and H,SO4~OH ™~
exchange. The capacity of the resin in chloride form was determined to be
3.985 meqg/g for the 20-50 mesh. Similarly, the capacities for 50-100 mesh
and 100—200 mesh resins were found to be 4.028 and 4.113 meqg/g, respec-
tively. For the analytical work, aliquot samples were diluted by afactor of 20
before analyzing for CI~ or SO5~ concentration by a Hach DR/2000 spec-
trophotometer.
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TABLE 1
Summary of Experimental Conditions
Run Q: (meg/g) W (g) V(L) Co(N) R Stirring rate, rpm
1 3.984 5.008 20 0.00476 2.101 800
2 3.984 5.005 2.7 0.00558 1.344 800
3 3.984 5.003 4.0 0.00546 0.916 800
4 3.984 5.017 4.0 0.01023 0.490 800
5 3.984 5.013 20 0.00504 1.984 800
6 3.984 4.821 25 0.00493 1.558 800
7 3.984 5.005 4.0 0.01003 0.497 800
8 4.028 5.013 20 0.00584 1.729 800
9 4.113 5.013 20 0.00564 1.827 800
10 3.988 1.007 04 0.00581 1.723 400
11 3.988 1.003 04 0.00535 1.866 800
12 3.988 1.027 04 0.00549 1.864 1000

Experimental Procedure

A typical run started with a predetermined amount of the OH™ form of resin
placed in acubical glass vessel (20 cm X 20 cm X 15 cm) containing afixed
volume of the prepared HCI or H,SO,4 solution. A magnetic stirrer was acti-
vated when the experiment commenced. Samples of solution were withdrawn
periodically from the reaction vessel and the corresponding time for these
withdrawals were recorded. These samples were later analyzed for CI— or
SO%~ concentration. Since most of the rate processes start at a very high ini-
tial rate, sampling was more frequent during the early period of an experi-
mental run. The analyses for the CI~ or SO3~ concentrations for these sam-
ples were performed with the aid of a Hach DR/2000 spectrophotometer.
During the experimental run the pH of the solution in the reaction vessel was
measured and recorded at frequent intervals. The experiment was terminated
when the pH measurements showed no substantial changes. Four experimen-
tal runs for the HCI-OH™ system and three experimental runs for the
H,S0,~OH ™ system were conducted. In addition, the effect of resin size and
the degree of agitation were also studied by performing five additional batch
experiments. These additional experiments were for the exchange between
chloride and hydroxide ions.

RESULT AND DISCUSSIONS

HCI-OH™ System

Four experimental runs were conducted employing different values of R.
Except for one run, the initial HCl concentration in each run was about 0.005
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N. The results of these four runs were fitted with a film diffusion rate control
model. As pointed out by Helfferich (1, 2), for an ion-exchange process ac-
companied by neutralization, the rate is actually controlled by the film diffu-
sion of the counterion Cl~ and the co-ion H™. In contrast, the rate could have
been controlled by the diffusion of the two counterionsin an ordinary ion ex-
change. This argument can be explained by considering a charge balance at
the liquid—solid interface:

[H'] =[OHT] + [Cl]

Thus[Cl~] or [OH "] islessthan [H™]. Since the dissociation constant of wa-
teris10~ 4, that of [OH ] islessthan 10~ 7. This meansthat any OH ™ ion re-
leased by the exchanger will be consumed at the solid-iquid interface pro-
vided the HCI solution concentration is greater than 10~ 7. Since the
consumption of OH™ israpid at the interface, any amount of Cl— present at
the interface will be immediately exchanged with the OH™ ion from the ex-
changer. For this reason the assumption of anegligible value of C* (chloride
concentration at the liquid-solid surface) isjustified, and Egs. (8) and (9) are
applicable. Equation (8) suggests that a plot of In[Cy/C(t)] against t should
yield a straight line with the slope equal to KV, /V or K;RCo/Q.. The rate pa-
rameter, K¢, can then be determined from the value of the slope. Alternatively,
individual value of K; can be calculated from experimental C(t) by

Qc IN[Co/C(1)]
RCot

Ke(t) =

In al four runsit was found that the fit of data with the film diffusion model
was very good. Calculation for individual values of K; also showed that Ks is
fairly constant, at least for times up to about 30 minutes.

In most of the kinetics studies onion exchange, the data are usually reported
in terms of F(t), conventional known as fractional attainment of equilibrium.
In thiswork, only a single type of counterion of a binary system was present
initially in the solution and in the resin. The term F(t) can thus be more ap-
propriately interpreted as fractional conversion of one species of counterion to
another. To calculate F(t), it is necessary to know the variation of g with time.
A direct measurement of q(t) is not easy to perform. However, q(t) can be de-
termined from a mass balance using the measured C(t) data. Figures 1 and 2
show the experimental C(t)/C, data together with the fitted theoretical curve
based on the film diffusion model. The calculated values of q(t)/Q. from mass
balance for Run 2 are also shown Fig. 2. Similarly, a plot of F(t) versustime
from the data for Run 1 isaso shown in Fig. 1. Both Runs 1 and 2 were con-
ducted with R greater than unity. For these two runs, the total resin capacity
available is more than the total counterions initially present in the solution.
With the zero C* assumption, the value of ¢/Q. approaches the value of 1/R

MAaRrcEeL DEkkER, INc.
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FIG.1 Experimenta and calculated C(t)/Cq and F(t) versustime for HCI-OH™ exchange, Cq
= 0.00476 N HCI, R = 2.101.

at the final steady state. Thus, the final equilibrium value for q/Q. is0.476 for
Run 1 and 0.744 for Run 2. In terms of F, avalue of unity isreached for both
runs at the final steady state. Experimental and calculated results of x(t) and
y(t) for Runs 3 are shown in Fig. 3. Both Runs 3 and 4 were conducted by em-

1 1
0.8 - - 0.8
5 [e]
[e)
§ 0.6 - — 0.6 § )
02 102 E
N g
° . :E
0 ‘ ! , I . | ‘ | . : 10 %
0 5 10 15 20 25 30 35 ;
Time, minutes 2
FIG. 2 Experimenta and calculated C(t)/Cy and q(t)/Q. versus time for HCI-OH™ exchange, §

Co = 0.00558 N HCI, R = 1.344.
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FIG. 3 Experimental and calculated C(t)/Cy and q(t)/Q. versustime for HCI-OH™ exchange,
Co = 0.00546 N HCI, R = 0.916.

ploying R values of less than unity. For R less than unity, the solutionsin ex-
ponential form for x(t) and y(t) are valid only up to a critical time value be-
cause of the mass balance consideration. This critical timeis obtained by sub-
stituting the value of y equal to unity in Eg. (9) and solving for t. In the case
of Run 3, the calculated t; is 27.5 minutes and for Run 4 the calculated t; is
10.2 minutes. When time approaches t., the resin is nearly exhausted of any
OH™ ions. The assumption of negligible C* isnot quitejustified, and the qual-
ity of the fit with Eq. (8) is affected. In practical application, it is never eco-
nomical to operate theresin close to exhaustion. Thus, the rate equation based
on negligible surface concentration compared to the bulk solution concentra-
tion is still very useful. It is interested to note that the diffusion rate control
eguation based on this assumption isidentical in form to the equation formu-
lated for a first-order irreversible reaction. However, each equation arises
from adifferent physical interpretation of the rate mechanism.

In conjunction with use of the diffusion model, the quantity Ks is equal to
3D/(rod) asderived from Fick’s law. From experimental datafor Runs 1 to 4,
the values of K; were determined from the quantity KiRCo/Q., which is the
slope of the plot of In(1/x) versus t. Table 2 summarizes the values of
K{RCo/Q. obtained. The corresponding calculated K; and D/rd) are also
shown in the same table. The film thickness can be estimated if the effective
diffusivity, D, and the resin bead size, ro, are known. Runs 1 to 4 were con-
ducted with aresin size of 20-50 mesh; an average value of rq is assumed to
be 0.035 cm. The value of Dy can be derived by equating the net flux of H*
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TABLE 2
Summary of Calculations for K{RCo/Q. and D/rgd for Runs1to 7

KiRCo , . _, D .

rRn o ™M) R M) Qmegml)  KisYH )
1 0.173 2.101 0.00476 1.507 0.425 0.142
2 0.136 1.344 0.00558 1.507 0.456 0.152
3 0.091 0.916 0.00546 1.507 0.455 0.151
4 0.076 0.490 0.01023 1.507 0.373 0.125
5 0.055 1.984 0.00504 1.507 0.138 0.046
6 0.038 1.558 0.00493 1.507 0.125 0.042
7 0.026 0.497 0.01003 1.507 0.133 0.044

and Cl~ ions and eliminating the electric potential flux term to obtain the fol-
lowing expression (1):

2Dy . Dg -
1 1(1 1) or H-Yci

DHCI 2\ Dy+ Dcr Hcl D+ + DCI7

Based on the calculated results of Robinson and Stokes (16), the self-diffu-
sion coefficients for hydrogen and chlorideions at 25 °C were D+ = 9.31 X
105 cm?/sand Do~ = 2.03 X 10~° cm?/s. The value of D calculated is 3.33
X 107> cm?/s. The film thickness estimated for Run 1 to 4 is about 0.006 to
0.007 cm. Helfferich (17) stated that film thickness estimated from hydrody-
namics consideration or kinetics measurementsisabout 0.001to 0.01 cm. The
calculated film thickness val ue based on the kinetics experiments of thiswork
appears to be reasonable. It is to be noted that the values of D/(ryd) for Runs
1to 4 aslisted in Table 2 are very close to each other. Thisis to be expected
since these four runs were all conducted using the same size of resin and with
the same degree of stirring in the reaction vessel.

H,SO,—OH™ System

The most common anions present in tap water or brackish water are chlo-
rides and sulfates. For application in the deionization of water by ion ex-
change, the kinetics of exchange between resinsin OH™ form and dilute sul-
furic acid were also investigated in this study. Three experimental runs were
conducted. The H,SO, solution concentration employed for the studies was
about 0.005 to 0.01 N. Batch Runs 5 and 6 were performed with R equal to
1.98 and 1.56, respectively. The experimental data of Run 5 and the fitted
curves for x(t), y(t) or F(t) are shownin Fig. 4. Again, aplot of In(Co/C) ver-
sustimeyieldsastraight line with aslope equal to K¢V, /V. Figure 5 shows the
experimental resultsfor the run in which Rwasless than unity. The calculated
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FIG. 4 Experimental and calculated C(t)/Cy and F(t) versus time for H,SO,~OH ™~ exchange,
CO = 0.00504 N H2$O4, R = 1.984.

t. is about 26 minutes, which agrees very closely with the experimental data
shown inthefigure. For thisrun thefit of the film diffusion rate control model
isalso very satisfactory. Rate datafor H,SO,~OH ™ exchange show that itski-
netics of exchange is much slower compared to that of HCI-OH™ exchange.
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FIG. 5 Experimental and calculated C(t)/Co and q(t)/Q. versus time for H,SO,~OH™

exchange, Cp = 0.01003 N H»SO,, R = 0.497.
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The values of K; determined for the three experimental batch runsarelistedin
Table 2. The calculated values of D/(rgd) for Runs5to 7 are also listed in the
same table. As can be seen from the table, the value of D/(rod) determined is
about one-third of that of the HCI-OH ™ system. Since the resin size and the
stirring speed were the same in these experiments, the higher rate must be at-
tributed to a higher value of D for the HCI-OH™ system. If one assumes that
al sulfateions are present as SO, the formulafor evaluating Dy 5o, iS

6D+Dso?
4DSO‘217 + 2DH+

D = Du.s0, =

Substituting Doz~ = 1.06 X 10 ° cm?%s and Dy = 9.31 X 10> cm?/s, the
calculated value of Dy ,s0, is 2.59 X 107> cm?s. If sulfate is assumed to be
present entirely in the HSO,4 form, then
. 2Dy+Dyso,
Dhso, + Du+

Assuming Dyso; = 1.0 X 107> cm?/s, the calculated Dyy,s0, = 1.8 X 107°
cm?/s. The first dissociation constant for H,SO, is very large. The distribu-
tions of SO; and HSO, species are primarily determined from the second
dissociation in which K, = [H*][SO% ]/[HSOZ] = 0.012. For a 0.005 N
H>SO, solution the fraction of H,SO,4in HSO,4 form is about 0.26, and for a
0.01 N H,S0O, solution the fraction in HSO, form isabout 0.41. A reasonable
estimate for Dy,s0, can thus be assumed to be about 2 X 10° cm?s. It was
mentioned previoudly that the calculated K¢ for the H,SO,~OH™ system is
about a third of that of the HCI-OH™ system. Since the estimated value of
Dh,so, islessthan one-half that of Dy, the Slower ratesfor SO —OH ™ must
be dueto itssmaller effective diffusivity. Since an ion exchanger tendsto pre-
fer ions with a higher valence, the selectivity of sulfate ionsis expected to be
higher than that of chloride ions. However, because of its smaller size, chlo-
ride ions have afaster rate of exchange.

Factors Affecting the Kinetics of Exchange
Solution Concentration

All the solution concentrations prepared for this study were about 0.005 N
with the exception of two runswith a concentration of about 0.01 N. Theresults
shown for Runs4 and 7 indicate that film diffusion rate control is still valid at a
concentration of about 0.01 N. The calculated rate parameter, D/(rd), aso
shows no significant difference compared with the results obtained for a 0.005
N solution. Thus it is reasonable to state that the effective diffusivities do not
vary much between 0.005 and a0.01 N solutions. It islikely that avariation in
therate parameter may arise when concentrated solutions are employed, and that
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FIG. 6 Effect of resin bead size on the rate of exchange, Co = 0.0054 N HCI, V = 2 L,
W=5g.

Effect of Resin Size

Figure 6 shows the effect of using three different sizes of resin on the rate
of exchange. As expected, the smaller the resin size, the faster the attainment
of afinal steady-state. With the same experimental conditions except for resin
size, the rate of exchange isinversely proportional to theresin radius. Thisis
consistent with the theoretical equation derived for the film diffusion rate con-
trol model. The rate parameter is proportional to D/d and inversely propor-
tional to ro. When experiments are conducted with the same solution concen-
tration and the same degree of agitation, the value of D/ is expected to be the
same. Hence the rate should be linearly inversely proportional to the resin
bead radius. For particle diffusion, theoretical derivation (18) indicates that
the rate is inversely proportional to the square of the resin radius. The calcu-
lations shown in the Table 3 indicate that the rate parameter tendsto vary lin-
early with the reciprocal of the resin radius rather than with the reciprocal of
the square of the resin radius. This gives further evidence that the rate is film
diffusion rate controlled.

TABLE3
Summary of Calculations for K{RCo/Q. and D/rqd for Resin Size Effect Runs
KiRCo . . D _,
min — (s

Run Qc ( ) R Co (N) ro(meshno) K (s rod (s
1 0.173 2.101 0.00476 20-50 0.425 0.142
8 0.571 1.729 0.00584 50-100 1434 0.478
9 0.982 1.827 0.00564 100-200 2471 0.82
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FIG. 7 Effect of stirring speed on the rate of exchange, Co = 0.0055N HCI,V =04L,W=1g.

Effect of Agitation Speed

The speed of agitation in the exchange vessel affects the rate of exchange
dueto itseffect on film thickness. A higher rate of agitation tends to reduce the
film thickness. However, as pointed out by Helfferich (17), a limiting hydro-
dynamics efficiency will be approached beyond which any further increase in
stirring speed will have no effect on the rate of exchange. Thusitisseenin Fig.
7 that the rate of exchange increases substantially from a stirring rate of 400
rpm to one of 800 rpm, but no significant increase in the rate is observed when
astirring speed of 1000 rpm is employed. The calculated value of D/(rqd) for
thethreerunsof different stirring speed arelisted in Table 4. For these three ex-
periments, smaller volumes of solution and resin were used. Assuming the
same vaue of D/rq for these threeruns, it is seen that the calculated film thick-
ness for the run of 1000 rpm is about one-six that of the 400 rpm run.

TABLE4
Summary of Calculations for Ki{RCy/Q, and D/rqd for Stirring Effect Runs
KiRCo , . . D
Run Q. (min ") R Co (N) rpm Ki (s™Y rod ()
10 0.034 1.723 0.00582 400 0.085 0.028
11 0.198 1.866 0.00536 800 0.498 0.166
12 0.231 1.864 0.00549 1000 0.568 0.189
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CONCLUSIONS

For a solution concentration of lessthan 0.01 N, the rate of exchange of the
HCI-OH™ and H,SO,~OH™ systems is film diffusion rate controlled. Be-
cause of the negligibleinterface concentration of Cl~ and SO3 , the rate equa-
tion based on film diffusion model can be integrated analytically. A plot of
In(Co/C) versustimeyieldsastraight linewith aslope equal to K{RCo/Q.. The
quantity K¢, and subsequently the value of D/8, can be estimated. The simpli-
fied rate equation resulting from neglecting C* isidentical in form to a rate
eguation based on afirst-order irreversible reaction. Therate for ion exchange
accompanied by neutralization is higher compared to that for an ordinary ion-
exchange process. Theresin size and stirring speed both have a substantial ef-
fect on the rate of exchange. The experimental data obtained showed that the
rate isinversely proportional to the bead radius of the resin, and that a maxi-
mum rate is reached when the stirring speed is near 1000 rpm. The results of
this study also indicate that the rate of exchange is faster for the HCI-OH™
system than for the H,SO,—OH ™ system.
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SYMBOLS

C concentration of counter ionsin the solution (meq/L)

Co initial solution concentration (meq/L)

c* equilibrium solution concentration at the solid-iquid film interface
(meg/L)

D effective diffusivity of ionsin the liquid film (cm?/s)

Ks rate parameter in the film diffusion model (1/s)

F fractional attainment of final equilibrium

q concentration of one species of counterions in the resin (meg/mL or
meq/g)

Qc capacity of resin in wet basis (meq/mL)
A capacity of resinin dry basis (meq/qg)
ro resin bead radius (cm)

R stoichiometric ratio of counterions in the resin and in the solution
t absolute time (minutes)

te critical time (minutes)

Vv solution volume (mL)

V; resin volume (mL)
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w

X
y
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TAN

weight of dried resin (Q)
equivalent fraction of one of the species of counterions in the solution
equivalent fraction of one of the species of counterionsin the resin

Greek Letter

d

10.
11

12.
13.
14.
15.
16.
17.
18.

liquid film thickness (cm)
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