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Ion 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

The kinetics of exchange between an anion resin in the OH2 form with dilute acids
was studied in a batch system. The resin used was Dowex 1-X8 and the acids prepared
for the experimental work were 0.005 to 0.01 N HCl and H2SO4. The results of study
showed that a film diffusion model with a constant rate parameter fits all experimen-
tal data very well. The experimental results also showed that the rate is inversely pro-
portional to the resin radius as predicted by the film diffusion model. It was found that
the rate for Cl–OH2 exchange is higher than that for the SO4

22–OH2 exchange. This
higher rate of exchange is attributed to the higher effective diffusivity for the
HCl–OH2 system as compared to that for the H2SO4–OH2 system.

INTRODUCTION

In an ordinary ion-exchange process, the counterions of different species
exchange with each other. In this case the co-ions in the system do not undergo
any changes. As a result, the total concentration of counterions and co-ions re-
mains constant before and after exchange. Most of the studies on ion exchange
are confined to this type of process in which the result of the exchange is an
alteration 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
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industrial applications. For instance, the deionization of water by ion ex-
change is achieved by the neutralization of OH2 ion released from the anion
resin. In the case of complex formation, many processes have been developed
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 is increasing due to the rapid ex-
pansion of the electronic 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 OH2 form of resin and Cl2

and SO4
22 ions in the feedwater. The design and operation of the anion bed re-

quires ample understanding of the kinetics of exchange which is accompanied
by the neutralization reaction. For ease of experimental work and to be able to
use simple models for data analysis, most kinetics studies on ion exchange are
carried out in a batch 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 HCl and H2SO4 and a strong anion exchanger in the OH2 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 also 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. Ion exchange accompanied by neutralization in-
volves reactions between strong acids and OH2 ions released by an anion ex-
changer or reactions between strong bases and H1 ions released by a cation
exchanger. Typical reactions dealing with strong acidic cation resins or strong
base anion resins are

RH 1 MOH ↔ RM 1 H2O (1)

ROH 1 HA ↔ RA 1 H2O (2)

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, a typical reaction is (2)

RNa 1 HCl ↔ RH 1 NaCl (3)

The kinetics for this type 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 Eqs. (1) and (2), since the co-ions in the solutions
are excluded from entering the resin bead due to the Donnan effect, the reac-
tion occurs at the resin bead surface. Thus the 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 a finite
solution volume, the following rate equation is formulated for a binary
exchange:

dq/dt 5 Kf(C 2 C*) (4)

where q and C are the concentration of one of the species of the two counteri-
ons in the resin and in the solution, respectively, Kf 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 OH2 or H1 ions released from the resin. Because of the electroneutral-
ity of ions at the resin–liquid surface, and since the dissociation constant for
water is 10214, the value of C* is small and can be neglected in the rate equa-
tion. A mass balance for one species of the two counter ions is

V(C0 2 C) 5 Vr(q 2 q0) (5)

where V and Vr are the volume of the solution and the volume of the resin, re-
spectively, and C and q 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 Eqs. (4) and (5) and neglecting C*:

dq/dt 5 Kf[C0 2 (Vr /V)(q 2 q0)] (6)
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integrating with initial condition t 5 0, q 5 q0 5 0:

}
V
V
C
rq

0
} 5 1 2 exp12 }

Kf

V
Vrt
}2 (7)

From the mass balance of Eq. (5),

x 5 }
C
C

0
} 5 exp12 }

Kf

V
Vrt
}2 (8)

Let y 5 q/Qc, where Qc is the exchanger capacity in meq/mL and y is the
equivalent fraction of one the two counterions in the resin.

y(t) 5 }
R
1

}31 2 exp12 }
Kf

V
Vrt
}24 (9)

where R is the stoichiometric ratio defined by

R 5 }
(
V
V

r

C
Q

0

c

)
} 5 }

(
W
VC

Q

0

9c
)

}

here W is the weight of resin in grams and Q9c is the resin capacity on a dry ba-
sis and the unit is expressed in meq/g.

In the case of R , 1:

y(t) 5 }
R
1

}31 2 exp12 }
Kf

V
Vrt
}24 for 0 , t , tc

y(t) 5 1 for t . tc

(10)

where

tc 5 }
(V

K
/V

f

r)
} ln }

1 2
1

R
}

In the case of R . 1 the fractional attainment of final steady state is defined
by

F(t) 5 }
y

y

(

(

`

t)

)
} 5 1 2 exp12 }

Vr

V
Kft
}2 (11)

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) 5 G(t) (12)

26 TAN
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For the case of R . 1:

F(t) 5 RG(t) for 0 , t , tc

F(t) 5 1 for t . tc

(13)

where the value of tc is determined from RG(tc) 5 1, and G(tc) is obtained
from Fick’s second law of solution or numerical solution of the Nernst–Planck
equations.

Other Kinetic Models

The above discussion deals primarily with a strong acidic or base resin. 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 a weak 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 H2SO4 with concentrations of about
0.005 to 0.01 N were prepared for the kinetics study of HCl–OH2 and
H2SO4–OH2 exchange. The reacting vessel was a rectangular glass container
of 400 cm2 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 OH2 form
by a standard procedure for the kinetics study of HCl–OH2 and H2SO4–OH2

exchange. The capacity of the resin in chloride form was determined to be
3.985 meq/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 meq/g, respec-
tively. For the analytical work, aliquot samples were diluted by a factor of 20
before analyzing for Cl2 or SO4

22 concentration by a Hach DR/2000 spec-
trophotometer.
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Experimental Procedure

A typical run started with a predetermined amount of the OH2 form of resin
placed in a cubical glass vessel (20 cm 3 20 cm 3 15 cm) containing a fixed
volume of the prepared HCl or H2SO4 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 Cl2 or
SO4

22 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 Cl2 or SO4

22 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 HCl–OH2 system and three experimental runs for the
H2SO4–OH2 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

HCl–OH2 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

28 TAN

TABLE 1
Summary of Experimental Conditions

Run Q′c (meq/g) W (g) V (L) C0 (N) R Stirring rate, rpm

1 3.984 5.008 2.0 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 2.0 0.00504 1.984 800
6 3.984 4.821 2.5 0.00493 1.558 800
7 3.984 5.005 4.0 0.01003 0.497 800
8 4.028 5.013 2.0 0.00584 1.729 800
9 4.113 5.013 2.0 0.00564 1.827 800

10 3.988 1.007 0.4 0.00581 1.723 400
11 3.988 1.003 0.4 0.00535 1.866 800
12 3.988 1.027 0.4 0.00549 1.864 1000
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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 Cl2 and the co-ion H1. In contrast, the rate could have
been controlled by the diffusion of the two counterions in an ordinary ion ex-
change. This argument can be explained by considering a charge balance at
the liquid–solid interface:

[H1] 5 [OH2] 1 [Cl2]

Thus [Cl2] or [OH2] is less than [H1]. Since the dissociation constant of wa-
ter is 10214, that of [OH2] is less than 1027. This means that any OH2 ion re-
leased by the exchanger will be consumed at the solid–liquid interface pro-
vided the HCl solution concentration is greater than 1027. Since the
consumption of OH2 is rapid at the interface, any amount of Cl2 present at
the interface will be immediately exchanged with the OH2 ion from the ex-
changer. For this reason the assumption of a negligible value of C* (chloride
concentration at the liquid–solid surface) is justified, and Eqs. (8) and (9) are
applicable. Equation (8) suggests that a plot of ln[C0 /C(t)] against t should
yield a straight line with the slope equal to KfVr /V or KfRC0 /Qc. The rate pa-
rameter, Kf, can then be determined from the value of the slope. Alternatively,
individual value of Kf can be calculated from experimental C(t) by

Kf(t) 5}
Qc ln

R
[C
C

0

0

/
t
C(t)]

}

In all four runs it was found that the fit of data with the film diffusion model
was very good. Calculation for individual values of Kf also showed that Kf is
fairly constant, at least for times up to about 30 minutes.

In most of the kinetics studies on ion exchange, the data are usually reported
in terms of F(t), conventional known as fractional attainment of equilibrium.
In this work, 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 q 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)/C0 data together with the fitted theoretical curve
based on the film diffusion model. The calculated values of q(t)/Qc from mass
balance for Run 2 are also shown Fig. 2. Similarly, a plot of F(t) versus time
from the data for Run 1 is also 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/Qc approaches the value of 1/R

REMOVAL OF DILUTE ACIDS BY ANION EXCHANGE 29
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ORDER                        REPRINTS

at the final steady state. Thus, the final equilibrium value for q/Qc is 0.476 for
Run 1 and 0.744 for Run 2. In terms of F, a value of unity is reached 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-

30 TAN

FIG. 1 Experimental and calculated C(t)/C0 and F(t) versus time for HCl–OH2 exchange, C0

5 0.00476 N HCl, R 5 2.101.

FIG. 2 Experimental and calculated C(t)/C0 and q(t)/Qc versus time for HCl–OH2 exchange, 
C0 5 0.00558 N HCl, R 5 1.344.
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ploying R values of less than unity. For R less than unity, the solutions in 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 time is obtained by sub-
stituting the value of y equal to unity in Eq. (9) and solving for t. In the case
of Run 3, the calculated tc is 27.5 minutes and for Run 4 the calculated tc is
10.2 minutes. When time approaches tc, the resin is nearly exhausted of any
OH2 ions. The assumption of negligible C* is not quite justified, and the qual-
ity of the fit with Eq. (8) is affected. In practical application, it is never eco-
nomical to operate the resin 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
equation based on this assumption is identical in form to the equation formu-
lated for a first-order irreversible reaction. However, each equation arises
from a different physical interpretation of the rate mechanism.

In conjunction with use of the diffusion model, the quantity Kf is equal to
3D/(r0d) as derived from Fick’s law. From experimental data for Runs 1 to 4,
the values of Kf were determined from the quantity KfRC0/Qc, which is the
slope of the plot of ln(1/x) versus t. Table 2 summarizes the values of
KfRC0/Qc obtained. The corresponding calculated Kf and D/r0d) are also
shown in the same table. The film thickness can be estimated if the effective
diffusivity, D, and the resin bead size, r0, are known. Runs 1 to 4 were con-
ducted with a resin size of 20–50 mesh; an average value of r0 is assumed to
be 0.035 cm. The value of DHCl can be derived by equating the net flux of H1

REMOVAL OF DILUTE ACIDS BY ANION EXCHANGE 31

FIG. 3 Experimental and calculated C(t)/C0 and q(t)/Qc versus time for HCl–OH2 exchange,
C0 5 0.00546 N HCl, R 5 0.916.
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and Cl2 ions and eliminating the electric potential flux term to obtain the fol-
lowing expression (1):

}
D

1
HCl
} 5 }

1
2

} 1}
D

1
H1
} 1 }

D
1
Cl2
}2 or DHCl 5 }

D
2

H

D
1

H

1
1D

D
C

C

l2

l2
}

Based on the calculated results of Robinson and Stokes (16), the self-diffu-
sion coefficients for hydrogen and chloride ions at 25 °C were DH1 5 9.31 3
1025 cm2/s and DCl2 5 2.03 3 1025 cm2/s. The value of D calculated is 3.33
3 1025 cm2/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 measurements is about 0.001 to 0.01 cm. The
calculated film thickness value based on the kinetics experiments of this work
appears to be reasonable. It is to be noted that the values of D/(r0d) for Runs
1 to 4 as listed in Table 2 are very close to each other. This is 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.

H2SO4–OH2 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 resins in OH2 form and dilute sul-
furic acid were also investigated in this study. Three experimental runs were
conducted. The H2SO4 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 shown in Fig. 4. Again, a plot of ln(C0/C) ver-
sus time yields a straight line with a slope equal to KfVr /V. Figure 5 shows the
experimental results for the run in which R was less than unity. The calculated

32 TAN

TABLE 2
Summary of Calculations for KfRC0/Qc and D/r0δ for Runs 1 to 7

Run
}
Kf

Q

R

c

C0
} (min21)

R C0 (N) Qc (meq/mL) Kf (s21)
}
r

D

0d
} (s21)

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
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tc is about 26 minutes, which agrees very closely with the experimental data
shown in the figure. For this run the fit of the film diffusion rate control model
is also very satisfactory. Rate data for H2SO4–OH2 exchange show that its ki-
netics of exchange is much slower compared to that of HCl–OH2 exchange.

REMOVAL OF DILUTE ACIDS BY ANION EXCHANGE 33

FIG. 4 Experimental and calculated C(t)/C0 and F(t) versus time for H2SO4–OH2 exchange,
C0 5 0.00504 N H2SO4, R 5 1.984.

FIG. 5 Experimental and calculated C(t)/C0 and q(t)/Qc versus time for H2SO4–OH2

exchange, C0 5 0.01003 N H2SO4, R 5 0.497.
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The values of Kf determined for the three experimental batch runs are listed in
Table 2. The calculated values of D/(r0d) for Runs 5 to 7 are also listed in the
same table. As can be seen from the table, the value of D/(r0d) determined is
about one-third of that of the HCl–OH2 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 HCl–OH2 system. If one assumes that
all sulfate ions are present as SO22, the formula for evaluating DH2SO4

is

D 5 DH2SO4
5

Substituting DSO4
22 5 1.06 3 1025 cm2/s and DH 5 9.31 3 1025 cm2/s, the

calculated value of DH2SO4
is 2.59 3 1025 cm2/s. If sulfate is assumed to be

present entirely in the HSO4
2 form, then

D 5

Assuming DHSO4
2 5 1.0 3 1025 cm2/s, the calculated DH2SO4

5 1.8 3 1025

cm2/s. The first dissociation constant for H2SO4 is very large. The distribu-
tions of SO4

22 and HSO4
2 species are primarily determined from the second

dissociation in which K2 5 [H1][SO4
22]/[HSO4

2] 5 0.012. For a 0.005 N
H2SO4 solution the fraction of H2SO4 in HSO4

2 form is about 0.26, and for a
0.01 N H2SO4 solution the fraction in HSO4

2 form is about 0.41. A reasonable
estimate for DH2SO4

can thus be assumed to be about 2 3 1025 cm2/s. It was
mentioned previously that the calculated Kf for the H2SO4–OH2 system is
about a third of that of the HCl–OH2 system. Since the estimated value of
DH2SO4

is less than one-half that of DHCl, the slower rates for SO4
22–OH2 must

be due to its smaller effective diffusivity. Since an ion exchanger tends to pre-
fer ions with a higher valence, the selectivity of sulfate ions is expected to be
higher than that of chloride ions. However, because of its smaller size, chlo-
ride ions have a faster 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 runs with a concentration of about 0.01 N. The results
shown for Runs 4 and 7 indicate that film diffusion rate control is still valid at a
concentration of about 0.01 N. The calculated rate parameter, D/(r0d), also
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 a 0.01 N solutions. It is likely that a variation in
the rate parameter may arise when concentrated solutions are employed, and that
the contribution of particle diffusion to the rate of exchange is significant.

2DH1DHSO4
2

}}
DHSO4

2 1 DH1

6DH1DSO4
22

}}
4DSO4

22 1 2DH1
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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 a final steady-state. With the same experimental conditions except for resin
size, the rate of exchange is inversely proportional to the resin radius. This is
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 r0. When experiments are conducted with the same solution concen-
tration and the same degree of agitation, the value of D/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 tends to 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.

REMOVAL OF DILUTE ACIDS BY ANION EXCHANGE 35

FIG. 6 Effect of resin bead size on the rate of exchange, C0 5 0.0054 N HCl, V 5 2 L, 
W 5 5 g.

TABLE 3
Summary of Calculations for KfRC0/Qc and D/r0δ for Resin Size Effect Runs

Run
}
Kf

Q

R

c

C0
} (min21)

R C0 (N) r0 (mesh no.) Kf (s21)
}
r

D

0d
} (s21)

1 0.173 2.101 0.00476 20–50 0.425 0.142
8 0.571 1.729 0.00584 50–100 1.434 0.478
9 0.982 1.827 0.00564 100–200 2.471 0.824
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Effect of Agitation Speed

The speed of agitation in the exchange vessel affects the rate of exchange
due to its effect 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. Thus it is seen in 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
a stirring speed of 1000 rpm is employed. The calculated value of D/(r0d) for
the three runs of different stirring speed are listed in Table 4. For these three ex-
periments, smaller volumes of solution and resin were used. Assuming the
same value of D/r0 for these three runs, 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.

36 TAN

FIG. 7 Effect of stirring speed on the rate of exchange, C0 5 0.0055 N HCl, V 5 0.4 L, W 5 1 g.

TABLE 4
Summary of Calculations for KfRC0/Qc and D/r0δ for Stirring Effect Runs

Run
}
Kf

Q

R

c

C0
} (min21)

R C0 (N) rpm Kf (s21)
}
r

D

0d
} (s21)

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

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

1:
38

 2
8 

A
pr

il 
20

14
 



ORDER                        REPRINTS

CONCLUSIONS

For a solution concentration of less than 0.01 N, the rate of exchange of the
HCl–OH2 and H2SO4–OH2 systems is film diffusion rate controlled. Be-
cause of the negligible interface concentration of Cl2 and SO4

22, the rate equa-
tion based on film diffusion model can be integrated analytically. A plot of
ln(C0/C ) versus time yields a straight line with a slope equal to KfRC0/Qc. The
quantity Kf, and subsequently the value of D/d, can be estimated. The simpli-
fied rate equation resulting from neglecting C* is identical in form to a rate
equation based on a first-order irreversible reaction. The rate for ion exchange
accompanied by neutralization is higher compared to that for an ordinary ion-
exchange process. The resin size and stirring speed both have a substantial ef-
fect on the rate of exchange. The experimental data obtained showed that the
rate is inversely 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 HCl–OH2

system than for the H2SO4–OH2 system.
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SYMBOLS

C concentration of counter ions in the solution (meq/L)
C0 initial solution concentration (meq/L)
C* equilibrium solution concentration at the solid–liquid film interface

(meq/L)
D effective diffusivity of ions in the liquid film (cm2/s)
Kf 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 (meq/mL or

meq/g)
Qc capacity of resin in wet basis (meq/mL)
Q9c capacity of resin in dry basis (meq/g)
r0 resin bead radius (cm)
R stoichiometric ratio of counterions in the resin and in the solution
t absolute time (minutes)
tc critical time (minutes)
V solution volume (mL)
Vr resin volume (mL)
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W weight of dried resin (g)
x equivalent fraction of one of the species of counterions in the solution
y equivalent fraction of one of the species of counterions in the resin

Greek Letter

d liquid film thickness (cm)

REFERENCES

1. F. Helfferich, J. Phys. Chem., 69, 1178 (1965).
2. F. Helfferich, in Ion Exchange (L. A. Marinsky, Ed.), Dekker, New York, NY, 1966,

Chapter 2.
3. F. Helfferich and Y.-L. Hwang, in Ion Exchangers (K. Dorfner, Ed.), Walter de Gruyter,

New York, NY, 1991, p. 1277.
4. F. X. McGarvey and D. Tamaki, in New Developments in Ion Exchange (M. Abe, T.

Kataoka, and T. Suzuki, Eds.), Kodansha, Tokyo, 1991, p. 313.
5. T. V. Arden, in Ion Exchangers (K. Dorfner, Ed.), Walter de Gruyter, New York, NY,

1991, p. 717.
6. S. B. Applebaum, Demineralization by Ion Exchange, Academic Press, New York, NY,

1968, Chapter 6.
7. V. Chowdiah and G. L. Foutch, Ind. Eng. Chem. Res., 34, 4040 (1995).
8. V. Chowdiah and G. L. Foutch, in Ion Exchange Developments and Applications, (J. A.

Greig, Ed.), Royal Society of Chemistry, Cambridge, 1996, p. 10.
9. C. E. Haub and G. L. Foutch, Ind. Eng. Chem. Fundam., 25, 373 (1986).

10. E. J. Zecchini and G. L. Foutch, Ind. Eng. Chem. Res., 30, 1886 (1991).
11. F. X. McGarvey, in Ion Exchange Developments and Applications (J. A. Greig, Ed.), Royal

Society of Chemistry, Cambridge, 1996, p. 82.
12. F. Helfferich and M. S. Plesset, J. Chem. Phys., 28, 418 (1958).
13. W. Holl, Reactive Polym., 2, 93 (1984).
14. M. Streat, Ibid., 2, 79 (1984).
15. J. D. Wagner and J. S. Dranoff, J. Phys. Chem., 71, 4551 (1967).
16. R. A. Robinson and R. H. Stokes, Electrolyte Solutions, Butterworths, London, 1959.
17. F. Helfferich, Ion Exchange, McGraw-Hill, New York, NY, 1962, Chapter 6.
18. E. Glueckauf, in Ion Exchange and Its Applications, Society of Chemical Industry, Lon-

don, 1955, pp. 34–46.

Received by editor November 23, 1998
Revision received May 1999

38 TAN

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

1:
38

 2
8 

A
pr

il 
20

14
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Order now!

 

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SS100100141

Request Permission or Order Reprints Instantly! 

Interested in copying and sharing this article? In most cases, U.S. Copyright 
Law requires that you get permission from the article’s rightsholder before 
using copyrighted content. 

All information and materials found in this article, including but not limited 
to text, trademarks, patents, logos, graphics and images (the "Materials"), are 
the copyrighted works and other forms of intellectual property of Marcel 
Dekker, Inc., or its licensors. All rights not expressly granted are reserved. 

Get permission to lawfully reproduce and distribute the Materials or order 
reprints quickly and painlessly. Simply click on the "Request 
Permission/Reprints Here" link below and follow the instructions. Visit the 
U.S. Copyright Office for information on Fair Use limitations of U.S. 
copyright law. Please refer to The Association of American Publishers’ 
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted, 
reposted, resold or distributed by electronic means or otherwise without 
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the 
limited right to display the Materials only on your personal computer or 
personal wireless device, and to copy and download single copies of such 
Materials provided that any copyright, trademark or other notice appearing 
on such Materials is also retained by, displayed, copied or downloaded as 
part of the Materials and is not removed or obscured, and provided you do 
not edit, modify, alter or enhance the Materials. Please refer to our Website 
User Agreement for more details. 

 

 

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

1:
38

 2
8 

A
pr

il 
20

14
 

http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Dekker&publication=SS&title=Ion+Exchange+Accompanied+by+Neutralization+Reaction%3A+Removal+of+Dilute+Acids+by+Anion+Exchange&offerIDValue=18&volumeNum=35&startPage=23&isn=0149-6395&chapterNum=&publicationDate=01%2F04%2F2000&endPage=38&contentID=10.1081%2FSS-100100141&issueNum=1&colorPagesNum=0&pdfStampDate=07%2F28%2F2003+11%3A35%3A02&publisherName=dekker&orderBeanReset=true&author=HENRY+K.+S.+TAN&mac=ObG2hWZK7vFSd8hmQldNfg--

