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ABSTRACT: This article reports the transport of selected
carboxylic acids—citric acid, oxalic acid, and tartaric acid—
through an anion-exchange membrane (Neosepta-AMH) in
a two-compartment dialysis cell. These basic data have been
completed by measurements of the sorption isotherms. The
mass-transfer rate has been quantified by the following
transport characteristics: the overall dialysis coefficient, the
permeability of the membrane, and the membrane mass-
transfer coefficient. The sorption experiments have revealed
that the Neosepta-AMH membrane exhibits the highest af-

finity to tartaric acid, whereas the lowest affinity has been
found for citric acid. The analysis of the mass-transfer data
has shown that the membrane is relatively permeable for
oxalic acid: all three transport characteristics for oxalic acid
are approximately 1 order of magnitude higher than those
for citric or tartaric acid. © 2007 Wiley Periodicals, Inc. ] Appl
Polym Sci 106: 909-916, 2007
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INTRODUCTION

For many years, membrane processes based on ion-
exchange polymeric membranes have been applied in
the chemical, food, and pharmaceutical industries. At
present, they are intensively studied, as they belong
among promising separation techniques. Not only are
new membranes being synthesized,'” but new appli-
cations using commercial membranes are being inves-
tigated.'”* Even though ion-exchange membranes
are used in the separation of mixtures (e.g., the sepa-
ration process using anion-exchange membranes,
called diffusion dialysis, is used for the efficient se}z) -
ration of acids from their mixtures with salts'®?'72),
the basic information that must be known concerns
the transport of a single component through a mem-
brane. For that reason, permeation experiments with
binary solutions are still a subject of very intensive
research because the obtained results can be consid-
ered basic and reference data for the separation of
complex mixtures.

Polymeric anion-exchange membranes find appli-
cations also in fermentation processes, in which mix-
tures containing carboxylic acids of various composi-
tions and concentration have to be separated to obtain
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the acid of interest.” > To quantify the transport of
components through a membrane, several transport
characteristics can be used, such as the overall dialy-
sis coefficient, the permeability of the membrane, and
the membrane mass-transfer coefficient. All these
characteristics can be obtained only experimentally.
For this purpose, a two-compartment mixed cell is
mostly used.>12131519.3534

The aim of this article is to present basic informa-
tion on the transport of selected carboxylic acids
through an anion-exchange membrane (Neosepta-
AMH) by the use of a two-compartment cell with
water as a stripping agent. These data can serve as
reference data for the dialysis of complex solutions,
as mentioned previously, or for neutralization dialy-
sis.” Although the transport mechanisms of carbox-
ylic acids inside polymeric membranes can be very
complex, for simplicity, solution-diffusion transport
is supposed here.

THEORY

Figure 1 schematically shows a two-compartment
mixed cell with a membrane. If the concentration of
component A (carboxylic acid) in compartment I is
higher than that in compartment II, then the flux of
the component through the membrane exists. It can
simply be calculated from the concentration and vol-
ume changes in both compartments:
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Figure 1 Scheme of a two-compartment cell.

where ] is the flux of component A (kmol m 2s7Y),
V is the volume (m®), c is the molar concentration
(kmol/m?), A is the membrane area (m?), 7 is the time
(s), subscript A refers to component A, superscript [
refers to compartment I, and superscript II refers to
compartment II. Equation (1) can be rewritten as two
ordinary differential equations that describe the time
dependence of component A in both compartments:

dcl, A cl dv!
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The initial conditions for eqs. (2) and (3) are as fol-
lows:

0 A
T=0, cy =Cyp, €4 =Cup=0 4)

where subscript 0 indicates the initial value. The deriva-
tion of egs. (2) and (3) is based on the assumption that
ideal mixing of the liquid in both compartments exists.

In the determination of the overall dialysis coeffi-
cient for component A (Ky), J4 is expressed by the fol-
lowing relation:

Ja = Ka(cy —clf) ®)

The determination of the two other characteristics is
more complex than that of K, because the mass trans-
port in liquid films, whose existence is assumed on
both sides of the membrane, must be considered (see
Fig. 2). In the case of the determination of the perme-
ability coefficient of the membrane, egs. (6)—(8) must
be added to the basic differential egs. (2) and (3)

Ta =ki(ch — ) (6)
Jam = Py (qu,ff - cﬁ,,-f) (7)
4=k (chy—ch) ®)

where ki and kI are the liquid mass-transfer coeffi-
cients, P, is the permeability coefficient of the mem-
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brane, subscript M denotes the membrane, and sub-
script if denotes the solution/membrane interface.
The mass-transfer coefficient can easily be estimated
with the following equation:

Sh = CRe">5c%3 9)

where Sh = k;d/D, is the Sherwood number, Re =
nd®p/p is the Reynolds number, Sc = pu/pDy is the
Schmidt number, C is a constant, n is the rotational
speed of the stirrer (s 1), d is the diameter of the stir-
rer (m), D4 is the diffusivity of component A (m?/s),
u is the dynamic viscosity (Pa s), and p is the density
(kg/ m®). Equations (6) and (8) describe the transport
of component A through the liquid films, whereas eq.
(7) concerns the transport through the membrane.

For the determination of the membrane mass-trans-
fer coefficient, the equilibrium relations have to be
added to egs. (6) and (8):

v = Whchy k=11 (10)

where W& (k = I or II) is the partition coefficient on
both sides of the membrane. The flux of component A
through the membrane is then given by the following
equation:

Jam = kam (CfQM - CZM) (11)

where kay; is the membrane mass-transfer coefficient
and ¢, (k = I or II) is the concentration of compo-
nent A in the membrane at both boundaries.

For simplicity, suppose the pseudo-steady state: J;
= Jam = JI. If the dependence of the concentrations
of component A in both compartments and the volu-
metric changes are recorded, then it is possible to
numerically solve the basic differential equations
[egs. (2) and (3)]. If this step is combined with a suita-
ble optimizing procedure, then one can determine the
basic transport characteristics mentioned previously.
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Figure 2 Concentration profiles of component A in mem-
brane and liquid films.



POLYMERIC ANION-EXCHANGE MEMBRANE

EXPERIMENTAL

To determine the transport characteristics of a compo-
nent in the membrane, a two-compartment cell with
stirrers was mostly used. At the beginning of the
experiment, one compartment was filled with the
investigated solution, whereas the other was filled
with distilled water. Afterward, the concentrations of
the component in both compartments were recorded
as functions of time. Moreover, the equilibrium com-
ponent concentration in the membrane was also
needed.

Concentration of the carboxylic acids
in the membrane

The concentration of the individual carboxylic acids
in the membrane, which was equilibrated with a bulk
solution of a known composition, was determined by
a procedure based on the saturation of the membrane
with carboxylic acid followed by an extraction of acid
into water. The membrane, having a 25-30-cm? sur-
face area (the membrane was cut into four to six
pieces), which was kept in a storage solution (0.5M
NaCl), was rid of salt by thorough washing in dis-
tilled water and then was repeatedly saturated with
carboxylic acid of a low concentration. The aim of this
step was to replace Cl ions originally present in the
membrane with anions of the studied acid. After
repeated and thorough washing of the membrane in
distilled water, the membrane was shaken in an acid
of a known concentration for 19 h (overnight). After-
ward, the membrane was carefully wiped with blot-
ting paper to remove the solution adhering to the
membrane surface and repeatedly shaken (4X) in
25 mL of distilled water. The carboxylic acid concentra-
tions in the bulk solutions were determined by titra-
tion with a standard solution of NaOH, whereas those
in the individual extracts were determined spectro-
photometrically (in the ultraviolet region) after the
addition of a strong acid to suppress the dissociation

W A

B 6

.

Figure 3 Experimental setup: (1) dialysis cell, (2) partition
with a membrane, (3,4) stirrers with motors, (5) water
bath, and (6) thermostat.
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TABLE I
Experimental Conditions
My o n' = nll
Acid (kg/kmol) K? (kmol/m?) (s
Citric 192.13 8.6 x 107* 0.1-1.0 1.17-9.17
Oxalic 90.03 6.5 X 1072 0.1-0.8 1.17-9.17
Tartaric 150.09 921 x 107* 0.1-1.0 1.17-9.17

@ The data were taken from ref. 39.

of carboxylic acid. For that purpose, a Spectronic
Helios Gamma ultraviolet-visible spectrophotometer
was used. All the experiments were carried out at
25°C.

Dialysis experiments

Figure 3 depicts the experimental setup used. Its
main part was a dialysis cell made of Plexiglas. The
inner dimensions were 0.12 m X 0.15 m X 0.16 m
(length X width X height). A vertical partition, in
which the membrane was fastened, divided the cell
into two compartments that were approximately the
same. In both compartments, the liquid was stirred
with laboratory stirrers with an electronic rotation
rate control. The shape and size of the stirrers were
designed to ensure ideal mixing of the solution vol-
ume in both compartments of the cell. In all experi-
ments, we used an anion-exchange membrane (Neo-
septa-AMH) produced by Tokuyama Soda Co., Inc.
(Tokyo, Japan), whose basic properties have already
been published.’**” It is a strongly basic membrane
with —NC;H; functional groups.” The membrane
area was 62.2 cm”.

At the beginning of each experiment, compart-
ments I and II were filled with a carboxylic acid solu-
tion and distilled water, respectively. The initial vol-
ume of the liquid in both compartments was always
103 m®. In the course of each experiment, the concen-
tration of carboxylic acid and the height of the liquid
levels were measured. The concentration of acid was
determined by titration with a standard solution of
sodium hydroxide and/or spectrophotometrically.
The temperature was kept at a constant value of 25 *
0.5°C. The experimental conditions, such as the initial
acid concentration in compartment I and the range of
the rotational speeds of the stirrers, are summarized
in Table L.

RESULTS AND DISCUSSION
Concentration of carboxylic acid in the membrane

The concentration of carboxylic acid in the membrane
was calculated from the amount of acid in the indi-
vidual extracts (four 25-mL extracts were obtained)
and the volume of the swollen membrane:

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Sorption isotherms of Neosepta-AMH mem-
brane/carboxylic acid systems at 25°C: (1) citric acid, (2)
oxalic acid, and (3) tartaric acid.

4
25 x 10°° Z CZ’}traCt
j=1
Vm

cAM = (12)

where the superscript extract refers to the extract. In
Figure 4, the sorption isotherms of the Neosepta-
AMH membrane/carboxylic acid systems are pre-
sented. From this graphical presentation, it is evident
that at low acid concentrations in the bulk solution
(below ca. 0.2 kmol/m?), the acid concentration in the
membrane sharply increases with increasing acid con-
centration in the bulk solution; this can be ascribed to
a relatively high degree of dissociation, which exists
at a low acid concentration, so that under these condi-
tions the sorption of all the acids is facilitated. At
higher acid concentrations in the bulk solution, a
mild increase in the acid concentration in the mem-
brane can be observed. Citric acid is a tricarboxylic
acid, whose molar mass (see Table I) is the highest of
the three acids studied, so its concentration is the low-
est of all. Moreover, its dissociation constant is the
lowest of all (see Table I). If only these two parame-
ters, the molar mass and dissociation constant, were
considered, then logically oxalic acid would exhibit
the highest concentrations in the membrane. How-
ever, the sorption experiments have revealed that the
oxalic acid concentration in the membrane is lower
than that of tartaric acid, whose molar mass is some-
what higher and whose dissociation constant is much

PALATY ET AL.

lower. This discrepancy could be ascribed to different
interactions of oxalic and tartaric acids with the mem-
brane matrix.

For the calculation of the membrane mass-transfer
coefficients, the dependences presented in Figure 4
were approximated with empirical equations [egs.
(13) and (14)], whose constants were determined by
nonlinear regression (the constants are summarized
in Table II). For citric acid

CA

_ 13
bg + bica + b2C124 (13)

CAM =

where by, b; (m®/kmol), and b, (m®/kmol?) are con-
stants. For oxalic and tartaric acid

CAM = BCZ (14)

where b and B (kmol' " m*® V) are constants.

Dialysis experiments

The basic transport characteristics of the individual
carboxylic acids, that is, K4, P4 and kap;, were calcu-
lated from the time dependence of the acid concentra-
tion in both compartments (see Fig. 5).

Overall dialysis coefficient

The overall dialysis coefficient was determined by the
numerical integration of the set of the differential
equations [egs. (2) and (3)], in which J4 was expressed
by eq. (5) with the initial conditions [eq. (4)]. For that
purpose, the fourth-order Runge-Kutta method, with
the integration step 1 = 3.6 s (i.e., 0.001 h), was used.
In such a way, the calculated values of the acid con-

centration in both compartments, that is, Ci;’mlc and
cg"mlc, were obtained and consequently used in the

calculation of the objective function (F):

Li Li 2 I Ii 2
m C 3 —C 3 C 9 —cy
. Aexp Acalc A.exp A,calc
F= Z ( Li ) Jr( 1i ) (15)
i=1

CAA,exp Aexp

where m is the number of experimental points in one
time series, subscript exp means experimental, and
subscript calc means calculated. With the Golden Sec-

TABLE II
Constants of the Empirical Equations [Eqs. (13) and (14)]

Acid bo by (m®/kmol) b, (m®/kmol?) B (kmol' " m3¢~D) b
Citric 0.0743 2.091 —0.579 — —
Oxalic — — — 0.88 0.322
Tartaric — — — 1.567 0.599

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Dependence of ¢f (k = I or II) on 7 at n =l =
9.17 s~ ' (A) citric acid (c o = 1.00 kmol/m®), (@) oxalic
acid (cl, = 0.80 kmol/m°), and (@) tartaric acid (c}, =
1.05 kmol/m?).

tion Search, such values of K, were searched, at
which the objective function [eq. (15)] reached a mini-
mum.

The dependences of the overall dialysis coefficient
on the initial acid concentration in compartment I for
the investigated carboxylic acids are illustrated in Fig-
ure 6. In all cases, the overall dialysis coefficient
decreases with increasing acid concentration in com-
partment I at T = 0. The overall dialysis coefficients
for tartaric acid are very close to those for citric acid.
However, they are about 1 order of magnitude lower
than those for oxalic acid. The Neosepta-AMH mem-
brane is an anion-exchange membrane that has in its
structure positively charged sites, so the transport of
counterions through this membrane is facilitated,
whereas coions (except for hydrated hydrogen ions)
are effectively rejected. Of the three acids studied, ox-
alic acid exhibits the highest value of the dissociation
constant. This fact, in combination with the relatively
low molar mass of the acid, can then be a reason that
this acid permeates the Neosepta-AMH membrane
much more easily than citric and tartaric acids.

In the case of oxalic acid, a weak influence of the
rotational speed of the stirrers on the overall dialysis
coefficient has been found, and this indicates that a
certain part of the mass-transfer resistance can be
present in liquid films on both sides of the membrane.
On the contrary, because of the scattering of K4, no
effect of the intensity of mixing on K, for citric and
tartaric acids can be identified.

Permeability coefficient of the membrane

The calculation of the permeability coefficient was
based on a procedure that combines the numerical
integration of the basic differential equations [egs. (2)

913

and (3)] with a suitable optimizing procedure. The
procedure can be summarized as follows:

1. The initial estimation of P4 (Pf) =10 %ms
and the calculation of the derivative dV*/dr (k
= [ or II) from the dependence vk = f(7)
obtained experimentally.

2. The numerical integration of egs. (2) and (3), in
which J, was expressed by eq. (7), with the
same procedure used in the calculation of the
overall dialysis coefficient. In this step, we
obtained the calculated acid concentrations in
both compartments at the same time as those
obtained experimentally. In each integration
step, it was necessary to calculate the acid con-
centrations in the liquid at both membrane/so-
lution interfaces. For that purpose, the set of
egs. (6)—(8) was solved by the Newton—Raphson
procedure. The physical properties of the liquid,
that is, the diffusivity, dynamic viscosity, and
density, that were needed in the calculation of
the liquid mass-transfer coefficients from eq. (9)
were taken from the literature.***! As we did
not succeed in finding the diffusivity of all car-
boxylic acids as a function of the concentration
at 25°C, we used the diffusivity of the acid at
infinite dilution.*

3. The calculation of the objective function [eq.
(15)].

4. The calculation of the corrected value of P4 by
a realization of one step of the optimizing pro-
cedure (the Golden Section Search was used).

5. Steps 2-4 were repeated until a minimum of
the objective function was reached.

The determination of the permeability of the mem-
brane needed the value of constant C in eq. (9). Its

1.0E-6 T T
- ¥
(7]
£
<
X
1
1.0E-7 | 1
e 2
3
1.0E-8 L .
0.0 0.4 0.8 1.2

CLO, kmol m >
Figure 6 Dependence of K4 on cl, for (1) oxalic acid, (2)
tartaric acid, and (3) citric acid: S+) n=nl=117s71 g‘)
n=nT=417s" @ n' = n" =617 s, and M) ' =
n'=917s%
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Figure 7 Dependence of S on constant C in eq. (9) for ox-
alic acid.

determination was based on considerations similar to
those used in the data treatment obtained in a contin-
uous dialyzer.*” The permeability of a membrane is a
membrane/solution characteristic that is independent
of the intensity of mixing. This means that the values
of the permeability obtained at various rotational
speeds of the stirrers and at a constant initial acid
concentration in compartment I must not be very dif-
ferent from one another. For that reason, we defined a
new criterion, S, as the sum of variances of P, at a
constant value of ¢/, which is plotted versus C in Fig-
ure 7. From this dependence, a value of C was used at
which the criterion S reached a minimum or a con-
stant value (see refs. 37 and 42).

The values of the permeability of the membrane for
the individual acids are given in Table III. Here, the
values of P, for the lower and upper limits of the con-
centration range investigated are presented. More-
over, the values of constant C in eq. (9) are presented
here, too. Figure 8 then presents the dependence of
the permeability coefficients of the membrane on the
initial acid concentration in compartment . A
detailed inspection of Figures 6 and 8 reveals that in
the case of oxalic acid, the dependence of Py = flchy) A9
is identical to that of K, = f(cl,) atn' = n"" = 9.17 s
This means that under these conditions (intensive
mixing in both compartments), the effect of the liquid
films on both sides of the membrane on the transport
of oxalic acid can be neglected. The same situation
can be seen in the case of citric acid. On the other

TABLE III
Permeability of the Neosepta-AMH Membrane
Concentration
range
Acid (kmol/m?) C P4 X 107 (m/s)
Citric 0.1-1.0 0.75 0.756-0.154
Oxalic 0.1-0.8 0.45 5.305-1.499
Tartaric 0.1-1.0 1.0 1.213-0.223
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hand, the permeability coefficients of the Neosepta-
AMH membrane in the medium of tartaric acid are
shifted to somewhat higher values, especially at
higher acid concentrations. The permeability coeffi-
cient of the membrane is proportional to the product
of the solubility (i.e., the partition coefficient) and dif-
fusivity of the component in the membrane. In all
cases, the permeability coefficient decreases with
increasing acid concentration. As the partition coeffi-
cient of each carboxylic acid decreases with increas-
ing acid concentration (see Fig. 4), the diffusivity of
carboxylic acid may decrease, or an increase in the
diffusivity may not be able to compensate for the
decrease in the partition coefficient.

Membrane mass-transfer coefficient

The membrane mass-transfer coefficients were calcu-
lated with a procedure that was very similar to that
used in the calculation of the permeability of the
membrane. The only difference was in the calculation
of the acid concentrations in the membrane on both
boundaries, that is, ¢}, and cff,,. For that purpose,
egs. (6), (8), (10), and (11) were solved; the Newton-
Raphson procedure was used again. The partition
coefficients W, and WU (W4 = cam/ca) were calcu-
lated from egs. (13) and (14). Constant C in eq. (9)
was determined in a way similar to that given previ-
ously for the permeability coefficient. C was found to
be 0.248 for citric acid, 0.671 for oxalic acid, and 1.37
for tartaric acid.

Figure 9 shows the dependence of the membrane
mass-transfer coefficient on the initial acid concentra-
tion in compartment I. Similarly to the case of the per-
meability coefficient, the membrane mass-transfer
coefficient for oxalic acid is about 1 order of magni-
tude higher than that for citric or tartaric acid. More-
over, kay for oxalic acid is not practically affected by
the acid concentration; its mean value is 2.12 X 1077

1.0E-6 T T
- ¥
(7]
£
“
o
1.0E-7 | 1
T4
1.0E-8 L .
0.0 0.4 0.8 1.2

| -3
c, , kmolm
AO

Figure 8 Dependence of P4 on c,: (A) citric acid, (®) ox-
alic acid, and (+) tartaric acid.
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Figure 9 Dependence of ksy on cly: (A) citric acid, (@)
oxalic acid, and (+) tartaric acid.

m/s. The membrane mass-transfer coefficient for cit-
ric acid exhibits an increase with an increasing acid
concentration, whereas k4, for tartaric acid decreases
with an increasing acid concentration. According to
the film theory, the mass-transfer coefficient in fluids
is proportional to the diffusivity of the component.
Supposing the validity of this theory also in the mem-
brane phase, we find that the dependences presented
in Figure 9 reveal that the diffusivity of oxalic acid is
not affected by the acid concentration. The increase in
the membrane mass-transfer coefficient of citric acid
can be caused by an increase in the diffusivity of citric
acid in the membrane, and in the case of tartaric acid,
the opposite occurs.

CONCLUSIONS

The transport of citric, oxalic, and tartaric acids
through an anion-exchange membrane (Neosepta-
AMH) has been investigated. For that purpose, a two-
compartment dialysis cell equipped with stirrers has
been used. The transport has been quantified by the
overall dialysis coefficient, the permeability of the
membrane, and the membrane mass-transfer coeffi-
cient. All these transport characteristics have been
determined by a procedure based on a numerical
integration of the basic differential equations describ-
ing the time dependence of the acid concentration in
both compartments followed by a one-dimensional
optimizing procedure. Generally, the developed
mathematical model takes into account the transport
of acid through liquid films on both sides of the mem-
brane.

NOMENCLATURE
0 subscript denoting the initial value
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