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a b s t r a c t

Donnan dialysis is an ion exchange membrane process driven by an electrochemical potential gradient
that is capable of removing ionic contaminants from water. To better understand and simulate arsenate
(As(V)) removal by Donnan dialysis, a simple model focusing on intermembrane ionic diffusion at steady
state was developed based on the Nernst–Planck equation in this study. Using experimental data from
independent ion exchange reaction experiments and dialysis experiments, the self-diffusion coefficient
of As(V) in the anion exchange membrane was calculated. This value was on the order of 10−8 m2 h−1 and
related to the system pH and membrane type. The As(V) removal by Donnan dialysis (feed solution: 1 L,
1.3 × 10−2 mol As m−3 (1000 �g As L−1) with 10 mol m−3 NaCl; stripping solution: 1 L, 100 mol m−3 NaCl)
onnan dialysis
ernst–Planck equation

was conducted with different types of membrane at different system pH. At the end of the 12-h dialysis,
the removal efficiency was lowest (35%) for the heterogeneous membrane at pH 4.5 and highest (95%)
for the homogeneouse membrane at pH 9.2. Higher ion-membrane affinity, higher intermembrane ionic
mobility, and thinner membrane thickness facilitated the As(V) transfer according to the model results.
Using the calculated membrane phase self-diffusion coefficients and the corresponding distribution coef-

the m
differ
ficients of As(V) between
As(V) removal profiles of

. Introduction

Contaminated groundwater with geogenic arsenic poses a
otential cancer threat to the health of millions of people world-
ide [1]. Even though many technologies have been developed for

rsenic removal [2–4], the problem has not been well addressed
n rural areas. Due to poor economic conditions and inadequate
echnical expertise, rural residents cannot afford either the rou-
ine maintenance of reverse-osmosis systems [3] or the regular
eplacement of the exhausted adsorbents [4]. As a consequence,
ustained use of these conventional technologies has been diffi-
ult to achieve, and therefore their effectiveness has been seriously
ndermined.

Donnan dialysis is a semipermeable membrane process driven
y an electrochemical potential gradient [5]. In a previous study, it

as proven to be able to successfully remove arsenate ions (As(V))

rom drinking water supplies [6]. Because no electrical field is
pplied and the membrane is not susceptible to fouling, the Don-
an dialysis system is simple and cost effective. These traits make
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embrane and the solution, the present model successfully predicted the
ent dialytic conditions.

© 2010 Elsevier B.V. All rights reserved.

it a promising point-of-use technology for arsenic removal in rural
areas.

Modeling of the Donnan dialysis process can facilitate an under-
standing of the theoretical transfer behavior of the target ions and
the accurate prediction of its performance under different condi-
tions. The intermembrane diffusion is generally considered to be
the rate-limiting step of the Donnan dialysis process as long as the
bulk solution is adequately agitated. Therefore, the Nernst–Planck
equation is usually used to model the ionic transfer [7–10]. In
this equation, the membrane phase self-diffusion coefficient is an
important parameter for characterizing the ionic intermembrane
mobility. Its value is closely related to the nature of the counter
ions and the properties of the membranes [7,9,11–15].

To our knowledge, modeling of the Donnan dialysis process for
As(V) removal and the calculation of the As(V) self-diffusion coeffi-
cient in the anion exchange membrane have not yet been studied. In
contrast to previous studies on NO3

− removal [16] and Al3+ recov-
ery [9], the diffusion of As(V) in Donnan dialysis is assumed to be
principally related to the system pH. This is because arsenate is a
weak electrolyte and the pH value determines its fractionation into
different species, namely, H3AsO4, H2AsO4

−, HAsO4
2−, and AsO4

3−.

Different As(V) species exhibit different intermembrane mobilities
due to their differences in ionic valence and hydration enthalpies.
In addition, the arsenic is a trace component in groundwater for
its concentration is generally within the range of ppb (�g L−1) to
ppm (mg L−1). Therefore, its transfer in the membrane approxi-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zhaobin@iee.pku.edu.cn
mailto:zhaohuazhang@pku.edu.cn
mailto:nijinren@iee.pku.edu.cn
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Table 1
Properties of the anion exchange membranes.

Typea Water contentb (%) Exchange capacitya (eq kg−1 (dry)) Thickness (wet)b (10−3 m) Density (wet)b (103 kg m−3)

JAM Homogeneous 18.8 1.4 0.11 ± 0.01 1.09
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YAM Heterogeneous 56.2 1.8

a Information obtained from the manufacturer.
b Information obtained in the laboratory.

ately follows Fick’s first law of diffusion, and its ion exchange
nteraction with the membrane resembles an adsorption process.
s a result, compared to other studies on the macro-components

7,9] the development and application of the dialytic model in the
ase of As(V) can be substantially simplified.

In this study, a simple model based on the Nernst–Planck equa-
ion was developed in order to predict As(V) removal during the
onnan dialysis process. Using the results from the batch dialysis
xperiments and the independent ion exchange experiments, the
embrane phase self-diffusion coefficients of As(V) (D̄As) was cal-

ulated from this model for both homogeneous membrane (JAM)
nd the heterogeneous membrane (YAM) and for solution pH val-
es of 4.5, 7.0, and 9.2. This simple model was finally used to predict
s(V) removal by Donnan dialysis under different experimental
onditions.

. Theoretical

In the present study, NaCl was used to prepare the stripping
olution. According to the Nernst–Planck equation for the Donnan
ialysis process [9,17], the coupled transfer of arsenate and chloride

ons in the anion exchange membrane can be written as

m,As = −D̄As

(
dqAs

dx
+ zAsqAs

F

RT

d�

dx

)
(1)

m,Cl = −D̄Cl

(
dqCl

dx
+ zClqCl

F

RT

d�

dx

)
(2)

here Jm, D̄, q, and z are the flux (mol m−2 h−1), self-diffusion
oefficient (m2 h−1), concentration (mol m−3), and valence of ions
n the membrane, respectively; x refers to the thickness of the

embrane (m), and F, R, T, and � are respectively Faraday’s con-
tant (9.6485 × 104 c mol−1), the gas constant (8.314 J mol−1 K−1),
he temperature in Kelvin (K), and the electrical potential (V). Inte-
rating the principle of electroneutrality (Eq. (3)) and the condition
f no electric current (Eq. (4)) into Eqs. (1) and (2), the flux of As(V)
hrough the membrane is rewritten as Eq. (5)

AsqAs + zClqCl = Q (3)

AsJm,As + zClJm,Cl = 0 (4)

m,As = −D̄As–Cl
dqAs

dx
(5)

here Q is the exchange capacity of the membrane (mol m−3) and
¯ As–Cl is the membrane phase interdiffusion coefficient (m2 h−1),

hich is defined as

¯ As–Cl = D̄AsD̄Cl

(
z2

AsqAs + z2
ClqCl

z2
AsqAsD̄As + z2

ClqClD̄Cl

)
(6)

As the concentration of As(V) in the system is much lower than
hat of the chloride ions, the value of qAs/qCl is approximately zero.

hus, Eq. (6) can be simplified to

¯ As–Cl = D̄As (7)

hich means that D̄As can be substituted for D̄As–Cl in such a case.
0.60 ± 0.06 1.02

3. Materials and methods

3.1. Membranes

Two commercial anion exchange membranes, namely JAM from
Huanyld (China) and YAM from Qianqiu (China), were used in
this study. JAM is a homogeneous membrane, which is produced
by quaternizing the base membrane of glycidyl methacrylate and
divinylbenzene copolymer. YAM is a heterogeneous membrane,
which is produced by melting and pressing styrene type strong
basic anion exchange resins with polyethylene polymers. The
membrane properties are listed in Table 1. The water content was
obtained in the laboratory following a previously published method
[18]. The thickness of the wet membrane was measured with a
vernier caliper. The wet density was calculated by the wet mass
of the membrane divided by its corresponding volume. Before use,
the membrane was cleaned by successive immersions in a 1 mol L−1

HCl solution and in a 1 mol L−1 NaOH solution. Finally, it was equi-
librated in Cl− form in a 1 mol L−1 NaCl solution. A new membrane
was used for each test. All these chemicals are reagent grade, pur-
chased from Sinopharm Chemical Reagent Beijing Co. Ltd.

3.2. Donnan dialysis experiments

A batchwise dialyzer made of Plexiglas was used to conduct
the dialysis experiments at room temperature. The anion exchange
membrane, with an effective area of 7.0 × 10−3 m2, was tightly
fastened between the two chambers, namely, the feed chamber
and the stripping chamber; the effective volume of each chamber
was 1 L. The feed solutions were prepared by adding a prede-
termined amount of Na2HAsO4·7H2O (reagent grade, Sinopharm
Chemical Reagent Beijing Co. Ltd.) into 10 mol m−3 NaCl solutions.
The stripping solutions were solutions of 10 or 100 mol m−3 NaCl.
Before each experiment, both the feed and stripping solutions were
adjusted to the same pH value with a solution of 0.1 mol L−1 HCl or
NaOH, and it was not further adjusted during the process; pH values
of 4.5 ± 0.2, 7.0 ± 0.2, and 9.2 ± 0.2 were investigated. A mechanical
stirring of 400 rpm was applied in each chamber with a 4 cm × 5 cm
rectangular propeller. The feed solution was sampled at regular
intervals. The total loss of the solutions due to sampling was less
than 3% in volume. The arsenic concentration in the sample was
determined using inductively coupled plasma mass spectrometry
(ICP-MS) (XSeries II, Thermo). Several correction equations in EPA
method 200.8 were employed to eliminate the possible interfer-
ence of chloride [19].

3.3. The ion exchange reaction experiments

The ion exchange reaction experiments were performed in a
series of 250-mL conical flasks to which 100 mL of test solutions and
10-cm2 pieces of anion exchange membrane were added. The test
solutions consisted of 0–2.7 × 10−2 mol m−3 (0–2000 �g L−1) As(V)

solutions in 10 or 100 mol m−3 NaCl solutions. Their pH values were
adjusted to 4.5 ± 0.2, 7.0 ± 0.2, or 9.2 ± 0.2. All flasks were shaken
for 8 h at 200 rpm at 25 ◦C. Based on our previous kinetics study, by
this time the ion exchange reaction between the arsenate ions and
the membrane had reached its equilibrium. The As(V) uptake onto
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he membrane (qAs, mol m−3) was calculated as

As = (cAs,initial − cAs,eq) × V

m/�
(8)

here cAs,initial and cAs,eq are, respectively, the initial and equilib-
ium concentrations of As(V) in the test solution (mol m−3), V is the
olume of the test solution (m3), and m and � are the wet mass (kg)
nd the wet density of the membrane (kg m−3), respectively.

. Results and discussion

.1. The concentration of As(V) in the membrane

To calculate the membrane phase self-diffusion coefficient, the
oncentration of ions in the membrane, i.e., q in the Nernst–Planck
quation, is required. However, this variable is not directly measur-
ble in the Donnan dialysis process. As the ion exchange reaction
t the membrane surface is assumed to be fast enough to reach
quilibrium at any time, the membrane selectivity coefficient has
ften been used to relate the ion concentrations in the mem-
rane and in the solution in previous studies [7,9]. In the present
tudy, the amount of As(V) is rather small relative to the aqueous
hloride ion concentration and the exchange capacity of the mem-
rane; therefore, the ion exchange process was considered to be an
dsorption process. As shown in Fig. 1, a Henry model, i.e., a lin-
ar model, depicted the equilibrium partitioning of As(V) between
he anion exchange membrane and the 10 mol m−3 NaCl solution
ell, with correlation coefficients (r2) greater than 0.97. Thus, the
s(V) concentration in the membrane during Donnan dialysis can
e expressed using the aqueous As(V) concentration (cAs, mol m−3),

.e.,

As = KcAs (9)

The values of distribution coefficient K were derived from the
lopes of the fitted lines and are listed in Table 2.

In the cases of both JAM and YAM, the values of K increased as
he pH increased, indicating that the aqueous arsenate ions were

ore prone to exchange with the membrane-bound chloride ions
t higher pH. This phenomenon is related to the As(V) species in
he solution. According to the dissociation constants of the arsen-
te acid in solution (pKa1 = 2.19, pKa2 = 6.94, pKa3 = 11.50) [20], for
pH between 4.5 and 9.2, the arsenate ions exist mainly in the

orms of H2AsO4
− and HAsO4

2−, and the HAsO4
2− fraction increases

ith an increase in the pH value. The electrostatic attraction with
he positively charged quaternary ammonium groups (N(CH3)3

+)
n the membrane is stronger for the divalent anions than for the

onovalent ones. Therefore, the membrane preferentially takes
p HAsO4

2− to H2AsO4
−, which resulted in the higher value of K

t higher pH. The higher As(V) uptake by YAM was attributed to its
igher exchange capacity compared to that of JAM (Table 1).
.2. Model development for As(V) removal by Donnan dialysis

Our previous investigation on the effects of the rotation speeds
n As(V) transfer indicated that the ionic transfer resistance in

able 2
arameter values used for the calculation of membrane phase self-diffusion coefficients o

pH t0 (h) S (10−3 m2) Vf (10−3 m−3) x (10−3 m)

JAM 4.5 0.25 7 1.0 0.11
7.0 0.25 7 1.0 0.11
9.2 0.25 7 1.0 0.11

YAM 4.5 3.0 7 1.0 0.60
7.0 3.0 7 1.0 0.60
9.2 3.0 7 1.0 0.60
Fig. 1. As(V) uptake by JAM (a) and YAM (b) in 10 mol m−3 NaCl solutions at pH
4.5 ± 0.2 (�), 7.0 ± 0.2 (©), and 9.2 ± 0.2 (�). Lines represent the results fitted accord-
ing to Henry model.

the aqueous boundary layer was negligible compared to that in
the membrane when the rotation speed of stirrers was 400 rpm;
therefore, the model developed in the present study focused on
the intermembrane ionic diffusion. Because arsenate ions were
regarded as a trace component, D̄As was substituted for D̄As–Cl in
Eq. (5). Then, the flux of As(V) through the anion exchange mem-
brane can be represented in the same form as in Fick’s first law of
diffusion

Jm,As = −D̄As
dqAs

dx
(10)

The concentration gradient of As(V) in the membrane is
assumed to be linear along the x direction, namely the thickness
direction of the membrane. With the relationship between the
As(V) concentrations in the solution and in the membrane from

Eq. (9), Eq. (10) can be rewritten as

Jm,As = −D̄As
KscAs,s − Kf cAs,f

x
(11)

f As(V) under different experimental conditions.

cAs,t0 (10−3 mol m−3) cAs,f,t0
(10−3 mol m−3) Kf Ks

6.7 6.7 162 162
6.4 6.2 208 208
6.2 6.1 446 446

6.1 5.9 201 201
4.3 4.2 360 360
4.0 3.8 896 896
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Table 3
Membrane phase self-diffusion coefficients for As(V).

Diffusion coefficient (10−8 m2 h−1)
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pH 4.5 pH 7.0 pH 9.2

JAM 0.59 1.78 1.01
YAM 1.02 3.39 1.45

here the subscripts f and s refer to the feed side and the stripping
ide of the system, respectively.

At steady state (t ≥ t0), the As(V) flux in the feed solution is equal
o that in the membrane, i.e.,

Vf

S

dcAs,f

dt
= −D̄As

KscAs,s − Kf cAs,f

x
(12)

nd the boundary conditions are

As,f = cAs,f,t0
at t = t0 and cAs,f = cAs,f,t at t > t0 (13)

here Vf is the volume of the feed solution (m3), S is the effective
rea of the membrane (m2), t refers to time (h) and t0 is the time
t which steady state is reached (h). Because the initial volumes of
he feed and stripping solutions are equal in the present study and
heir volume changes during the dialytic process are small enough
o be neglect, the sum of the As(V) concentrations in the feed and
tripping solutions remain unchanged after the steady state was
chieved, i.e.,

As,s + cAs,f = cAs,t0
(14)

ere, D̄As is assumed to be constant. Then, integrating Eq. (12) gives

n

[
KscAs,t0

− (Kf + Ks)cAs,f,t

KscAs,t0
− (Kf + Ks)cAs,f,t0

]
= − (Kf + Ks)D̄AsS

Vf x
(t − t0) (15)

After the transient As(V) concentrations in the feed solu-
ion within the dialytic process were determined, the values of
n[(KscAs,t0

− (Kf + Ks)cAs,f,t)/(KscAs,t0
− (Kf + Ks)cAs,f,t0

)] are calcu-
ated and plotted linearly against the values of (t − t0). Then, the
alue of D̄As can be derived from the slope of the line fitted using
he least squares method.

Rearranging Eq. (15), the As(V) concentration in the feed solu-
ion is expressed as a function of time by

As,f,t = Ks

(Kf + Ks)

{
cAs,t0

−
[

cAs,t0
−

(
Kf

Ks
+ 1

)
cAs,f,t0

]

exp

[
− (Kf + Ks)D̄AsS

Vf x
(t − t0)

]}
(16)

his equation can be used to model As(V) removal by Donnan dial-
sis if the parameters of Kf, Ks, and D̄As are given.

.3. Identification of the membrane phase self-diffusion
oefficients for As(V)

Six Donnan dialysis tests were carried out. The feed solu-
ions were composed of 6.7 × 10−3 mol As m−3 (500 �g As L−1) in
0 mol m−3 NaCl solutions, while the stripping solutions consisted
f 10 mol m−3 NaCl solutions; other experimental conditions and
arameter values are listed in Table 2. With the dialytic data, the

inearization technique mentioned in Eq. (15) was implemented, as
hown in Fig. 2. The D̄As values calculated under different experi-
ental conditions are shown in Table 3.

The D̄As values were different at different pH values. As men-

ioned in Section 4.1, the pH determines the proportions among
he different As(V) species, namely, H3AsO4, H2AsO4

−, HAsO4
2−,

nd AsO4
3−. In addition, it should also be highlighted that the dom-

nant species of As(V) in the anion exchange membrane is not the
Fig. 2. Calculation of the membrane phase self-diffusion coefficients of As(V) in JAM
(a) and YAM (b) at pH 4.5 ± 0.2 (�), 7.0 ± 0.2 (©), and 9.2 ± 0.2 (�) by separation of
variables.

same as that in the bulk solution. According to the Donnan exclu-
sion theory, H+ are excluded by the fixed N(CH3)3

+ groups in the
membrane. Therefore, the pH value in the membrane pore solution
is higher than that in the bulk solution. The equilibrium between
these pH values can be expressed as [12,21]

X̃OH−

X̃Cl−
= K̃

cOH−

cCl−
(17)

where X̃ and c refer to the equivalent anion concentrations
(mol m−3) in the membrane pore solution and in the bulk solution
(mol m−3), respectively, and K̃ is the selectivity coefficient. Disre-
garding trace components such as arsenate ions and OH−, X̃Cl− was
estimated based on the water content and exchange capacity of
the membrane in Table 1, namely 7.45 × 103 mol m−3 for JAM and
3.20 × 103 mol m−3 for YAM. The value of K̃ was taken as 0.43 for
the approximate estimations [12,22]. Then, the pH values in the
membrane pore solution were calculated according to Eq. (17), and
the corresponding dominant As(V) species in the membrane were
also determined based on the calculated pH and the arsenate acid
dissociation constants (Table 4).

For both membrane types, the calculated D̄As followed the fol-
lowing sequence: pH 7.0 > pH 9.2 > pH 4.5. Therefore, it can be
inferred that the intermembrane diffusion mobility of As(V) was
higher for HAsO4

2− ions than for AsO4
3− ions, which in turn moved

more easily in the membrane than did the H2AsO4
− ions. This

result is consistent with that obtained for the membrane conduc-
tivity of the AMX anion exchange membrane equilibrated with

different species of phosphate [12], which shares similar proper-
ties with arsenate. The relatively low mobility of the H2AsO4

− ions
was attributed to their low hydration. Due to the low ratio of the
“charge to crystal radius”, the hydration shell around H2AsO4

− ions
is smaller than that present in the case of HAsO4

2− or AsO4
3− ions.
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Table 4
Calculated pH values in the membrane pore solution and the corresponding domi-
nant As(V) species in the membrane under different experimental conditions.

Bulk solution Membrane pore solution

pH Dominant As(V)
species

pH Dominant As(V)
species

JAM 4.5 H2AsO4
− 7.0 H2AsO4

− , HAsO4
2−

7.0 H2AsO4
− , HAsO4

2− 9.5 HAsO4
2−

9.2 HAsO4
2− 11.7 HAsO4

2− , AsO4
3−
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YAM 4.5 H2AsO4
− 6.6 H2AsO4

− , HAsO4
2−

7.0 H2AsO4
− , HAsO4

2− 9.1 HAsO4
2−

9.2 HAsO4
2− 11.3 HAsO4

2− , AsO4
3−

herefore, the hydrophilicity of the H2AsO4
− ions is weaker and

heir motion in the hydrophilic zone of the membrane is relatively
ifficult. Because the translocation of the trivalent AsO4

3− ions
n the membrane inner surface requires three adjacent available
(CH3)3

+ groups, the movement of AsO4
3− ions in the membrane

s more restricted compared to that of the divalent HAsO4
2− ions.

In addition, the calculated D̄As was 0.4–0.9 times higher for YAM
n comparison with JAM at each pH. This result plausibly disagrees

ith the superior electrochemical properties of the homogeneous
embrane, e.g., uniformly distributed functional groups on the
embrane inner surface and small non-conducting inert fraction

17]. In order to interpret it, both the membrane structure and the
onic transfer mechanism are taken into consideration. For JAM, its

ater content (18.8%) is small and its structure is dense. There-
ore, the counterions are transported mainly in the inner surface
egion of the membrane by hopping between neighboring fixed
harged groups. However, for the heterogeneous membrane YAM,
eso- and macropores as well as fissures and cavities exist between

ifferent ion exchange particles embedded in the membrane [23].
hese interfacial regions and channels are called “intergel phase”
n the microheterogeneous model [24]. The intergel phase is filled

ith free water; therefore, the water content of YAM (56.6%) is
uch higher than that of JAM. These water molecules would form

ydrophilic channels for the counterion transfer, and the ionic
ransfer mechanism in these regions is the same as that in the
queous solution [23,25]. Hence, the corresponding resistance is
ssumed to be smaller than that in the inner surface regions of
he membrane. In addition, even though the non-conducting inert

atrix spaces the ion exchange particles in the heterogeneous
embrane, the higher ion exchange capacity of YAM indicates that

ome of these particles have a sufficiently good contact with each
ther at least in some regions within the membrane. Moreover, the
resence of water channels in YAM would connect these separated

on clusters, and facilitate the ionic transfer. As a result, the mem-
rane phase self-diffusion coefficient of As(V) is higher for YAM
han for JAM.

.4. Model predictions under different experimental conditions

Another six dialytic experiments were carried out in this part
f the study. The initial As(V) concentration in the feed solutions
as increased to 1.3 × 10−2 mol m−3 (1000 �g L−1), while the strip-
ing solutions were solutions of 100 mol m−3 NaCl. The distribution
oefficients of As(V) between the anion exchange membranes and
he stripping solutions, Ks, were calculated using the same method
s described in Section 4.1. The values of Kf listed in Table 2 and D̄As
isted in Table 3 were used for the model predictions.
The model results and the corresponding experimental results
re shown in Fig. 3. Here, one can see that the As(V) concentration
rofile derived from Eq. (16) provided values slightly higher than
he experimental concentrations in most cases. This deviation was
ttributed to the likely retention of As(V) in the membrane in the
Fig. 3. Experimental (symbols) and modeled (lines) results of As(V) concentration
profiles in the feed solution with JAM (a) and YAM (b) at pH 4.5 ± 0.2 (�, —), 7.0 ± 0.2
(©, —-), and 9.2 ± 0.2 (�, ····).

initial period of the Donnan dialysis process. From the viewpoint
of predicting As(V) removal, the model calculation was conducted
with the assumption that steady state of the dialysis was reached at
the beginning of each experiment, i.e., t0 = 0; however, this was not
true. According to the total As(V) amounts in both feed and strip-
ping solutions, steady state was not reached until 0.25 h later for
the JAM system and 2 h later for the YAM system. By then, around
5% and 20% of the total arsenate ions had been retained in the JAM
and YAM membranes, respectively. This fraction of the As(V) was
not accounted for in the model, and therefore the calculated As(V)
concentrations were higher. In addition, it is worth mentioning that
the use of the D̄As values in Table 3 was approximate, as they rep-
resented only the initial situations on the feed side surface of the
membrane. The true value of D̄As was actually not a constant. Due
to the different NaCl concentrations in the feed and stripping solu-
tions, the As(V) species were different on each membrane surface.
Therefore, D̄As was a variable across the membrane. In addition,
the value of D̄As also changed with time as OH− was transported to
the stripping side during the Donnan dialysis process and the pH
of the feed solution gradually decreased. Overall, the model results
matched the experimental results reasonably well. This model can
therefore be used to predict As(V) removal using either membrane.

It has been reported that the kinetics of ion transfer in Donnan
dialysis is affected by several factors associated with the feed solu-
tion, the membrane, and the stripping solution [16]. In the present
study, these factors were represented by the model parameters,

namely Kf, D̄As, x, and Ks. Regardless of the type of membrane, a
low pH was unfavorable for As(V) removal as a result of the low
values of Kf and D̄As. This result is in agreement with the conclusion
that higher ion-membrane selectivity and higher intermembrane
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[24] V.I. Zabolotsky, V.V. Nikonenko, Effect of structural membrane inhomogeneity
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onic mobility accelerate the target ion transfer [16]. The better per-
ormance with JAM was mainly attributed to its lower membrane
hickness, which was only one sixth that of YAM. Therefore, much
ess membrane-associated resistance was present for As(V) trans-
er in the case of JAM. When a 100 mol m−3 NaCl solution was used
s the stripping solution in these trials, the value of Ks was much
maller compared to that of Kf. As a consequence, an intermem-
rane diffusion against the aqueous As(V) concentration gradient
etween the feed and stripping solutions was possible. At the end
f the 12-h dialysis, over 90% of the arsenate ions were transported
o the stripping solution in the JAM system at neutral or alkaline
H, whereas the As(V) removal was around 80% in the YAM system.

. Conclusions

As(V) removal by Donnan dialysis was investigated at differ-
nt pH values using two types of anion exchange membranes,
amely, the homogeneous membrane JAM and the heterogeneous
embrane YAM. A simple model representing the As(V) removal
ith time was derived based on the Nernst–Planck equation and

he trace arsenate assumption. The membrane phase self-diffusion
oefficient of As(V) was calculated from the model using the results
f independent ion exchange reaction experiments and dialysis
xperiments. This value was closely related to the system pH, fol-
owing the sequence pH 7.0 > pH 9.2 > pH 4.5. HAsO4

2− was believed
o be the most mobile As(V) species in both membranes. Because
f the differences in the membrane structure and ionic transfer
echanism, the self-diffusion coefficient of As(V) was higher in

AM than that in JAM. The ion-membrane affinity, intermembrane
onic mobility, and membrane thickness played important roles in
etermining the As(V) removal kinetics. The thinner JAM was more
ffective, and over 90% of the arsenate ions were removed from
he feed solution at pH 7.0 and 9.2 after 12 h. Using the calculated
arameters, the model developed in the present study was able
o predict the levels of As(V) removal by Donnan dialysis under
ifferent experimental conditions.
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