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Principles of ion transport across ion-exchange membranes
had been investigated using biological membranes in old
time. Industrial application of the membranes started after
the invention of artificial membranes in 1950. Ion-exchange
membrane electrodialysis is now one of the basic technology
in saline water desalination industry. It is also applied to
many fields such as demineralization and reuse of sewage
or industrial waste, refining of amino acid solutions, pro-
duction of organic and inorganic chemicals, membrane
reactors, among others. Further, the membranes are applied
to the succeeding technology such as electrodialysis reversal,
bipolar membrane electrodialysis, electrodeionization, elec-
trolysis, diffusion dialysis, fuel cell, reverse electrodialysis,
among others.

This special issue presents the newest investigation on
ion-exchange membranes submitted from each field. It
includes topics in the fundamental studies and application
studies such as membrane preparation, membrane charac-
terization, membrane application, environmental problem;
process design and operation, among others. Fundamental
studies are the basis of the application studies. At the same
time, the application studies induce the development of
the fundamental studies. Both studies influence each other
and consequently contribute to the technology development.
Based on the history of ion-exchange membranes, the
following ten articles published in this special issue must
induce the development of succeeding technology.

In the first article “Reactivity of phenol allylation using
phase-transfer catalysis in ion-exchange membrane reactor,”
Wu and Fu have reported the reactivity of phenol allylation

using quaternary ammonium salt phase-transfer catalysts
in ion-exchange membrane reactors incorporated with the
laboratory-produced membrane. They have immobilized the
catalyst in the pore of an ion-exchange membrane. That
allowed them to benefit the permselective as well as the
catalytic functions of the new membrane. The study inves-
tigates the reactivity of phenol allylation using quater-
nary ammonium salt as a phase-transfer catalyst in sev-
eral types of membrane reactors. Optimum reactivity and
turnover of phenol allylation were obtained using a respond
surface methodology. The contact angle, water content,
and crosslinkage degree were measured to understand the
microenvironment in the ion-exchange membrane.

The second article is “Performance of a 1 kW class nafion-
PTFE composite membrane fuel cell stack” addressed by
Kirshnamurthy et al. The membranes have been prepared
by impregnation of Nafion into the expanded polyte-
trafluoroethylene (EPTFE) matrix. Nafion loading in the
membranes was kept at lower amount of 2 mg/cm2. The
lower amount of electrolyte per unit area in the composite
membranes offers cost advantageous compared to conven-
tional membranes. The composite membranes (30 μm thick-
ness) had higher thermal stability and mechanical strength
compared to the conventional membranes (50 μm thick-
ness). The durability of single pass cells was tested. The
performance of the membrane electrode assembly (20-cell
stack, 330 cm2 active area) have been reported and it was
comparable to that of the conventional membrane.

In the third article, “Study of chromium removal by elec-
trodialysis of tannery and metal-finishing effluents” by Moura
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et al., the membranes were synthesized from blends of
polystyrene and polyaniline. The electrodialysis experiments
were performed using a three-compartment cell with a
capacity of 200 mL each. The unit was incorporated with
the synthesized cation-exchange membranes (and Nafion
450) and anion-exchange membranes Selemion AMT. Sup-
plying metal-finishing effluents collected at two industries,
chromium removal percentage was evaluated. The synthe-
sized membranes presented similar chromium transport to
that observed in the Nafion 450. The study proved the
feasibility of a technology in the treatment of tannery and
metal finishing effluents, bringing great advantageous to
water reuse.

In the forth article “Ion-exchange membranes based on
polynorbornenes with fluorinated imide side chain groups”,
Santiago et al. have prepared cation-exchange membranes
based on polynorbornenes with fluorinated and sulfonated
dicarboximide side chain groups. The study was extended to
block copolymer containing structural units with phenyl and
4-oxybenzenesulfonic acid, 2,3,5,6-tetrafluorophenyl moities
replacing the hydrogen atom of the dicarboximide group.
They discuss electrochemical characteristics of the mem-
branes, electromotive forces of concentration cells, proton
conductivity, and also proton permselectivity. The efficient
segregation of hydrophilic from hydrophobic moieties, pre-
sumably favored by the low polarity of bonds attached to the
phenyl groups, gives raise to the formation of percolation
paths responsible for the rather high proton conductivity of
the homopolymeric membranes.

The fifth article is “Measurement of membrane character-
istics using phenomenological equation and the overall mass
transport equation in ion-exchange membrane electrodialysis
of saline water” by Tanaka. In saline water electrodialysis, the
author found that the overall solute permeability μ occasion-
ally takes minus value. For understanding this phenomenon,
new concept of the overall concentration reflection coeffi-
cient σ∗ was introduced. σ∗ was defined for describing the
permselectivity between solutes and water molecules (sol-
vent) in the electrodialysis system just after an electric
current interruption. Negative μ (σ∗ < 1) means that ions are
transferred with water molecules from desalting cells toward
concentrating cells just after an electric current interruption,
indicating up-hill transport or coupled transport between
water molecules and solutes.

The sixth article by Ayala-Bribiesca et al. “Ultrathin sico-
pion composite cation-exchange membrane: characteristics and
electrodialytic performance following a conditioning proce-
dure” has addressed the preparation of ultrathin (� 20 μm)
highly conductive composite cation-exchange membranes.
The membranes were made from sulphonated poly(ether-
ether-ketone) containing different levels of sulphonic func-
tionalized silica particles (SFSPs). Sicopion membranes were
conditioned according to the French normalizing association
procedure, and their electrodialytic characteristics were
compared to an existent commercial food-grade membrane
(CMX-SB). Electrical conductivity of Sicopion membranes
was higher than that of CMX-SB membranes as well as
their water content. As the SFSP level was reduced, the ion-
exchange capacity increased. Sicopion membranes presented

a lower demineralization rate than CMX-SB membranes due
to an OH− leakage through the pores created by dislodging
the SFSP particles during the conditioning procedure.

The seventh article is “Hybrid anion exchange hollow
fiber membrane for delivery of ionic drugs”. Wang et al. pre-
pared anion-exchange hollow fiber membranes based on
bromomethylated poly(2,6-dimethyl-1,4-phenylene oxide)
as drug carriers for some anionic model drugs such as
sodium salts of benzoate, salicylate, among others. The
above organic-inorganic hybrid anion exchange hollow fiber
membrane was used for controlled release of the model
drugs. They have established that the adsorption/release
behavior of the membrane depends on the drug nature. In
particular, the physicochemical characteristics of drugs are
crucial to the interaction patterns between the drugs and the
membrane, including electrostatic interactions and nonelec-
trostatic interactions (hydrophobic interactions and hydro-
gen bonding). The hydrogen bonding capacity of the drugs
significantly affects the loading capacity and the release rate.

In the eighth article “Obtaining the zwitterionic Form of
L-Lysine from L-Lysine monohydrochloride by electrodialysis”
by Aghajanyan et al., L-lysine monohydrochloride was trans-
formed to its zwitterionic form in four- and two-chamber
electrodialysis apparatus. The process of transformation at
various concentration of L-lysine monohydrochloride (0.1–
0.7 mol/l) was studied. It was established that at the optimum
current density in the chosen range of salt concentration,
total transformation into its zwitterionic form occurred. In
the process of transformation, changes in Cl− ion concen-
tration, pH, dry matter content, electroconductivity, as well
as in current voltage depending on time were determined.
Studies have shown that the process of total transformation
was accomplished when pH of the lysine solution achieved
10. The losses of lysine diffused into the next chamber was
less than 1.0%. The specific energy consumption in two- and
four-chamber electrodialyzer was 1.85 and 3.82 kWh/kg and
the current efficiency was ∼76 and ∼73% correspondingly.

In the ninth article “Enhancing ion transfer in overlimiting
electrodialysis of dilute solutions by modifying the surface of
heterogeneous ion exchange membranes”, Pismenskaya et al.
have studied the effect of surface modification of heteroge-
neous ion-exchange membranes on the ion transfer rate in
overlimiting electrodialysis of dilute solutions. One of the
membranes was obtained by casting a thin film of a Nafion-
type material on the surface of a heterogeneous cation-
exchange membeane. The other membrane was made by
grafting quaternary ammonium bases onto the surface layer
of an anion-exchange membrane to replace secondary and
tertiary ammonium groups initially present. The surface
modification resulted in a considerable increase, up to two
times, of mass transfer rate due to enhanced electroconvec-
tion at the cation-exchange membrane and suppressed water
splitting at the anion-exchange membrane.

In the tenth article, “Ion transport through diffusion layer
controlled by charge mosaic membrane,” Yamauchi has stud-
ied charged mosaic membranes imposed on a cation-
exchange membrane or on an anion-exchange membrane.
The author found that these complex two-layer membranes
show properties typical for monopolar (selective transfer at
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the interface of monomer and mosaic layers) as well as for
bipolar membranes (water splitting at the interface of
monomer and mosaic layers). It was also established that the
transition time in chronopotentiometric measurements was
function of what monopolar membrane was used together
with the mosaic one: in the case of the cation-exchange
membrane, the transition time was higher, and in the case
of the anion-exchange membrane, lower than that found
for relative monopolar membranes. The thickness of the
boundary layer was derived with conjugation with the
limiting current density and the transition time.

In publishing the special issue, the editors thank deeply
the authors for their excellent contributions and reviewers
for their time and effort in reviewing the manuscripts.

Yoshinobu Tanaka
Seung-Hyon Moon

Victor V. Nikonenko
Tongwen Xu
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The kinetic transport behaviors in near interface of the membranes were studied using commercial anion and cation exchange
membrane and charge mosaic membrane. Current-voltage curve gave the limiting current density that indicates the ceiling of
conventional flux. From chronopotentiometry above the limiting current density, the transition time was estimated. The thickness
of boundary layer was derived with conjunction with the conventional limiting current density and the transition time from steady
state flux. On the other hand, the charge mosaic membrane was introduced in order to examine the ion transport on the membrane
surface in detail. The concentration profile was discussed by the kinetic transport number with regard to the water dissociation
(splitting) on the membrane surface.

1. Introduction

It is well known that electrodialysis using ion exchange
membrane makes drinking water or table salt from sea water.
In Japan especially it is popular to use this electrodialysis in
various fields such as food, medical pharmacy and ultrapure
water [1–3]. However, the more efficient and improved
electrodialysis have been required for pure water production
because conventional system costs much of electric power
at present. One of the main problems originates from the
limiting current density that restricts the direct current
for supplying through the system and depends on the
thickness of diffusion layers. In this study, the way to see
the thickness of the depleted solution layer was examined in
order to improve the efficiency on the electrodialysis from
fundamental standpoint.

As mentioned above, the aim will be focused on the ionic
behavior of ion transport from bulk solution to membrane
surface. In addition, so far developed charge mosaic mem-
brane [4–6] is introduced into electrodialysis model system
and the ion transport mechanism is investigated. As exper-
imental strategies, electrical methods were mainly adopted,
and 4 kinds of membrane systems were selected to study:
cation exchange membrane system (CMV), anion exchange
membrane system (AMV), charge mosaic membrane and

cation exchange membrane system (MM + CMV), and anion
exchange membrane and charge mosaic membrane system
(AMV + MM).

The potentiometry was also used on the same membrane
systems to elucidate the diffusion layer. The chronopo-
tentiometry has been carried out to obtain the transition
time [7–9]. The technique was adopted for 4 membrane
arrangements to examine the contribution to the boundary
layer of the charge mosaic membrane. The kinetic parameter
about the boundary layer was noticed and introduced for
understanding of the experimental results. The boundary
layer thickness was already studied using chronopotentio-
metric technique in the underlimiting current-range [10],
but in this paper different other methods were adopted to
measure the boundary layer thickness.

2. Experimental

2.1. Materials. The membranes used in the experiments were
commercial Selemion CMV as cation exchange membrane,
Selemion AMV as anion exchange membrane (Asahi glass
Co.), and charge mosaic membrane MM, which was devel-
oped in Dainichi Seika. Co. and contained both strong acid-
type cation exchange group and strong base-type anion
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exchange group fixed in the direction perpendicular to the
membrane surface [4–6]. The KCl solution was prepared
from 10−5 to 10−1 mol dm−3 in this study.

2.2. Membrane Arrangement. A study in laboratory scale
was carried out with 4 kinds of membrane systems, which
imagined ED (electrodialysis) and EDI (electrodeionization)
model membrane systems.

4 membrane arrangement systems for this research were
taken as following.

CMV : KCl solution/CMV/KCl solution (ED model).
AMV : KCl solution/AMV/KCl solution (ED model).
MM + CMV : KCl solution/MM + CMV/KCl solution

(EDI model).
AM + MMV : KCl solution/AMV + MM/KCl solution

(EDI model).
The membranes arrangements of two tops and two

bottoms are similar to conventional ED and EDI device,
respectively. Then, for convenience, sometimes ED or EDI
symbols were used in this paper.

2.3. Apparatus

2.3.1. Current-Voltage Curve. Current-voltage curves were
determined with a gradual increase of potential difference
imposed through the cells, and current density across the
membrane was measured. The obtained combination of
potential difference and current density gave the experimen-
tal current-voltage curve.

2.3.2. Chronopotentiometry. The potentiostat (Potentio-
stat/Galvanostat, HA-151, Hokutodenko. Co.) allowed the
current-voltage measurement and the chronopotentiom-
etry measurement on different membrane arrangements.
Chronopotentiogram was driven with a function genera-
tor (function generator, HB-111, Hokutodenko. Co.) and
recorded by X-Y-t recorder (XY recorder F-35C, Riken
Denshi. Co.). The experimental cell for the current-voltage
measurement and the chronopotentiometry was the four-
electrodes cell as depicted in Figure 1. The voltage drops
across the membranes under investigation are measured
by Haber-Luggin capillaries in which 3 M KCl solution
was filled with agar and each connected to potentiostat
or galvanostat where Ag/AgCl electrode was connected as
reference electrode.

Chronopotentiometry is one of the electrochemical
characterization methods that measure the electric potential
response of a system to the imposed current [10–12]. It was
performed with 4 membrane arrangements under investiga-
tion. It is not the same measurement as the current-voltage
curve measurement at the point where the current instead
of voltage drop was applied into the system by means of
outer supply. The method of chronopotentiometry was firstly
developed for electrochemistry of electrode and now used
also for studies in membrane science field almost without
any changes [13]. Then the Sand equation, which had
concerned with electrode reaction was introduced toward the
membrane system.

P./G. stat

A
A

B

C C

D D

WE1

WE2 RE

CE

F. generator

X-Y -t recorder

Figure 1: Experimental cell with electrochemical apparatus. A;
Ag/AgCl electrode. B: Membrane system (Monopolar or Monopo-
lar + Mosaic membranes). Membranes parts are fixed by two
rubbers with holes, 1 cm in diameter from both sides to avoid the
leak of solution. C: Ag/AgCl electrode. D: 3 M KCl in agar.

The transition time obtained by chronopotentiome-
try corresponds to the moment, where the initial salt
concentration on the membrane surface decrease until it
becomes zero [12]. On the other hand, it means the time
to reach overlimiting current density by applied current.
The obtained kinetic parameters were analyzed by the Sand
equation.

2.3.3. pH Measurement. pH indicators, phenolphthalein,
and methyl red were put into the KCl solution to check
simply the occurrence of water dissociation during operation
of chronopotentiometry. It indicated that the pH change, H+

take place from slight red color qualitatively.

3. Results and Discussion

3.1. Limiting Current Density. Current-voltage curve mea-
surement was carried out to obtain the limiting current
density in the membrane systems of 4 arrangements under
investigation. The limiting current density was determined
from current-voltage curve and explained by the well-known
schematic picture [11] in which three regions can be distin-
guished. Firstly, a linear part appears in the low-potential
drop region, called the ohmic region. Secondly, the current
density attains a plateau region due to the depleted ion layer
adjacent to membrane surface. The concentration on the
membrane surface became zero finally. Hence the current
density on this step was defined as the limiting current
density, and there the salt flux is dominated by the diffusion
between the bulk solution and membrane surface. After the
plateau, the current density begins to increase again. The
third region is called the overlimiting region [11]. The lim-
iting current densities about ED or EDI model system were
determined from the current-voltage curves. In fact, the lim-
iting current density on EDI was slightly larger than on ED.
The salt flux across the membrane is in agreement with the
salt flux, which passed from the bulk solution to the mem-
brane surface. Therefore, it is important to consider the flux
until the concentration on the membrane surface reach zero.
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Figure 2: Limiting current density of 4 membrane arrangements in
KCl solution. Symbols are inserted in the figure.

The limiting current density is given by a following
equation derived in the literatures [10–14]:

ilim = FDKClCO

δ
(
ti − ti

) . (1)

Here F is Faraday constant, CO the bulk solution con-
centration, D the salt diffusion coefficient, δ the diffusion
boundary thickness, ti the counter ion transport number in
the membrane, and ti the transport number in the solution.

Here if one assumes that D the salt diffusion coefficient,
δ the diffusion boundary thickness and ti the counter ion
transport number in the membrane are known, ti the
transport number in the solution can be obtained. It will be
done about the detailed discussion later.

3.2. Transition Time. Chronopotentiogram, one of electro-
chemical methods, is given as schematic explanation in
Figure 3. The result in 0.01 M KCl solution with using
CMV was shown in Figure 4. All current densities imposed
for the chronopotentiometry were always larger than the
limiting current density obtained by the current-voltage
curve measurement. In the case where such a large current
was imposed on the membrane system, the concentration
polarization should occur rapidly on the membrane surface
and the concentration on the membrane surface becomes
zero immediately. The situation is the same as the case
mentioned in previous section. The transition time, τ
was defined as the time when the concentration on the
membrane surface became zero, that is, inflection point of
shadow in Figure 3.

Now, the transition time is given by Sand as following
equation [12, 13]:

τ = πDKCl

4
1
i2

(
FziCO

ti − ti

)2

. (2)

V
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Figure 3: Schematic drawing of chronopotentiogram.
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Figure 4: Chronopotentiogram with a cation exchange membrane
in 0.01 M KCl solution. Current densities are inserted in the figure.

Here D is the diffusion coefficient of electrolyte, CO and zi
the concentration in the bulk and the charge of the counter
ion, ti and ti the transport number of the counter ion in the
membrane and solution, respectively, i the current density,
and F the Faraday coefficient. Then the measured transition
times were indicated as a function of inverse of square of
current densities in Figure 5. According to Figure 5, there
were hardly difference between CMV and AMV membrane
arrangements. On the other hand, in the case where the
charged mosaic membrane was introduced additionally on
cation- and anion exchange membrane like arrangements,
MM + CMV and AMV + MM, the transition time was
changed remarkably. The transition time, τ, increased on
the arrangement, MM + CMV, while τ on the arrangement,
AMV + MM decreased. At present, it is not clear, but there
seems to be influence of boundary layer, δ.

3.3. Kinetic Transport Number in Boundary Layer. When zi =
1, (2) was rearranged to evaluate the transport number at
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the boundary layer in the case of KCl solution as follows:

ti = ti − COF
1
i

√
πDKCl

4τ
. (3)

Potential changes along the time and increases after the
current density value reached on the transition time are
shown at the grey portion in Figure 3. The fact suggests that
any ion transport process also changes after the transition
time. The transport number might be changed under a
certain condition, although the transport number had been
almost unity in membrane when the relation between the
voltage and the current has been simply ohmic at the
moment. The kinetic transport number on the membrane
surface was defined and derived from the above (3) on the
moment when ion concentrations on the membrane reached
zero.

The kinetic transport number in the boundary layer
was shown in Figure 6, where the diffusion coefficient was
assumed to be constant values in KCl solution and also
transport number in membrane, ti = 1. According to
Figure 6, an addition of the charged mosaic membrane
resulted in the change of transport number at the boundary
layer and the transport number tended to change remarkably
with the extent of current density. In particular, it was
supposed that the kinetic transport number in the boundary
layer decreased remarkably in the case of AM + MM. Hence
we define the transport number as kinetic transport number
in boundary layer.

3.4. Thickness of Boundary Layer. Equation (1) on the limit-
ing current density was rearranged to derive the thickness of
boundary layer as follows:

δ = FDKClCO

ilim
(
ti − ti

) . (4)
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value in 0.01 M KCl solution on 4 membrane arrangements.
Symbols are inserted in the figure.
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The estimated limiting current density was already given
in Figure 2. The transport number on designated ion
should be unity through the membrane. This condition
was equivalent with that in the chronopotentiometry at
the transition time just before. It was supposed that the
transport number and the current density obtained from the
chronopotentiometry were able to be substituted by using
(4) because the conditions on the surface of membrane
are same. Then, the thickness of the boundary layer was
represented in Figure 7. The added charge mosaic membrane
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Figure 8: Indicator, methyl red in cell of two bottoms changed in red. This shows the existence of H+ in a bulk solution.
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Figure 9: Schematic model of ion transport on the membrane surface. Dotted lines are hypothetical boundary lines.
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caused the increase of the thickness of boundary layer on
the cation exchange membrane and the decrease on the
anion exchange membrane. The tendency of change became
remarkable depending on the current density.

Finally, it was suggested that the introduction of the
charge mosaic membrane into ion exchange membrane
resulted in the change of boundary layer’s thickness, and this
result supported the speculation in Section 3.2. Transition
Time.

3.5. Water Splitting. During the chronopotentiometry, the
pH measurement was carried out at the same time under the
presence of pH indicators, phenolphthalein, and methyl red,
and the results were shown in Figure 8. The color changes
were not recognized in CMV and MM + CM systems at all,
but the red color changes appeared in AMV and AM + MM
systems. The pH change suggested that the water splitting
took place near the surfaces on anion exchange membrane
systems only. The water splitting seems to give an affect to
the ion transport process on membrane, in particular anion
membrane systems. Then the experimental results were
tentatively examined by the following model in Figure 9.

The arrow toward right indicates the current direction in
Figure 9 on which the dotted line is hypothetically located
as the end of diffusion layer from each membrane surface.
Cation passage through the cation exchange membrane is
K+ in the Figure 9(a)(left) because the transport number on
the cation exchange membrane is theoretically unity. K+ is
also transported toward the current direction in the diffusion
layer and Cl− is transported toward the reverse direction. The
width of arrow depends on the amount of transported ion in
Figure 9.

The arrangement, MM + CMV, is represented in
Figure 9(a)(right) where the water splitting phenomenon
on the membrane did not appear but the diffusion layer
indicated the growth by introduction of the charge mosaic
membrane on the cation exchange membrane as indicated
in Figure 7. This is caused by that ion transport process
may depend on difference in movement of ions in a mosaic
membrane and in solution under overlimiting current. In
other words, the ions in free solution, cation, and anion
affected each other by the interaction between the ions of the
positive and negative to some extent, while ions in charge
mosaic membrane under electricity moves smoothly along
the fixed charge sites faster than them in free solution. It
means the increase of K+ transport number and finally
the thickness of diffusion layer will be reflected from the
equivalent properties of (3) and (4) at the same limiting
current.

The arrangement, AMV, was shown in Figure 9(b)(left)
on which the water splitting was observed sufficiently. In
the case, the produced H+ seems to affect the Cl− transport
number. The transport numbers, however, did not change
so much as seen in Figure 6 because the protons would be
compensated by Cl− of high concentration in bulk solution
next to the diffusion layer.

The arrangement, AMV + MM, was indicated in
Figure 9(b)(right). The transport number was remarkably
changed on this model, as clear from the result in Figure 6,

and the diffusion layer turned to be decreased as shown in
Figure 7. It is supposed that the water splitting occurred at
the membrane surface participates in the decrease. The pro-
duced protons promptly are connected with Cl− on mosaic
membrane introduced to this systems. As one possibility,
though the situation is not clear, it is guessed as follows.
As the Cl− from the bulk solution is slow rate compared
to those in mosaic membrane, Cl− could not compensate
the anionic depletion due to the produced proton in the
diffusion layer. As a result, the anion transport number
would decrease or the thickness of diffusion layer would
be getting smaller. Figure 8 indicated the color’s change
by methyl red indicators. The red sign due to a generated
proton appeared on the solution toward the cathode. It
means that H+ was transported toward the bulk solution as
a part of charge carriers from the end of diffusion layer.

According to Figure 9, it was supposed that the ionic
transport was changed by an addition of the charge mosaic
membrane to electrodialysis.

4. Conclusion

Kinetic transport number on ionic transport in the diffusion
layer in near the membrane surface was obtained by means
of the chronopotentiometry. The equation was developed to
obtain the thickness of the diffusion layer from equation of
limiting current density. The diffusion layers were indicated
as function given current densities.

On the other hand, the water splitting phenomenon
was observed from pH measurement in both cases of anion
exchange membrane system and anion exchange + charge
mosaic membrane system. The phenomena together with
relation to the thickness of diffusion layer were considered
schematically in Figure 9.

In this study, it was examined whether the limit of current
density could be increased by introducing the charge mosaic
membrane.
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The desalination of dilute NaCl solutions with heterogeneous Russian commercial and modified ion-exchange membranes was
studied in a laboratory cell imitating desalination channels of large-scale electrodialysers. The modification was made by casting a
thin film of a Nafion-type material on the surface of cation-exchange membrane, and by processing with a strong polyelectrolyte
the surface of anion-exchange membrane. It was shown that the modifications resulted in an increase of mass transfer coefficient
and in a decrease in water splitting rate, both by up to 2 times. The effect of mass transfer growth is explained by higher surface
hydrophobicity of the modified membrane that enhances electroconvection. The decrease in water splitting rate in the case of
cation-exchange membrane is due to homogenization of its surface layer. In the case of anion-exchange membrane the effect is
due to grafting of quaternary ammonium bases onto the original membrane surface layer. The suppression of water splitting favors
development of electroconvection. In turn, intensive electroconvection contributes to deliver salt ions to membrane surface and
thus reduces water splitting.

1. Introduction

The applications of electrodialysis (ED) for water recovery in
hybrid systems with RO [1] and in near zero liquid discharge
(ZLD) systems [2], for ultrapure water production [3, 4], and
for salt production from sea water [5] are some examples of
successful use of this process, characterized by high economic
and ecological effectiveness [6]. Desalination/deionization of
dilute solutions is one of the largest ED applications [6, 7].
However, the process rate in this case is limited by the
delivery of electrolyte from bulk solution to the membrane
interface. This delivery occurs mainly as electrolyte diffusion
while the contribution of forced convection is vanishing
when approaching the interface [8–10]. The usage of inten-
sive current modes might be of practical interest, since it can
significantly raise the ED process rate [6, 10].

The latest researches [10–12] show that one of the most
promising ways of reducing diffusion limitations and

enhancing the ED rate is the stimulation of current-induced
convection, namely electroconvection. Electroconvection
occurs as volume transport under the effect of an electric
field imposed through the charged solution, in particular,
through the electrical double layer (EDL). In the case where
the space charge region (SCR) remains quasiequilibrium,
electroconvection occurs as classical electroosmotic flow,
named electroosmosis of the first kind [13–15]. When the
applied current density is high enough, the SCR becomes
nonequilibrium, it extends far beyond the quasiequilib-
rium EDL. Electroconvection caused by the action of the
applied electric field upon the extended nonequilibrium
SCR induced by the same electric field, is known as elec-
troosmosis of the second kind [13–15]. Electroconvection
produces microvortices, which actively mix the solution and
may partially destroy diffusion boundary layer (DBL) in
desalination channel at membrane surface [11, 15]. Since the
EDL thickness increases with decreasing electrolyte solution
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Table 1: Some characteristics of commercial MK-40, MA-40, and surface-modified MK-40/Nf and MA-40M membranes.

Membranes
Cation exchange Anion exchange

MK-40 MK-40/Nf MA-40 MA-40M

Ion exchange groups, bulk –SO3
− –SO3

− =NH, ≡N =NH, ≡N

Idem, surface –SO3
− –SO3

− =NH, ≡N –N+(R)3

Thickness, μm 480± 10 500± 10 470± 20 470± 20

Ion exchange capacity1, mM cm−3 wet 1.7± 0.1 1.7± 0.1 3.2± 0.08 3.2± 0.08

Surface fraction of ion exchange material2, % 22± 3 100 19± 4 19± 4

Contact angle3, degrees 55± 3 64± 3 50± 2 47± 2

Specific electrical conductivity in 0.5 M NaCl solution4, mS cm−1 7.7± 0.3 8.3± 0.3 7.5± 0.3 5.5± 0.3

Diffusion permeability5, 10−8 cm2 s−1 6.7± 0.4 6.6± 0.4 7.0± 0.4 6.7± 0.4
1
Ion exchange capacity was determined for wet membranes in the sodium form (cation exchange membranes) or in the chloride form (anion exchange

membranes).
2Surface fraction of ion exchange material was determined for a wet membrane using SEM images by the method described in [21].
3Contact angle on the surface of wet membrane was found 20 s after placing a test drop, according to the method described in [18].
4Specific electrical conductivity of membrane in 0.5 M NaCl solution was determined by a difference method using a clip cell [28].
5Diffusion permeability of membranes was determined in H2O/IEM/0.5 M NaCl system using the cell described in [29]; the modified side of MK-40/Nf
membrane was facing the NaCl solution; the left- and right-hand sides of MK-40, MA-40, and MA-40M membranes are symmetrical.

concentration, the rate of electroconvection should grow
with diluting solution. This feature is especially important
because it allows ED rate to be increased when treating
diluted solutions [10, 15, 16]. Note that the extended SCR
may be also used as a barrier for separating coions from
counterions in a microchannel ED device [17].

In experiments using small-scale laboratory cells de-
scribed in earlier publications [10, 18, 19], we have shown
that ion-exchange membrane surface modification can sig-
nificantly enhance the ED rate in the range of 10−4 to 10−2 M
electrolyte solutions. Hydrophobization of cation-exchange
membrane surface can stimulate the development of elec-
troconvection due to change of the no-slip hydrodynamic
boundary condition to the slip one [10, 18, 20]. In case of
anion-exchange membranes, the treatment of surface by
a strong polyelectrolyte containing quaternary ammonium
bases leads to a decrease in the water splitting rate at
the depleted membrane interface under intensive current
densities. The effect is due to the substitution of secondary
and tertiary amine groups, characterized by high catalytic
activity in respect to water splitting reaction, by quaternary
ammonium groups of low catalytic activity [10, 21, 22].

In this paper we will study the behavior of modified ion-
exchange membranes in conditions close to those applied in
large-scale electrodialysers. It will be shown that appropriate
modification of heterogeneous membrane surface allows sig-
nificant enhance of salt-ion transfer in real ED desalination
processes.

2. Ion-Exchange Membranes and
Their Characteristics

Heterogeneous cation-exchange MK-40 and anion-exchange
MA-40 membranes (Shchekinoazot, Russia) are produced
using a hot pressing method from polyethylene (as an inert
binder) and ion-exchange resin powders, KU-2 and EDE-
10P, respectively. KU-2 is a sulfonated styrene-divinylben-
zene copolymer; EDE-10P is produced by polycondensa-
tion of polyethylenepolyamines and epichlorohydrin. SEM

images of surface and cross sections of a dry MK-40 mem-
brane are shown in Figures 1(a), 1(b), 1(c), and 1(d). SEM
images of MA-40 membranes look similarly. As it can be seen
in Figures 1(b), 1(c), and 1(d), the diameter of ion-exchange
resin particles is 10 to 30 μm.

Some characteristics of these ion-exchange membranes
(IEMs) are represented in Table 1.

The membrane bulk contains from 35% (MK-40) to
45% (MA-40) of polyethylene [23]. However, the surfaces
of wet MK-40 and MA-40 membranes are covered with
polyethylene by about 80% (Table 1). The higher content of
the binder in the near-surface layer is explained by the fact
that at elevated temperatures used during the hot pressing,
polyethylene is more fluent than the ion-exchange resin
material.

Effective contact angle found experimentally for hetero-
geneous membranes under study is an average between its
local values corresponding to the polyethylene and to the
resin particles. The surface of MA-40 membrane is more
hydrophilic, apparently due to higher exchange capacity of
the resin in this membrane (Table 1).

The MK-40 membrane has sulfonic ion-exchange
groups, which have low catalytic activity with respect to
water splitting reaction [24, 25]. The MA-40 membrane
contains mostly secondary and tertiary amines as ion-
exchange groups, which are effective catalysts of this reaction
[24, 25]. Thereby the MA-40 membrane is characterized
by a high rate of H+/OH− ions generation at its depleted
surface in intensive current modes [21]. In order to reduce
water splitting, it is possible to replace secondary and tertiary
amines on MA-40 surface with quaternary ones which are
characterized by low catalytic activity. For this purpose, a
commercial MA-40 membrane was modified by a copolymer
of dimethyldiallylammonium chloride [21, 26].

The surface of MK-40/Nf membrane is completely
covered with a thin (20 μm) homogeneous film (Nf) with
the same functional groups as that of the MK-40 membrane
(Figures 1(e) and 1(f), Table 1). The film is formed by casting
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Figure 1: SEM images of the surface (a, c, and e), the cross sections (b, d, and f) of a MK-40 (a, b, c, and d), and a MK-40/Nf (e, f) ion-
exchange membranes.

a 7% MF-4SK solution in isopropyl alcohol (Plastpolymer,
Russia) on the MK-40 membrane as substrate. MF-4SK is
a sulfonated tetrafluorethylene and perfluorovinyl (alcohol)
ether copolymer. The structure and properties of MF-4SK
material are close to those of Nafion (DuPont Co.); they are
thoroughly studied by Berezina et al. [27, 28]. As a result
of casting perfluorinated film, the contact angle on MK-
40/Nf membrane is increased (Table 1), and the membrane
surface becomes homogeneous (Figure 1(e)). However, this
modification does not lead to significant changes in electrical
conductivity and diffusion permeability of modified MK-
40/Nf membrane compared to the commercial MK-40
(Table 1).

3. Method of Mass-Transfer
Characteristics Measurements

The principal scheme of experimental setup for mass-trans-
fer characteristics measurements is shown in Figure 2.

The membranes forming desalination (DC), concentra-
tion (CC), and electrode (EC) compartments are separated
from one another by an inert net spacer (S) of extrusion type
with rhombic cells, situated at 45◦ to ingoing stream. The
step of the spacer cell is 5 mm, the thickness is 1.0 mm, and
the porosity is 0.91.

The membranes under study are designated with an
asterisk (MK∗-40, MA∗-40, the numbers “40” are not
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Figure 2: Principal scheme of the experimental setup used for measuring mass-transfer characteristics. A desalting (DS) and two con-
centrating (CS) streams, desalination (DC), concentration (CC) and electrode (EC) channels, and polarizing platinum electrodes (Pt) are
shown. Dashed straight lines mark out the active section of membrane stack polarized by electric current.

shown). They can be commercial membranes or modified
ones. Auxiliary commercial MK-40 and MA-40 membranes
serve to separate the products of electrode reactions from the
central compartment under study.

Two plastic Luggin’s capillaries (0.5 mm in external diam-
eter) are built in the spacer. Both capillary tips are situated at
the center of polarized area in CC at about 0.5 mm from the
surface of the membrane forming the central DC. Another
end of each capillary is connected to a reservoir with a
(0.02 M) NaCl solution where a measuring Ag/AgCl elec-
trode is inserted.

The membrane stack imitates an industrial electro-
dialyser with internal collectors. At the stack entrance,
each compartment has a nonpolarized section of 5 cm
length for hydrodynamic stabilization of the solution flow.
The polarized membrane area is 3 cm in width (a) and
10 cm in length (L), the total membrane length is 22 cm.
Our previous investigations [29, 30] showed that the mass-
transfer characteristics obtained in a stack of L = 10 cm in
length can be quantitatively scaled to predict the behavior of
industrial electrodialysers.

An intermediate tank, inserted into the desalting stream
(Figure 2), contains a stirrer and sensors to control tempera-
ture, pH, and specific electrical conductivity (κ). In the con-
centrating streams (CS), a 0.02 M NaCl solution is supplied
from a separate tank (not shown in Figure 2), it continuously
passes through auxiliary CC and DC, then through EC
and is discharged. The average linear flow velocity in all
compartments is equal to 2.5 cm s−1.

Before the experiment, the tank, the central desalination
compartment, and the hoses were filled with 1200 mL of a
0.03 M NaCl solution. Then a constant voltage controlled
with the Luggin’s capillaries (Figure 2) was applied and
electrodialysis process was realized at 25± 0.5◦C maintained
in the tank. The solution circulated through the intermediate
tank and the central DC with volume flow rate W . The salt
concentration in the tank decreased with time because of the

electrodialysis desalination: the outlet concentration, Cd, was
lower than the inlet one, C. Besides, there were changes in
pH of the solution passed through the DC due to different
rates of water splitting at the cation-exchange (MK-40 or
MK-40/Nf) and the anion-exchange (MA-40 or MA-40M)
membranes. In order to maintain pH = 7 in the solution in
the tank, alkaline (NaOH) or acid (HCl) solution was added
into the tank, depending on the sign of the pH changes in
the outlet solution. The desalination process was realized in
quasi-steady-state conditions, the amount of the solution put
in the system so that allowed us to keep a slow (less than 1%
per minute) [29] decrease in the electrolyte concentration of
the solution in the intermediate tank. The total duration of
every run was 8–10 hours. The electric current, as well as the
specific conductivity of the solution (converted then into the
NaCl concentration) in the tank were measured as functions
of time.

The range of NaCl concentrations used in the experi-
ments (0.001 M ≤ C ≤ 0.03 M) is chosen in a way to be sure
that the co-ion transfer through the membranes is negligible,
as well as that of carbonic acid dissociation products,
which may appear in the desalinated solution due to dis-
solved atmospheric carbon dioxide. Experimental data by
Sheldeshov et al. [31] and Gnusin et al. [32] as well as
our calculations with help of the microheterogeneous model
[33] show that the co-ion transfer through MK-40, MA-40,
and similar heterogeneous membranes at current densities
close to the limiting one becomes negligible if the difference
between the salt concentration at the enriched and depleted
membrane interfaces is less than 0.1 M. According to our
estimations made earlier [29], noticeable carbon dioxide ab-
sorption from air and contribution of carbonic acid disso-
ciation products to charge transfer through anion-exchange
membranes occur at feed NaCl concentrations lower than
0.5 × 10−3 M.

The mass-transfer rate may be found from the rate of
the salt concentration decrease in the tank. In fact, the salt
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concentration in the tank varies due to ion transfer through
IEMs in the DC and due to addition of alkaline (or acid)
solution into the tank in order to maintain pH = 7. The
description of material balance in the tank conducts to
[18, 19]:

ki = ii
FC

= −Vsol

SC

dC

dt
+
cTWT

SC
, (1)

where ii is the partial current density of salt counterion (in
our case it is ion Na+ for cation-exchange membrane and ion
Cl− for anion-exchange membrane) through the membrane
under study; C is the current salt (NaCl) concentration in
the tank; ki (defined as ii/FC) is the mass-transfer coefficient
characterizing the salt counterion transfer rate through the
membrane under study; Vsol is the volume of solution in the
desalting stream (including its volume in the tank, in the DC,
and in the hoses); WT and cT are the volume flow rate and
the concentration of the solution (NaOH or HCl) added into
the tank to maintain pH = 7, respectively; S is the membrane
active surface. The first term in right-hand side of (1) shows
the rate of concentration variation in the tank (Vsol(dC/dt))
divided by SC. The rate of concentration variation in the
tank depends on the rate of ED desalination (kiSC) and the
rate of alkaline or acid addition (cTWT).

Equation (1) assumes that there is no salt co-ion flux
through both membranes forming the desalination compart-
ment. As it is noted above, the range of feed concentrations
was chosen in a way to satisfy the negligible co-ion flux
assumption.

Equation (1) is applied if the mass-transfer coefficient
is calculated for the salt counterion passing through the
membrane, which generates less H+ and OH− ions than
the other one forming the desalination compartment. For
example, it is the case of Na+ transfer through the MK-40
membrane making a pair with a MA-40 membrane. In this
case, NaOH is added into the tank to compensate the excess
of H+ ions produced at the MA-40 membrane. To calculate
the mass-transfer coefficient of Cl− ion for the MA-40 only
the first term in the right-hand side of (1) should be taken
into account, as no Cl− is added into the tank, and (1)
becomes

ki = ii
FC

= −Vsol

SC

dC

dt
. (2)

We have a similar situation in the case of MK-40/Nf mem-
brane making the DC with MA-40M membrane (Δϕ > 4 V).
The rate of water splitting is essentially less than that in MK-
40/MA-40 system; however, a small quantity of NaOH is
needed to compensate the excess of H+ ions produced at the
MA-40M membrane.

The evaluated maximal measurement error in determi-
nation of ki was 6%.

The effective transport number of an ion transported
through the membrane is defined as the ratio of the partial
current density of this ion to the total current density i:

Ti = ii
i
. (3)

If the co-ion transport is not taken into account, the sum of
salt cation (Na+) and proton (H+) transport numbers in a
cation-exchange membrane, as well as the sum of salt anion
(Cl−) and hydroxyl (OH−) transport numbers in an anion-
exchange membrane is equal to unity:

TNa+ + TH+ = TCl− + TOH− = 1. (4)

TH+ and TOH− characterize the rate of water splitting in a
membrane system. Their values are readily found after deter-
mination of ki, according to (1)–(4).

4. Concentration Dependence of Mass-Transfer
Coefficient and Effective Transport Numbers

The results of study of mass-transfer characteristics of de-
salination channels in a cell shown in Figure 2 and formed
by MK-40//MA-40 and MK-40/Nf//MA-40M membrane
pairs are shown in Figures 3 and 4 and Table 2. The data
were obtained at a potential difference Δϕ (registered with
Luggin’s capillaries as shown in Figure 2) equal to 2.5, 4.0,
or 6.0 V per cell pair. A potential difference was fixed while
the feed concentration decreased with time since a fixed
volume of solution circulated through a central desalination
compartment and a tank, as it is described in Section 3.
Total (itot) and partial (Na+ and H+ ions through cation-
exchange membranes and Cl− and OH− ions through anion-
exchange ones, resp.) current densities are shown in Figure 5
as functions of the feed NaCl concentration, in the case where
the potential drop across a cell pair was 4 V.

The data presented in Figure 3 show that when the
value of potential drop per cell pair Δϕ is fixed, the mass-
transfer coefficients of salt counterions grow with decreasing
feed NaCl concentration for all investigated membranes. For
both cation- and anion-exchange membranes, this growth is
more important in the case of surface-modified membranes
(Figure 3, Table 2).

The dependence of mass-transfer coefficient on Δϕ in
case of fixed NaCl concentration is more complicated. When
Δϕ is growing, there is a tendency to equalization of the
mass-transfer rates found in systems with both modified and
commercial membranes. After passing 4 V, a deceleration of
mass-transfer rate growth or even its descend with rising Δϕ
occurs, Figures 3(b) and 3(c).

As expected [34], the effective transport numbers of
water splitting products TH+(OH−) (Figure 4) grow with dilut-
ing solution at fixed Δϕ and with increasing Δϕ at fixed
feed solution concentration, for all membranes. At Δϕ =
2.5 V and Δϕ = 4.0 V, the values of TH+(OH−) are relatively
low, especially for modified membranes (TH+(OH−) < 0.15)
(Figures 4(a) and 4(b)), while a high increase of Na+ and
Cl− mass-transfer coefficients is registered (Figures 3(a)
and 3(b)). Further growth of potential drop (Δϕ > 4 V)
leads to a more significant raise of TH+(OH−) (Figure 4(c)).
At Δϕ = 6.0 V and CNaCl = 0.005 M, TH+ and TOH−

in commercial MK-40 and MA-40 membranes reach 0.22
and 0.35, respectively. Hence, in these conditions H+ and
especially OH− ions make a noticeable competition with
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Table 2: Ratio of Na+ to Cl− mass-transfer coefficients for ED cells with modified and commercial membranes at different feed solution
concentrations and potential drops per cell.

CNaCl, mol dm−3 kMK-40/Nf
Na+ /kMK-40

Na+ kMA-40M
Cl− /kMA-40

Cl−

2.5 V 4.0 V 6.0 V 2.5 V 4.0 V 6.0 V

0.02 1.0± 0.1 1.2± 0.1 1.0± 0.1 1.0± 0.1 1.2± 0.1 1.0± 0.1

0.01 1.2± 0.1 1.4± 0.1 1.0± 0.1 1.3± 0.1 1.3± 0.1 1.0± 0.1
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Figure 3: Concentration dependence of Na+ mass-transfer coefficients across MK-40 and MK-40/Nf cation-exchange membranes and Cl−

across MA-40 and MA-40M anion-exchange membranes forming desalination channels in a cell shown in Figure 2 under different potential
drops (Δϕ) per cell pair: 2.5 V (a), 4.0 V (b), and 6 V (c). The limiting mass-transfer coefficient for the DC without spacer, ktheor

lim , is calculated
according to (7); the limiting mass-transfer coefficient for DC with spacer, klim s, is evaluated as described in the text.
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Figure 4: Concentration dependence of effective transport number of protons in cation-exchange membrane and that of hydroxyl ions
in anion-exchange membranes forming MK-40//MA-40 and MK-40/Nf//MA-40M desalination channels at potential drops (Δϕ) 2.5 V (a),
4.0 V (b), and 6.0 V (c) per cell pair.

Na+ and Cl− ions in the electric charge transfer through the
membranes.

As to the membranes with modified surface, MK-
40/Nf and MA-40M, both chemical treatment of a MA-40
membrane and casting a homogeneous ion conducting film
onto a MK-40 membrane lead to a substantial decrease in
water splitting product transport numbers. For example, at
CNaCl = 0.005 M and Δϕ = 4.0 (Figure 4(b)), TOH− is equal
to 0.23 and 0.15, for MA-40 and MA-40M membranes,
respectively, while TH+ is equal to 0.14 and 0.06 for MK-40
and MK-40/Nf membranes, respectively.

The obtained results are in good agreement with the
actual theoretical concepts of overlimiting mass-transfer

mechanisms [10, 11, 15, 35, 36] and with the experimental
data found earlier with laboratory-scale ED cells [10, 18, 19].
First, these data confirm that electroconvection is the main
mechanism of salt-ion transfer enhancement in intensive
current modes. Following “classical” theoretical basics [37–
39], the mass-transfer coefficient has its limiting value, which
corresponds to the limiting current density and does not
depend on the concentration of feed solution. It follows from
the combination of well-known Peers equation [38]:

itheor
lim i =

FDC

δ(Ti − ti) (5)

and the mass-transfer coefficient definition ki = ii/FC (1),
when assuming that no water splitting occurs and the
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iOH− are those of Cl− and OH− ions through anion-exchange mem-
brane, respectively. The potential drop across the cell pair is 4 V.

thickness of the Nernst diffusion boundary layer (DBL), δ, is
constant. Combining (1) and (5) leads to a simple equation:

ktheor
lim i =

D

δ(Ti − ti) . (6)

Here D is the electrolyte diffusion coefficient; ti is the
transport number of the salt counterion in solution.

The limiting state in a desalination channel is determined
by the membrane whose hosted counterions have lower
mobility in solution [7]. It can be seen from (5): the
difference (Ti − ti) is higher for lower ti, as Ti is very close to
1; hence, itheor

lim i is lower. For this reason, when current density
increases, the limiting state in the cell under study is first
achieved at the cation-exchange membrane. According to
“classical” theories, the salt concentration at this membrane
becomes zero when the current density reaches itheor

lim Na+ .
In desalination channels without spacer, itheor

lim Na+ may be
evaluated according to (7) [22], which is derived from the
known Lévêque equation [40, 41]:

itheor
lim Na+ = 1.43CFD2/3

NaClV
1/3

L1/3h1/3(TNa+ − tNa+ )
, (7)

where V is the average flow rate, L is the desalination length,
and h is the intermembrane distance. Equation (7) is valid
for relatively short channels, L < 0.02Vh2/D.

Combining (5)–(7), it is relatively easy to find the limit-
ing value of the mass-transfer coefficient for a desalination
channel with the dimensions used in this study, but without
spacer: ktheor

lim = 0.74 dm hr−1 (DNaCl = 1.61 · 10−9 m2c−1;
tNa+ = 0.40 [42]; TNa+ = 1). This value is plotted in Figure 3
with dashed line. Usually introduction of a spacer into
desalination channel results in a decrease of diffusion layer

thickness due to enhancing convective transfer. Hence, itheor
lim

and ktheor
lim should increase according to (5) and (6). We can

evaluate the increase in ktheor
lim resulted from the introduction

of spacer in DC as follows. In our former experiments [22,
34, 43] it was shown that in the DC formed by MK-40 and
MA-40 membranes, water splitting arises when the current
density is close to the limiting current density at the cation-
exchange membrane (ilim Na+ ): the solution outgoing from
the DC becomes slightly alkaline. With increasing current
density up to (1.05–1.1) ilim Na+ , the rate of H+ and OH−

ion generation at the anion-exchange membrane becomes
higher than that at the cation-exchange membrane: the
outgoing solution becomes acid. In actual experiments, a
slight increase in pH of desalinated solution is registered for
the DC, formed by MK-40 and MA-40 membranes, when the
NaCl concentration is in the range 0.015–0.020 M and Δϕ =
2.5 V. In these conditions TH+ and TOH− are close to zero.
This fact allows us to assume that in these conditions the
MK-40/S/MA-40 system is close to its limiting state; hence,
i ≈ ilim Na+ . The mass-transfer coefficient corresponding to
this state is klim s = (ilim Na+ /FC). The value of klim s is plotted
in Figure 3 with dash-dotted line. This value is about 35%
higher than that of ktheor

lim (valid for the same channel, but
without spacer).

The increase in mass-transfer coefficients over klim s

may be caused by the following effects coupled with the
concentration polarization: exaltation effect connected with
water splitting, gravitational convection, or electroconvec-
tion [10]. Our estimations show that at Δϕ ≤ 4.0 V and
at the values of the partial current densities of H+(OH−)
reached in our experiments (Figure 4), exaltation effect [10]
cannot provide an increase in ion transfer more than 3–5%.
However, kNa+ and kCl− can exceed klim s in several times. For
example, at CNaCl = 0.005 M and Δϕ ≤ 4.0 V (Figure 4(b))
kNa+ /kCl− is equal to 2.5 and 3.3 for MK-40 and MK-40/Nf
membranes, respectively, and kCl− /klim s is equal to 1.8 and
3.1 for MA-40 and MA-40M, respectively. Gravitational
convection weakens with diluting solution and is practically
negligible in conditions of this experiment [10]. In contrast,
electroconvection is enhanced with diluting solution [10, 11,
22]. Apparently, it is the only mechanism able to enhance
salt-ion transfer in conditions of our experiment.

The reasons for more prominent electroconvection in the
DC with modified membranes are as follows. The application
of sulfonated polytetrafluoroethylene (Nf) film on MK-40
surface results in a significant increase of water contact angle
(Table 1). Water slips easier at more hydrophobic surface
[20], facilitating the onset of electroconvection [10, 18, 19].
Another reason may be in lower water splitting in the cell
with modified membranes. As it was shown by Choi et al.
[44], mass-transfer rate through ion-exchange membranes
rises with increasing Stokesian radius of counterion. This
is apparently caused by the fact that a more hydrated
counterion can involve a bigger volume in motion during
electroconvection. H+ and OH− ions carry the charge by
“tunneling” from one water molecule to another without
bringing liquid volume into motion (the Grotthus transport
mechanism) hence, Stokesian radius of these ions is very
small. As a result, an increase in the contribution of water
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splitting products to the charge transfer through the mem-
brane weakens electroconvection. Moreover, the H+ and
OH− ions generated at the membrane/solution interface are
carried away into the extended SCR and reduce the space
charge density at a fixed current density [34], as a result,
the electric body force generating electroconvection is also
reduced.

The negative impact of H+ and OH− ions generation
on mass-transfer rate is especially noticeable in the case of
commercial MA-40 membrane: the mass-transfer coefficient
of both Na+ and Cl− ions decreases at low feed concentra-
tions when the voltage increases from 4.0 V to 6.0 V (Figures
3(b) and 3(c)). This result is typical for majority of anion-
exchange membranes, which generate more intensively H+

and OH− ions in comparison with the neighboring cation-
exchange membranes in a desalination channel [45].

It follows from experiments carried out with small
laboratory-scale cells that a noticeable decrease in mass-
transfer rate (apparently due to suppression of electrocon-
vection) takes place when TH+(OH−) reaches a value in the
range from 0.2 to 0.3 [34]. The decrease of kNa+ and kCl− in
the DC imitating large-scale electrodialysers starts at some-
what smaller TH+(OH−) values (0.1–0.15) (Figures 3(b), 3(c),
4(b), and 4(c)). Perhaps, this is caused by the fact that we
register integral (averaged over the DC length) transport
numbers. TH+(OH−) can easily reach values of 0.2–0.3 near the
exit of DC, where the solution concentration decreases by
20–30% compared to the inlet.

As noted above, the difference in the behavior of com-
mercial and modified membranes decreases with increasing
potential difference: the rates of mass transfer and water
splitting are getting close (Figures 3 and 4). It is possible that
the reason for that is in the convergence of water splitting
rates for different membranes under high Δϕ. Apparently
the impact of the field effect [46] into water splitting rate
increases with increasing Δϕ, and in the range of high Δϕ
the difference in catalytic activity of different fixed group
is no longer the dominating factor. Thus, the benefit of the
replacement of the secondary and tertiary amino groups
with the quaternary ammonium bases (MA-40M) is not so
noticeable at high Δϕ (Figure 3(c)).

In long desalination channels, H+(OH−) ions, produced
at one of the membranes forming the channel, can reach
the other membrane and then participate in competitive
transfer through this membrane. Even if a part of the ions
generated at the first membrane will be neutralized by the
products of water splitting at the second one, the remained
ions will reduce the current efficiency and contribute to
suppression of electroconvection. Generally, as mentioned
above, it is anion-exchange membrane which splits water
more intensively. In addition of negative effects noted above,
an excess of H+ ions in the desalination compartment
decreases the degree of dissociation of weak acids presented
in natural waters, such as silicic acid, and hence, reduces their
removal. An increase of pH in the concentrate compartment
leads to formation of salt deposits. For these reasons, a
decrease in water splitting rate at anion-exchange membrane
is a key point in improvement of overlimiting electrodialysis.

Synergetic effect is achieved when both membranes are
improved: the cation-exchange one in order to enhance
electroconvection and the anion-exchange one in order to
suppress water splitting.

5. Conclusions

Overlimiting electrodialysis can be essentially improved
by applying specially modified ion-exchange membranes.
The cation-exchange membrane was modified by a thin
homogeneous ion-conducting but relatively hydrophobic
(Nafion-type) layer in order to stimulate electroconvection
and to reduce water splitting. The modification of the anion-
exchange membrane was aimed only at lowering water
splitting rate at its surface. The behavior of modified and
original commercial membranes (MA-40 and MK-40) was
compared in a desalination channel imitating that in large-
scale electrodialysers. It is shown that, as well as in small-
scale laboratory cells studied earlier, the H+ and OH−

effective transport numbers in the membranes are reduced
by about 2 times and hence, current efficiency increased
correspondingly, when the commercial membranes were
replaced with the modified ones. The salt-ion transfer
intensified by electroconvection increases up to 3.5 times.
The effect is maximum in rather diluted (0.005 M NaCl)
solution at 4 V per cell pair. With increasing voltage, the
mass-transfer coefficient continues to grow in the range
0.01 to 0.025 M concentrations. However, it decreases at
feed concentrations <0.005 M NaCl and a fixed voltage.
Apparently, the reason is in high water splitting rate, which
occurs in very dilute solutions in spite of the modification
of both membranes. Another reason is in participation in
current transfer of hydrogen carbonate anions issued from
dissolving of atmospheric CO2 in water, but this effect takes
place at feed concentrations <0.0005 M NaCl.

Note that the ways and materials of modification are
commercially available. In practical terms, this means that
there are new opportunities to produce inexpensive ion-
exchange membranes effective in electrodialysis of dilute
solutions.
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This study investigates the reactivity of phenol allylation using quaternary ammonium salt as a phase-transfer catalyst in three types
of membrane reactors. Optimum reactivity and turnover of phenol allylation were obtained using a respond surface methodology.
The contact angle, water content, and degree of crosslinkage were measured to understand the microenvironment in the ion
exchange membrane.

1. Introduction

Phase-transfer catalytic techniques have been used in man-
ufacturing industry synthesis processes, such as insecticidal
and chemical production [1–3]. However, a traditional
liquid-liquid phase-transfer catalytic reaction has many dis-
advantages, because separating the catalyst and purifying the
reaction system are difficult. Hence, the liquid-solid-liquid
phase-transfer catalyst technique was developed. Although
this type of catalyst is easy to use and recover from a solution,
the reactant pore diffusion in the catalyst affects the reaction
and decreases the reaction rate. A catalyst immobilized in an
ion exchange membrane could solve these problems.

When a catalyst is immobilized in an inert membrane
pore, the catalytic reactivity and separation functions are
engineered in a complex system. The membrane technique
offers advantages of (i) separating the catalyst from the
reaction solution, (ii) maintaining phase separation to
minimize the potential of emulsions forming, and (iii) a high
surface area per unit volume of the reactor. Furthermore,
Zaspalis et al. [4] reported that a reaction using a membrane
catalyst could be 10 times more active than a pellet catalyst
reaction. Yadav and Mehta [5] presented a theoretical and
experimental analysis of capsule membrane phase-transfer
catalysis for the alkaline hydrolysis of benzyl chloride to
benzyl alcohol. Okahata and Ariga [6] examined the reaction

of sodium azide with benzyl bromide in the presence of
a capsule membrane with pendant quaternary ammonium
groups and polyethylene glycol groups on the outside. A
capsule membrane is unsuited to mass industrial production
because of the inconvenience of working with capsules.

Various methods of preparing ion-exchange membranes
for different purposes have been proposed and practiced
by industry. One of these methods is copolymerizing div-
inylbenzene and other vinyl monomers (e.g., styrene, chlo-
romethylstyrene, and vinylpyridine) into a membranous
copolymer using the paste method and then introducing
ion-exchange groups into the copolymer [7–9]. The poly-
mer solution (which contains polymers with ion-exchange
groups and other polymers) is then cast on a flat plate
to remove the solvent [10, 11]. Most commercial anion-
exchange membranes contain benzyl trimethylammonium
or N-alkyl pyridinium groups as anion-exchange groups
and are cross-linked with divinylbenzene. The membrane
backbone polymer is hydrophobic because of aromatic or
heterocyclic groups and the active ion-exchange group is
hydrophilic. A study [12, 13] that used commercially and
laboratory-produced membranes as phase-transfer catalysts
in the allylation of phenol showed that the reactivity of
quaternary ammonium catalysts in the ion-exchange mem-
brane was lower than that of general phase-transfer catalysts
because the ion-exchange group was hydrophilic. The types
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of ion-exchange groups were hydrophobic and hydrophilic
to test the reactivity of phenol allylation. This study presents
a discussion on the reactor design problem in a membrane
reactor in a two-phase system and examines the relationship
between the reactivity of phenol allylation and the mem-
brane reactor. This study also uses membrane properties
and the transfer of phenolate ions in the membrane to
research the reactivity of quaternary ammonium catalysts in
the membrane.

2. Experimental Section

2.1. Materials. Allyl bromide (Fluka, 99.5%), phenol (RDH,
99%), chloromethylstyrene (Aldrich, 97%), and allyl phenyl
ether (PhOR, Aldrich, 99%) were provided by the indi-
cated suppliers. Anion-exchange membrane A-172 (a poly-
mer of 1-methyl-4-vinyl-pyridinium crosslinked with 1,4-
divinylbenzene) was purchased from ASAHI CHEM Ind.
Co. Ltd. (Japan). The characteristics of the A-172 mem-
brane were thickness 0.12–0.15 mm; ion-exchange capacity
1.8–1.9 meq/g of dry membrane; water content 24%-25%;
electrical resistance 1.7–20Ω/cm2; character: monoanion
permselectivity membrane; reinforcement PP fabric.

3. Preparation of Anion Exchange Membrane

The preparation procedure was identical to that described
by H. S. Wu and Y. K. Wu (2005) [13]. Four types of
anion exchange membranes with different amine functional
groups (trimethylamine (TMA), triethylamine (TEA), tri-n-
propylamine (TPA), and tri-n-butylamine (TBA) were pre-
pared by a reaction of a membranous copolymer composed
of chloromethylstyrene (CMS type) and divinylbenzene
with various tertiary amines (TMA, TEA, TPA, and TBA).
Figure 1 shows the structure of the base membrane and
anion exchange membrane. H. S. Wu and Y. K. Wu [13]
described the synthesis of the base membrane and the process
of immobilizing amine in the base membrane.

4. Water Content in the Membrane

The membrane was washed with deionized water and then
immersed in deionized water for 60 min. This process was
completed twice. The wet membrane was weighed after
removing its surface moisture. This process was conducted
at least three times to obtain accuracy within 5%. The dry
membrane was weighed after drying at 60◦C. Water content

was calculated using WC(%) = (WW−W)/WW×100, where
WC ,WW , and W are water content in the membrane, weight
of the wet membrane after wiping, and weight of the dry
membrane, respectively.

5. Kinetics of Phenol Allylation
in a Membrane Reactor

Figure 2 shows the experiment apparatus of a membrane
reactor. An external circulatory bath was the membrane reac-
tor thermostat to maintain isothermal conditions. An aque-
ous solution (55 cm3) of sodium hydroxide (0.00334 mol)
and phenol (0.002 mol) was prepared and introduced into
the membrane reactor, which was set at the desired temper-
ature. Quantities of allyl bromide (0.03 mol), dichloroethane
(55 cm3), and diphenyl ether (internal standard) were pre-
pared and set to the desired temperature and then introduced
into the reactor. The interfacial area between the two phases
was 6.0 × 10−4 m2. The reaction temperature was 45–65◦C.
The reaction rate did not decrease below 5% after repeating
four reaction runs.

For a kinetic run, a sample was withdrawn from the
reaction solution at selected time intervals. The sam-
ple (0.1 cm3) was immediately added to dichloroethane
(0.3 cm3) to quench the reaction. The organic phase content
was then quantitatively analyzed with a high-performance
liquid chromatograph using the internal standard method.
The accuracy of these analytical techniques was within 2%-
3% and the data were correctly reproduced within 5% of
the values reported by this study. Liquid chromatography
was conducted with a Shimadzu LC-SPD-10A instrument
using a column packed with Phenomenex C12 (150 ×
4.6 mm, SYNERGI 4u MAX-RP 80A, USA). The eluant
was CH3OH/H2O = 3/1 with a flow rate of 1.0 cm3 min−1

monitored at 254 nm (UV detector).

6. Measurement of Contact Angle

Numerous types of membranes (the A172 membrane and
laboratory-produced membranes) can be used to measure
contact angles. A syringe needle was used to draw solvents
and then the syringe was squeezed five times until it was
clean. Solvents were drawn into the syringe needle without
bubbles. Membranes were placed on a table with a flat surface
and the syringe needle was placed on the apparatus. One
drop was dropped onto the membrane until the shape of
the drop did not change. The contact angle was recorded.
Measurements were taken three times.

7. Results and Discussion

Phase-transfer catalysis is a useful tool in organic synthesis
and has many applications in commercial processes. How-
ever, it cannot separate a product from its catalyst. Hence,
liquid-solid-liquid phase-transfer catalysis was developed to
immobilize the quaternary ammonium group onto the resin
and membrane [12–15]. Wu and Wang [14] proposed two
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Table 1: Advantages and disadvantages of three reactors.

V1 reactor H1 reactor H2 reactor

Diameter of membrane (cm) 6.2 2.2 2.5

Area of membrane (m2) 3.02 · 10−3 3.8 · 10−4 4.91 · 10−4

Working volume (cm3) 55 35 35

Activation energy (kcal/mole) 12.11 13.12 11.69

Turnover number (s−1) 1.53 · 10−3 2.58 · 10−3 2.74 · 10−3

Recovery rate of phenol in 90 min (ppm/(min m2)) 13794 45263 38452

Pressure drop
� � ©

Gravity × � ©
Area of membrane × © ©
Apparatus

� © ©
Cost

� © ©
Operating difficulty

� © ©
Reactivity × © ©
© good,

�
fair, × poor.

reactors: the slurry reactor and fixed-bed reactor usingqua-
ternary ammonium poly(styrene-co-chloromethylstyrene)
resin, to evaluate a liquid-solid-liquid triphase reaction.
However, the catalyst was always suspended in the solution
and could flow out of the reactor during a reaction. Hence,
developing a method to secure the catalyst on the reactor
bed is crucial to improve product and catalyst separation.
A membrane reactor could solve these problems, but some
design issues must be addressed to improve reaction rates.

8. Membrane Reactor Design Problems

Previous research [13] reported that the organic solution
leaked into the aqueous solution during a reaction because
gravity reduced the reactivity of the active site on the
membrane in the vertical membrane reactor. Hence, the
vertical membrane reactor was replaced with a horizontal
membrane reactor to avoid the gravity problem, to test the
reactivity of phenol allylation. The leaking phenomenon
decreased in the horizontal membrane reactor. Wu and Lo
[12] and H. S. Wu and Y. K. Wu [13] used the design
shown in Figure 2(a). The reactor (V1) was used to recover
phenol from simulated wastewater. The reaction system was
prepared by pouring the aqueous solution into the bottom
cell, covering the anion exchange membrane and locking the
reactor. The organic solution was introduced into the top
cell, starting the reaction.

Some engineering problems must be overcome in this
system and the membrane structure is an important factor.
Before the experiment, some bubbles may appear in the
aqueous solution during the preparation step. This could
influence the mass transfer of aqueous reactant from the
bulk solution to the membrane. If the boiling points of
both solvents (1-2 dichloroethane and water) are different,
there is a large pressure drop between two cells, which forces
the solution to pass through the membrane into the other
phase because the membrane reactor is a closed system. If
the density of the solution in the top cell is larger than
in the other cells, gravity is also a problem. Gravity could

force the top solution to pass through the membrane into
the bottom phase. Hence, gravity, pressure, membrane, and
bubbles influence reactivity in the reactor type, as shown in
Figure 2(a). The sample was also only drawn from the top
cell and not from the bottom cell.

H. S. Wu and Y. K. Wu [13] proposed that the membrane
reactor (H1) design shown in Figure 2(b) could solve these
problems and produce better reactivity than membrane
reactor V1. Moreover, the sample was simultaneously drawn
from two phases in reactor H1, but from only one point
in the top cell in membrane reactor V1, as shown in
Figure 2(a). Reactor H1 has some disadvantages; for example,
the solution is higher than the height of the membrane and
the density of 1-2 dichloroethane is more than that of water.
Although the gravity effect was less than in reactor V1, the
organic phase still passes through the membrane during the
long reaction time. Reactor H1 used a closed system for each
cell; therefore, the pressure drop between two cells was large,
which could be problematic.

Reactor H2 in Figure 2(c) was designed to compensate
for these problems. The height of the solution was equal to
that of the membrane and there was a channel tube between
both phases, solving the effects of gravity and pressure.
Table 1 shows the advantages and disadvantages of the three
membrane reactors.

9. Optimal Reactivity in Reactors H1 and
H2 Using Respond Surface Methodology

Increasing the concentration of the organic reactant (allyl-
bromide) increases the reaction rate. In this case, increasing
the concentration of organic reactants could also increase
the mass transfer rate of the organic reactant because the
mass transfer of the organic reactant from the organic
phase to the membrane phase was slow. However, increasing
aqueous reactant concentrations (phenol) could decrease
the reaction rate. An increase in the concentration of
aqueous reactants allows aqueous reactants to block the
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Figure 3: Effect of molar ratio of allylbromide to PhONa. T = 50◦C,
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1,2-C2H4Cl2, membrane reactor H1, membrane = A172.

membrane, decreasing the mass transfer rate [12]. Hence,
the reaction mechanism in a liquid-liquid membrane phase-
transfer catalyzed reaction is different from that in a liquid-
liquid phase-transfer catalyzed reaction. This study used the
Respond Surface Methodology (RSM) [16–18] to investigate
the reactivity of phenol allylation in H1 and H2 reactors.

The molar ratio of organic reactant (allylbromide) to
aqueous reactant (phenol) was generally an important factor.
The reaction rate increased in conjunction with the molar
ratio of allylbromide to phenol. Molar ratios between 1 and
9 were tested in this system. After testing, the best molar
ratio (7) was used in the next step. The result is shown
in Figure 3. Organic and aqueous reactant concentrations
affected the reaction rate. Previously, researchers wanting to
obtain optimum conditions in traditional reaction kinetics
used experimental runs, which increased the number of
runs. This method was time consuming and expensive. This
study used RSM to test different concentrations to examine
the relationship between organic and aqueous reactant
concentrations. The best molar ratio of organic to aqueous
reactant concentrations was found and this ratio was used in
the steepest ascent path method. After the experiment design,
reaction rates were calculated to obtain (9).

R = 2.47× 10−4 + 3.8× 10−5 [Phenol]

+1.18× 10−4 [Allylbromide
]

−8× 10−5 [Phenol]2

−3.51× 10−3 [Allylbromide
]2,

(1)

where R is the reaction rate (mol/(m2 · s)). The respond
surface of the reaction in reactor H1 is shown in Figure 4(a).

The turnover number is the number of substrate mol-
ecules converted to produce by one molecule of catalyst per
unit of time when the reaction rate is maximal and the
substrate is saturated. That is, the turnover number (s−1)
is the maximal mole of substrate consumed per catalyst per
time. The turnover number is calculated using

Turnover Number = R

Mc
, (2)

where Mc is the amount of the catalyst per area (mol/m2).
Based on previous research, the yield of allyl phenyl ether
increased when the excess organic concentration increased.
Figure 4(a) shows that after calculation, the optimal reaction
rate was 8.54×10−4 mol/s·m2 when phenol and allylbromide
were 7.41×10−3 mol and 0.106 mol, respectively. The average
membrane weight was 0.086 g and the ion-exchange capacity
was 1.6 mmol/g; therefore, the mole of the catalyst was 1.22×
10−4 mol. The turnover number was 2.58×10−3 s−1 at 328 K.
Previous researchers [12] found a turnover number of 1.53×
10−3 s−1 in reactor V1, as shown in Figure 2(a). This value
was smaller than that of reactor H1.

Table 1 shows the similar optimal reactivity of reactor H2.
The optimal reaction rate and turnover number for reactor
H2 are larger than those for reactor H1. Figure 4 shows
that the operating concentration of allybromide or phenol in
reactor H2 is also larger than those for reactor H1. Therefore,
reactor H2 performs better than reactor H1.

10. Effect of Membrane Structure

Wu and Lo [12] showed that the reaction rate increased with
an increasing molar ratio of allylbromide to phenol. Figure 5
shows that the allyl phenyl ether yield varies with different
types of membranes. To determine what occurred in the
reaction, different membrane types were tested to measure
contact angles. This is shown in Figures 6 and 7.

The dry A172 membrane and laboratory-produced base
membranes were polymeric membranes. Generally, the poly-
mer membranes were hydrophobic. The contact angles of the
dry A172 membrane and laboratory-produced base mem-
branes decreased with an increasing concentration of phenol
in the aqueous solution. The contact angles for the dry
A172 membrane in aqueous or organic solvents were larger
than those for the laboratory-produced base membranes.
This could indicate that the interaction between solvents
and the membrane of the laboratory-produced membranes
was larger than the interaction of the A172 membrane. The
reaction rate for laboratory-produced membranes could be
higher than for the A172 membrane. For wet membranes,
the contact angles were zero because the solvent drops were
drawn into the membrane.
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Figure 8 shows that the water content decreased with
increasing crosslinkage when the ion-exchange capacity did
not change. Because the physical strength of the membrane
increased with crosslinkage, it was difficult for water to exist
in the membrane, and the swelling decreased.

The aqueous ion-exchange reaction of phenolate ion
(PhO−) and bromide ion (Br−) is shown by

Q+Br− + PhO− k f→ Q+PhO− + Br−, (3)
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Figure 6: Contact angles of laboratory-produced base membranes
with different degrees of crosslinkage with different concentrations
of phenol and molar ratios of allylbromide to phenol.

whereQ+ is a phase-transfer catalyst. The reaction expression
is:

r = −d
[
PhO−]

dt
= k f

[
PhO−] [Q+Br−

]
. (4)

The k f value was calculated from the slope in Figure 9 (upper
panel) using the initial reaction rate method. The reaction
rate has an optimal value. k f decreased with increasing
initial amounts of PhONa. This verifies that increasing
concentrations of aqueous reactant does not increase the
reaction rate, as shown in Figure 9 (lower panel). Therefore,
the contact angle, water content, and ion exchange of
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the forward ion-exchange rate. 65◦C, 400 rpm, 30.2 cm2 of A-172
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phenolate ions with bromide in the membrane are essential
for applying this membrane technique to phase-transfer
catalysis.

11. Conclusion

Gravity and pressure are important factors in reactor design.
The catalytic reactivity in the H2 reactor design was better
than in the V1 reactor. The RSM could be used to obtain
the optimal turnover number and reaction rate to verify the
reactivity of a catalyst in a membrane. For phase-transfer
catalytic membrane systems to perform well, the membrane
structure for reactants and solvents must be studied to obtain
optimal conditions.
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Composite membranes have been prepared by impregnation of Nafion into the expanded polytetrafluoroethylene (EPTFE) matrix.
Nafion loading in the composite membranes was kept constant at 2 mg/cm2. The lower amount of electrolyte per unit area in the
composite membranes offers cost advantages compared to conventional membrane of 50 µm thickness with an electrolyte loading
of ∼9 mg/cm2. Composite membranes (30 µm thickness) were found to have higher thermal stability and mechanical strength
compared to the conventional membranes (50 µm thickness). The performance of the membrane electrode assembly made with
these composite membranes was comparable to that of the conventional membranes. Single cells fabricated from these MEAs were
tested for their performance and durability before scaling them up for large area. The performance of a 20-cell stack of active area
330 cm2 fabricated using these membranes is reported.

1. Introduction

Polymer electrolyte membrane fuel cell (PEMFC) presents
an attractive alternative to traditional power sources, due
to high efficiency and low pollution. The efficiency of the
fuel cell vehicle using direct hydrogen fuel cells has been
reported to be twice that of the gasoline vehicles [1, 2].
Fuel cell efficiency is high even at partial loads compared
to the internal combustion engines, which operate at high
efficiency only at full loads. The only emissions in vehicles
operating on hydrogen as fuel is water and is hence non-
polluting. Fuel cell stacks of sub-kW and 1 kW level find
applications as power sources in electronic equipments
and as power source in portable applications. A 3 kW
fuel cell stack has been projected for applications in the
telecommunication sectors as highly reliable and durable
on-site power generation technology is required for these
applications. Stacks of 5 kW and above are used as power
sources in various stationary and vehicular applications.
Combined heat and power generation using fuel cells is
especially attractive for stationary power generation. Further,
these short stacks hybridized with electrical storage devices

(batteries and/or ultra-capacitors) can have several benefits,
including capturing regenerative braking energy, enhancing
fuel economy, providing a more flexible operating strategy,
overcoming fuel cell cold-start and transient shortfalls, and
lowering the cost per unit power. In a PEMFC, the proton-
conducting membrane is located between the cathode and
anode and transports protons from anode to cathode. The
membranes for high performance PEM fuel cells have to
meet the requirements of low cost, high proton conductivity,
good water uptake, low gas permeability (<1 mA/cm2 at
60◦C) [3], and so forth. Nafion, the widely used polymer
electrolyte membrane, is a fast proton-conducting separator
and shows excellent performance at low temperatures and
high humidities. However, the cost of the membrane is
high thus limiting its applications in commercial systems.
Other disadvantages include the loss of conductivity at
high temperature, decrease in strength in thin sections
of the membrane and significant dimensional change on
hydration [4, 5]. Composite membranes based on substrate
and ionomer offer advantages in terms of cost and strength
while retaining similar conductivities. Gore Tex materials are
made of porous inert polytetrafluoroethylene filled with ion
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exchange polymer (usually Nafion) [6]. The same approach
was adopted by another company (Johnson Matthey) using
a nonwoven silica substrate [7]. Very thin membranes could
be made due to better mechanical properties compensating
for the higher intrinsic resistance. The concept of using
porous substrate-based composite membranes has been used
to prepare a low proton resistance PBI/PTFE composite
membrane [8]. Nafion composite membranes with porous
Teflon, polypropylene, nylon, and Celgard substrates have
been studied and their properties are reported in the
literature [9, 10]. The composite membranes based on
expanded PTFE has been the subject of study of many
researchers and studies on methods to reduce the resistance
of the membranes through surface modification of EPTFE
[11–13], changes in the solvent solubility parameter [14],
addition of additives during membrane fabrication [15] have
been investigated.

Present PEMFC fuel cell stacks use conventional com-
mercially available materials. As bipolar plates, membranes
and catalysts form the major cost component in a fuel cell,
most of the research is carried out on alternative substitutes
for these materials. PEMFC stacks are being developed with
alternate materials to meet the cost targets set for various
transport and stationary applications. PEMFC stacks have
been designed, assembled, and tested at the 1 kWe, 5 kWe,
and 10 kWe size from a range of materials including uncoated
stainless steel (type 904) coated stainless steel (type 316)
and coated titanium [16, 17]. Performance of a 1 kW-class
PEMFC stack using TiN-coated 316 stainless steel bipolar
plates have been reported by Cho et al. [16]. The authors have
concluded that TiN-coated stainless steel performed better
than bare stainless steel. LF11 Al alloy bipolar plates with
gold plating (coated by surface plasma technique) were used
to develop 1 kW fuel cell stack [17] to study its properties
as these bipolar plates had preferable properties compared to
graphite- and gold-coated stainless steel plates. Nafion/SiO2

composite membrane stack have been developed using sol-
gel technique to control the SiO2 particle size in Nafion
NRE 212 membrane [18]. A ten cell stack developed using
the composite membrane could be operated at 110◦C using
90% glycol solution as the coolant and pure hydrogen and
oxygen as the reactant. Bandlamudi et al. [19] have studied
the properties of 150 W PBI/H3PO4 Gel-Based Polymer
Electrolyte Membrane Fuel Cells under the Influence of
Reformates. Stacks based on Celtec-P commercial high
temperature membranes are also being tested [20]. Bonville
et al. [21] have studied the effect of scaling up (from
25 cm2 to 300 cm2) on the cell performance and properties
using Ionomem corporations composite membrane based
on PTFE, Nafion and phosphotungstic acid at 120◦C and
35% RH. Based on the performance, the process of scaling
up was verified.

Although a number of papers based on composite mem-
branes are available in the literature, papers on fuel cell stack
are mainly based on commercial membranes. Composite-
membrane-based stack are being developed only by the
manufacturers of these membranes. The present paper
illustrates a simple method to prepare composite membranes
with comparable performance to those reported in the

Expanded PTFE substrate

dimethylformamide and isopropyl alcohol
Spray 

technique

Composite membrane for PEMFC 

Soaked in water for 24 hrs

Washed free of acids

Nafion impregnated substrate

Nafion solution (5%) + equimolar mixture of

Soaked in dil. H2SO4 for 4 hrs

Figure 1: Fabrication procedure for composite membranes.

literature that can be easily scaled up to fabricate membranes
of large size for development of fuel cell stacks for various
applications. The results of the properties of the composite
membrane developed using a PTFE matrix and Nafion
ionomer and that of the 1 kW stack fabricated using them
are presented in the current paper.

2. Experimental

2.1. Preparation of Nafion/EPTFE Composites. Figure 1 gives
the general procedure for preparation of the composite
membrane. Porous EPTFE was first washed with alcohol
and dried in oven and mounted on a frame. The film
was soaked in acetone for 30 min before impregnating with
ionomer. Nafion solution (5%) obtained from Dupont Co,
with an equivalent weight of 1000, was used for impregnating
the porous EPTFE film. Nafion solution was mixed with
dimethylformamide to make the solution into 2.5% of
polymer in the solvent. The Nafion loading in the porous
EPTFE film was maintained constant at 2 mg/cm2 for all the
membranes. Impregnation was carried out in steps to ensure
that all the pores of the membrane were fully blocked to avoid
gas crossover by spray method. Membranes were pressed at
30 kg/cm2 (using a Carver, USA hot press) at 120◦C for 3
minutes followed by annealing. The membranes were soaked
in water for 24 hrs and then in dilute H2SO4 for 4 hrs and
washed free of acid before use.

2.2. Characterization of the Composite Membranes. The com-
posite membranes were characterized by IR spectroscopy
(Perkin Elmer FTIR), thermogravimetric analysis (Netzsch
thermal analyzer model no. STA 449 F1, Gemany), dynamic
mechanical analysis (Dynamic mechanical analyzer model
Q800 by TA instruments, USA.), and conductivity mea-
surement (by Impedance analysis using Solatron Analytical
frequency analyzer model 1400 Test system) before fuel cell
testing. Gas permeability across the membranes were tested
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Table 1: Properties of the composite membrane.

S. No Property

1 Substrate Expanded PTFE

2 Substrate pore size 5 µm

3 Substrate porosity 85%

4 Substrate thickness 25 µm ± 5

5 Composite membrane thickness 28±5 µm

6 Composite membrane conductivity 16 mS/cm

by assembling the membrane in a fuel cell set up and passing
the gas on one side of the cell. The other inlet is capped and
the outlet is dipped into a water reservoir after applying a
differential pressure of 1 Kg/cm2 on one side. Membranes
that did not show any permeability were only used for
making MEA. The maximum pressure up to which these
membranes were tested was 3 Kg/cm2.

The membrane electrode assemblies were made by a
proprietary technique developed in our lab using 40% Pt/C
(Arora Mathey, India), 5% Nafion Solution (DuPont, USA),
and Carbon substrate from Ballard, USA. The catalyst layers
were coated on a Gas diffusion layer by brush and the catalyst
loading (total) was 1 mg/sq cm. Pure hydrogen and air were
used as fuel and the oxidant. The cells were operated at
ambient pressure conditions. Preliminary performance com-
parison, durability studies (by cycling between two different
potentials) were carried out in 30 cm2 active area MEA before
scaling up the membrane production to prepare MEAs with
an active area of 330 cm2. The MEAs were tested using an
Arbin Fuel cell test station, USA. A 1 kW stack was built using
20 MEAs of 330 cm2 active area. The stack was operated at the
cell temperature of 50◦C using water as the coolant.

3. Results and Discussion

Composite membranes based on expanded PTFE substrate
were prepared by spray method as described in Figure 1.
The properties of the substrate used and the membrane
are given in Table 1. The SEM images of the substrate and
the composite membrane have been discussed in detail
earlier [14]. Conductivity measurements were made by
sandwiching the membrane between conducting plates and
measuring the impedance. The composite membranes have
good conductivity due to their reduced thickness even
though a substrate of high resistance is used.

3.1. Composite Membrane Characterization. Figure 2 shows
the IR spectrum of the substrate and Nafion impregnated
EPTFE membrane. The plain EPTFE shows characteristic
peaks in the region 503 cm−1 due to –CF2 rocking mode,
620–640 cm−1 due to –CF2 wagging, 1150 cm−1 due to –CF2

stretching, and 1240 cm−1 due to –CF3 stretching. As the
plain EPTFE does not absorb any moisture, no characteristic
peak is seen in the region 3000–4000 cm−1. In the composite
Nafion membrane, the finger print region due to the PTFE
background is still retained and no significant shift is
observed due to any interactions in this region. Additional
peaks due to –C–O–C–stretching band (970 cm−1), weak
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Figure 2: IR curves for the substrate and the composite membrane.

band at 805 cm−1 due to –C–S–stretching, a band in the
1100–1200 cm−1 region due to highly polar sulphonic acid
groups, –OH bending vibration in the 1600–1800 cm−1

region, and band in the 3200–3800 cm−1 region due to water
fundamental vibrations, are seen. These results confirm the
impregnation of Nafion in PTFE and correspond with the
Nafion and the PTFE bands observed in the literature [23].

Figure 3 shows the TGA curves obtained for the substrate
PTFE and that of Nafion impregnated PTFE. It was found
that pure PTFE is very stable and shows no transitions
below 500◦C. The composite Nafion membrane due to the
presence of the ionomer shows transition around 300◦C
and 450◦C due to degradation of the sulphonic acid groups
and the main chain scission of Nafion ionomer. Nafion 112
membranes have been shown to have 3–5◦C lower initial
thermal decomposition temperature than the composite
membranes by Huang et al. [22]. Figure 4 shows the stress-
strain curves of Nafion and Composite membrane at 30◦C.
The composite membrane shows low-dimensional changes
to applied stress compared to pure Nafion membrane. This
property would be advantageous while operating a fuel cell.
The membrane electrode assembly in a fuel cell undergoes
stress due to tensile/compressive forces, hydration of the
membrane due to water present in the vapor and liquid
phase, cycling temperatures, and dynamic load cycles. Such
stresses can lead to changes in the performance of the MEA.
As these stresses are related more to the membrane than the
other components of the MEA, the composite membrane
that shows low variations in the stress is more advantageous.
Further, it can also be seen that the composite membranes
have higher modulus even though they are thinner than the
pure Nafion membrane. Table 2 shows the comparison in
properties between the developed composite membranes and
Nafion 112 membranes.

3.2. Fuel Cell Characterization. Figure 5 compares the per-
formance of the MEAs fabricated using the composite
membrane and Nafion 212 membrane tested using a 30 cm2
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Table 2: Comparison of the properties of the composite membrane with Nafion 112 membranes.

S. No Property Composite membrane Nafion 112

1 Thickness 28 ± 5 µm 50 µm

2 Water uptake 16 30

3 Thermal stability >300◦C <300◦C∗

4 Youngs modulas (Mpa) 241 117.7

5 Ionomer content (mg/cm2) 2 9
∗

[22]
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Figure 3: TGA curves for the substrate and the composite
membrane.

active area MEA with hydrogen and air as fuel and oxidant,
respectively, at 60◦C. The open circuit voltage for the
composite PTFE-Nafion membrane is lower than that of
pure Nafion membrane. This could be attributed to higher
permeability of the composite membranes to reactant gases.
Higher gas permeability for the composite membranes has
been reported in the literature [24] in comparison to recast
Nafion membranes and commercial Nafion 212 membranes.
Polarization curves obtained for composite Nafion mem-
brane and pure Nafion membranes show comparable per-
formance at 60◦C under humidified reactant conditions. The
reactant gases were humidified at 10◦C and 5◦C higher than
the cell temperature for hydrogen gas and air, respectively. As
the polarization curves are a complex function of kinetic and
mass transport-related parameters in addition to the ohmic
resistance, similar performances indicate the applicability of
these membranes for fuel cell applications.

3.3. Durability Testing of the MEAs. Cost and lifetime of the
cells are two interrelated parameters, which have to be
considered while development of new materials. As a lower
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Figure 6: Durability of the composite membrane performance to
repeated cycling.

cost, thinner alternative material is currently being consid-
ered, lifetime studies have to be carried out to study its
applicability. Lifetime of the cell is dependent on many
parameters like platinum particle dissolution and sintering,
carbon corrosion, membrane thinning, operating parame-
ters like voltage and current, cell temperature, pressure of
the reactants, transient or continuous operation, number of
startups and shut down, and so forth. As it is important
to test durability under various conditions, one of the
parameters, that is, cycling between operating voltage and
very low voltage was carried out to study the membrane
durability. Such extreme voltage parameters ensure that the
cell is operated between high current density and nominal
current density leading to differences in the water contents
in the cell and induce enough stress to test the membrane
properties and their durability. Figure 6 shows the results of
the cycling studies carried out on the composite MEA. The
MEA was held at a potential of 0.6 V for a period 30 s and
0.1 V for a period of 30 s. The entire cycle was thus completed
in 1 min. It can be seen that the characteristics of the cell
are constant for more than 2000 cycles studied. Further,
during the long-term operation, ac impedance was also
measured as shown in Figure 7. Ohmic and charge transfer
resistance of the single cells employed using these composite
membranes changed only marginally during cycling (after
2000 cycles). It has been reported that Nafion 112 membrane
[25, 26] shows higher degradation at low humidity and
high temperature of operation due to water-dependent glass
transition temperature of Nafion and the humidity and
temperature-dependent peroxide formation rates. Studies by
Janssen et al. [27] on PEMFC durability by load on/off
cycling with near saturated H2 and air at ambient pressure
concluded that membrane degradation did not contribute
significantly to losses and that losses were mainly due to
decrease in kinetic parameters and transport losses due to
change in hydrophilicity of the electrodes. As the present
study has been carried using fully saturated gases and
optimal temperatures, it can be concluded that membrane
degradation is not taking place.
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3.4. Fuel Cell Stack Characterization. Based on the results
obtained from single cell studies, membrane fabrication was
scaled up to form MEAs with an active area of 330 cm2. The
major challenges to be faced during the scaling up process
include nonuniformity in coating and incomplete coverage
of the pores of ePTFE substrate. The spray method used
for coating of the membrane included repetitive spraying
in the longitudinal and transverse directions on the entire
surface of the membrane to ensure complete coverage.
Also the solution viscosity was maintained at constant
level and evaporation losses were minimized by addition
of high boiling solvents so as to have a uniform coating.
The process developed produced membranes with less than
10% wastage. A fuel cell stack with 20 cells was fabricated
from these membranes after testing individual membranes
for permeability characteristics as mentioned in Section 2.1.
Figure 8 shows the composite membrane of 30 cm2 active
area and a 330 cm2 active area membrane along with the 20
cell stack assembled with these membranes. The stack design
selected had the following configuration: number of cells
—20, Active area 330 cm2, commercial supported catalyst
(40%) for both anode and cathode, Serpentine flow field
channels, water cooling channels after 2 cells, and internal
fuel and oxidant manifold. After assembly of the stack, it
was tested for electrical short circuits, internal or external
leakage of gases, coolants, and so forth. The stack was
operated using hydrogen and air as reactants at ambient
pressure conditions and 50◦C. The performance data for
the stack is shown in Figure 9. The open circuit voltage
for the stack was 16.04 V with the average individual cell
open circuit voltage of ∼810 mV. The voltage lowered to
15.28 V, 14.48 V, and 14.01 V as the current increased from
10 A to 20 A and 30 A, respectively. A peak power of 1.01 kW
was obtained at the voltage of 11.22 V and 90 A current.
In a fuel cell stack, uniform performance of each unit cell
is preferable. The performances of the individual cells at
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Figure 8: Composite membranes fabricated and the 20 cell PEMFC stack.
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Figure 9: Performance of 20 cell fuel cell stack using the composite
membrane.
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various currents are shown in Figure 10. The results show
that the voltage distribution is fairly uniform. The deviation
from the mean voltage at current densities up to 200 mA/cm2

was less than 6% and increasing to 12% at a current density
of 250 mA/cm2. These results suggest that the membranes

of comparable uniformity and quality have been prepared
using the spray method, and the slight differences in the
voltages of the various cells could be the result of slight
differences in the internal resistance of the cells, nonuniform
distribution of the reactant gases from the gas inlet to the
outlet, and differences in the activation polarization of the
electrodes, and so forth. With respect to endurance testing,
the stack was not continuously tested at any particular power
for long duration. The stack has been tested for more than
300 hrs at various conditions. The research and development
program thus resulted in the development of 1 kW stack
demonstrated using a composite membrane prepared in the
lab. The process can be scaled up further to produce large
stacks.

4. Conclusions

Composite Nafion membranes were fabricated by impreg-
nating expanded PTFE substrate with the ionomer solution.
Composite membranes with ionomer loading of 2 mg/cm2

and thickness of 30 µm were found to have higher ther-
mal stability and mechanical strength than conventional
membranes with ionomer loading of ∼9 mg/cm2 and 50 µm
thickness. The composite membranes also offered cost
advantages due to lower active material loading compared
to the conventional membranes besides having comparable
performance. Durability of the MEAs was tested by carrying
out cycling studies between two voltages of 0.6 V and 0.1 V.
The MEAs were cycled to ∼2000 cycles, and it was found
to give stable performance. Impedance analysis of the MEAs
before and after cycling showed that the differences in the
solution and the charge transfer resistances were almost the
same indicating negligible membrane degradation. Based on
the results, the membrane fabrication was scaled up and a
20 cell stack with an active area of 330 cm2 were fabricated.
A peak power of 1.01 kW was obtained with fairly uniform
performance of the individual cells.
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The metal-finishing and tannery industries have been under strong pressure to replace their current wastewater treatment
based on a physicochemical process. The electrodialysis process is becoming an interesting alternative for wastewater treatment.
Electrodialysis is a membrane separation technique, in which ions are transported from one solution to another through ion-
exchange membranes, using an electric field as the driving force. Blends of polystyrene and polyaniline were obtained in order
to produce membranes for electrodialysis. The produced membranes were applied in the recovery of baths from the metal-
finishing and tannery industries. The parameter for electrodialysis evaluation was the percentage of chromium extraction. The
results obtained using these membranes were compared to those obtained with the commercial membrane Nafion 450.

1. Introduction

Over the past few decades, there has been increased concern
for the preservation of water resources. Industrial activities
have led to widespread heavy metal contamination of soils
and natural waters. Among the various sources of water
contamination, the electroplating industry stands out as one
of the most important, because it generates a considerable
volume of effluents containing high concentrations of metal
ions and, often, high concentrations of organic matter [1].
Another aggravating factor is that the traditional process for
the treatment of these effluents, not very efficient and in
some cases totally inefficient, produces dangerous solid waste
(electroplating sludge), which should, therefore, be disposed
of in appropriate landfills.

The most commonly used technology for the treatment
of effluents is the physicochemical one, followed by units of
biological treatment, usually consisting of activated sludge or
aerated lagoon systems [2]. These conventional treatments
are generally not able to reduce all the polluting parameters.
Chemical Oxygen Demand (COD), chlorides, sulfates, and
chromium often do not reach the required limits [3].

In this context, the leather and metal-finishing industries
urge researchers to investigate new technologies for the
recovery or recycling of chemical wastewater [4]. Because
of their toxicity, these effluents cannot be rejected without
pretreatment in the environment [5, 6].

Membrane technology has become increasingly attrac-
tive for wastewater treatment and recycling [7]. The main
advantage of a membrane process is that concentration and
separation are achieved without changing the physical state
or using chemical products. Because of their modularity,
membrane techniques in general and electromembrane
techniques in particular are very well adapted to pollution
treatment at its source; within this process, the electro-
dialysis process is becoming a good alternative when com-
pared to the traditional methods of wastewater treatment
[8, 9].

Electrodialysis (ED) is a membrane separation process
based on the selective migration of aqueous ions through an
ion-exchange membrane as a result of an electrical driving
force. The transport direction and rate for each ion depend
on a number of conditions, such as, its charge, mobility,
relative concentrations, and applied voltage. Ion separation
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is closely associated with the characteristics of the ion-
exchange membrane, especially its permselectivity. ED was
first used for the desalination of saline solutions, but other
applications, such as, the treatment of industrial effluents,
have gained importance [10, 11].

The purpose of this study is the investigation of the
transport of some ions through synthesized membranes
and a commercial one by electrodialysis. For the tannery
effluents, photoelectrochemical oxidation (PEO) processes
were previously used to degrade organic matter [12–14].

2. Experimental

For this study, two different real effluents were collected
at two industries in the Southern Brazil. One effluent was
collected at the discharge point of the conventional effluent
treatment plant (CET) of a tannery plant. This plant carries
out all the industrial processes from raw hides to finished
leather. This effluent was then photoelectrooxidized for 24
hours and then treated by ED. A scheme of the PEO system
used in this work is shown in Figure 1. It is made up of two
serial, one liter PVC electrolytic reactors.

A 400 W high-pressure mercury-vapor lamp was used
as a light source. Before each experiment, the UV light was
turned on for 15 min to allow the UV energy to become
stable. Two pairs of electrodes were used. The cathode and
anode were DSA (70TiO2/30RuO2). The electrode area inside
the cell was 118 cm2. During the experiments, the reactor
was operated in a batch recirculation mode. The effluent was
recirculated at a flow rate of 4 L·h−1, and 50 L effluent was
treated by PEO for each experiment. The photoelectrochemi-
cal oxidation experiments were carried out using a DC power
supply with an applied current density of 20 mA cm−2.

In the metal-finishing plant, the effluent was also col-
lected at the discharge point of the conventional effluent
treatment plant (CET). The chromium concentrations were
0.5 ppm for the tannery effluent and 60 ppm for the metal-
finishing effluent.

2.1. Membranes. The membranes were prepared by mixing
conventional polymer (HIPS) with conducting polymers
polyaniline (PAni). Two different mixing methods were
tested to evaluate the effect of the production method.
Dopants for polyaniline (PAni), camphorsulfonic acid
(CSA), and p-toluenesulfonic acid (p-TSA) were also used.

HIPS and PAni were dissolved in 20 mL of tetrachlo-
roethylene. After dissolution, PAni was dispersed in an HIPS
polymeric matrix for 30 minutes. This dispersion was per-
formed at 1,000 rpm in a mixer (Fisaton). The membranes
were molded on glass plates using a laminator to keep
thickness constant, and the solvent evaporated slowly for
24 hours under room temperature. The membranes were
referred to as MCS and MTS.

2.2. Membrane Characterization

2.2.1. Infrared Spectroscopy. The samples were prepared with
potassium bromide (KBr) powder. All of the samples were
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Figure 1: Schematic representation of PEO system: (1) PVC
reservoir; (2) titanium oxide cathode; (3) titanium oxide recovered
with TiO2/RuO2 anode; (4) quartz tube; (5) mercury steam lamp.

Figure 2: Three-compartment cell used for electrodialysis.

analyzed using an FTIR Perkin Elmer spectrometer model
Spectrum 1000. The spectra were recorded in the spectral
range of 400–4,000 cm−1.

2.2.2. Swelling. Excess water was removed with a paper filter,
and the membranes were weighed and kept in the oven at
80◦C for 10 hours and then weighed again. The uptake of
water was determined by the mass difference between the
wet and the dried membranes (after heating at 80◦C). Water
absorption is expressed in percentage.

2.2.3. Morphology. Scanning electron micrographs of the
membranes’ surface were obtained using a microscope
(Philips XL20) after the samples were sputter-coated with
gold.

2.2.4. Electrodialysis. The membranes were synthesized
(MTS and MCS) [15–17] and the commercial membrane
(Nafion 450) was used as a cation selective membrane.
Selemion AMV was used as an anion selective membrane.
All of the membranes were maintained in contact with the
solutions for 48 h in order to achieve equilibrium.
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Figure 4: FTIR spectrum of PAni/CSA, HIPS sample, and MCS
membrane.

The membranes were also equilibrated in deionized
water at room temperature for 24 hours, with the aim of
testing the hydrophilic behavior of –SO3

− from the doping
acid that was used in polyaniline.

The electrodialysis experiments were performed using
a three-compartment cell with a capacity of 200 mL each,
as shown in Figure 2. A platinized titanium electrode was
used as the anode and cathode. A Selemion AMT anionic
membrane was utilized and the cationic membranes were
the synthesized membranes (MCS and MTS) and Nafion
450. The area of the membranes was 16 cm2 and all the
experiments were galvanostatic, with a current density of
10 mA·cm−2. All of the electrodialysis experiments were
carried out during 180 minutes.

The evaluation of the electrodialysis process was
expressed in percent extraction, that is, how much of the
ion in question was transferred from the diluted to the
concentrated compartment:

Pe % = Mi −Mf

Mi
× 100, (1)

where Pe is the percent extraction (%), Mi is the ion
concentration considered in the diluted compartment in

Table 1: Solutions used in electrodialysis tests for recovery of metals
tannery and metal-finishing effluents.

Experiment
Cathodic

compartment
Intermediary
compartment

Anodic
compartment

1 0.1 M Na2SO4

Tannery effluent
photoelectro-

oxidized with 20 A
and 5 h

0.1 M Na2SO4

2 0.1 M Na2SO4
Metal-finishing

effluent
0.1 M Na2SO4

Table 2: Thickness and swelling of the membranes.

Membrane Thickness (mm) Swelling (%)

MCS 0.20–0.25 13.6

MTS 0.20–0.25 12.9

Nafion 450 0.40 28.6

time zero, and Mf is the ion concentration considered in the
diluted compartment at the final time.

Table 1 shows the solution’s distributions that were used
in the experiments.

2.2.5. Polarization Curves. Current-voltage curves (CVCS)
were obtained in galvanostatic mode using a classical three
compartment cell [18, 19]. This cell was composed of three
symmetrical 200 cm3 half cells. These compartments were
separated by gaskets, which clamp the membrane. In the
geometrical center of the gaskets there was a cylindrical hole.
The working area of the AMV membrane was 16 cm2. Two
Ag/AgCl electrodes, immersed in Luggin’s capillaries, allowed
the measurement of the potential difference between the two
sides of the membrane. Mechanical stirrers were placed in
each compartment. The same solutions were used on both
sides of the membrane. The electrical current was supplied
with two platinum electrodes (Figure 3). Electric current
was applied using a DC power source for 120 seconds. The
curves were obtained by potential measurements through the
membrane corresponding to the applied current.

3. Results and Discussion

3.1. Thickness and Swelling. Table 2 shows the thickness and
swelling of the membranes produced for this study and of the
Nafion 450 membrane.

The swelling capacity of the membrane affects not only
its dimensional stability but also its selectivity, electric
resistance, and hydraulic permeability. Dimensional stability
increases as the polymer affinity for water decreases. Con-
versely, as the polymer affinity for water increases, ionic
transport resistance decreases [20].

Membranes that use CSA as a doping acid show slightly
greater swelling than other membranes. However, the Nafion
450 membrane showed much greater swelling than the
synthesized membranes. This difference may be associated
with the fact that Nafion is a supported membrane and is
thicker than the membranes under study.
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Figure 5: Polarization curves of the synthesized membranes and commercial membrane using the metal-finishing effluents. (a) MCS, (b)
MTS, and (c) Nafion 450.

MPC for HIPS membrane with polyaniline doped with
camphorsulfonic acid (CSA), MPT for HIPS membrane with
polyaniline doped with p-toluenesulfonic acid (TSA). This
difference between the transport numbers may be related to
the structure of polyaniline dopant acid because its dopant
(CSA) is more hydrophilic than the other one (p-TSA).

3.2. Infrared Spectroscopy. To ensure incorporation into the
polymeric matrix, samples of PAni/CSA, HIPS, and MCS
membrane were analyzed. Figure 4 shows the FTIR spectra
of these samples.

In Figure 4, HIPS spectrum and different peaks were
observed. The peak at 2,948 cm−1 corresponds to an angular
deformation of CH3. At 1,731 cm−1, there is a peak attributed
to the stretching of C=O groups. The peaks at 1,645 cm−1

and 1,554 cm−1 correspond to N2H stretching. The peaks at
1,075 cm−1 and 1,140 cm−1 are associated to the stretching of
C–O–C groups [17].

The MCS membrane spectrum displays peaks of PAni
and HIPS spectra, thus showing the incorporation of PAni
into the plastic matrix. Some of the peaks are overlapped,
as seen in the stretching of N–H groups, in approximately
3,430 cm−1.

3.3. Polarization Curves. Figure 5 presents the polarization
curves of the synthesized membranes and commercial mem-
brane Nafion 450 using the metal-finishing effluents.

According to the classical theory [21, 22] of concentra-
tion polarization for ion-exchange membranes, the current-
voltage response shows three regions. The shape of current-
voltage curves can be distinguished. In the first region, a lin-
ear relationship is obtained between the current and voltage
drop that is referred to as the ohmic region. In the second
region, the current varies very slightly with voltage, denoting
an almost unrelated current applied voltage, corresponding
to the so-called limiting current. In the region III is an over-
limiting current region, and then current intensity increases
again with the applied voltage.

The MCS and MTS membranes presented a higher
electric resistance than the Nafion 450 membrane and
the limit current density was around 11 mA·cm−2. For
the Nafion 450 membrane, the limit current density was
around 20 mA·cm−2, thus showing that electric resistance is
lower.

Figure 6 presents the polarization curves of the synthe-
sized membranes and commercial membrane Nafion 450,
using the tannery effluents.
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Figure 6: Polarization curves of the synthesized membranes and commercial membrane using the tannery effluents (a) MCS, (b) MTS, and
(c) Nafion 450.

In Figure 6, it is possible to observe the current-potential
curves of the membranes used for the treatment of the
tannery effluents after photoelectrochemical oxidation. It is
verified that the curves present the same behavior as the
curves obtained with the metal-finishing effluent.

The membranes had higher resistance due to the residual
organic matter present in the effluent, which might have
caused the membranes fouling, hindering the transport,
and consequently increasing electric resistance. This phe-
nomenon was also observed for the commercial membrane
Nafion 450.

3.4. Electrodialysis. Table 3 shows the chromium transport
from metal-finishing effluents through the synthesized mem-
branes and the commercial membrane. It is possible to verify
that the Nafion 450 membrane presented better results when
compared to the synthesized membranes (MTS and MCS).

The analysis of chromium in the tannery effluent is
shown in Table 4. The MCS membrane had better chromium
transport than the MTS membrane. The commercial Nafion
membrane showed a better result, once again. Transport
results confirmed the effect of the acid structure used

Table 3: Chromium percent extraction through membranes using
the metal-finishing effluents.

Membrane Pe Cr3+ (%)

MCS 18.7

MTS 19.3

Nafion 450 37.9

as polyaniline dopant. TSA (toluenesulfonic acid) is an
aromatic acid and CSA (camphorsulfonic acid) is a cyclic
acid; this difference may affect the interactions between
the (HSO3

−) groups from the dopant acid and nitrogen
from polyaniline, which may, in turn, affect ionic transport
through the membrane.

3.5. Morphology. Regarding the morphology of membranes
(Figure 7), it is possible to observe the MTS (A) and MCS
(B) surfaces. The addition of polyaniline clearly promoted
changes in the morphology of the HIPS polymeric matrix.
The main differences between the MCS and MTS membranes
were observed in the polyaniline structure. The morphology
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Figure 7: Microscopy (A) MTS and (B) MCS membrane surface.

Table 4: Chromium percent extraction through membranes using
tannery effluents.

Membrane Pe Cr3+

MTS 95

MCS 96

Nafion 450 100

of the MTS membrane resembles needles; such a difference is
due to the fact that during the synthesis of polyaniline doped
with p-toluenesulfonic acid (p-TSA), the complete oxidation
reaction of the aniline took place.

4. Conclusions

Infrared spectroscopy showed characteristic bands of PAni
in the spectra of the membranes, especially the peak
at 1,034 cm−1 regarding the S=O group. The synthesized
membranes presented similar chromium transport to that
observed in the Nafion 450 membrane using the tannery
effluent. Electric resistance was higher in the synthesized
membrane than in the commercial membrane.

Using the metal-finishing effluent, it was possible to
verify that the MCS and MTS membranes presented similar
results in chromium transport. The Nafion 450 membrane,
however, presented better results, because its electric resis-
tance is lower.

The study proved the feasibility of using an alternative
technology in the treatment of tannery and metal-finishing
effluents, bringing great advantages to water reuse.
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The electrochemical characteristics of cation-exchange membranes based on polynorbornenes with fluorinated and sulfonated
dicarboximide side chain groups were reported. This study was extended to a block copolymer containing structural units with
phenyl and 4-oxybenzenesulfonic acid, 2,3,5,6-tetrafluorophenyl moieties replacing the hydrogen atom of the dicarboximide
group. A thorough study on the electrochemical characteristics of the membranes involving electromotive forces of concentration
cells and proton conductivity is reported. The proton permselectivity of the membranes is also discussed.

1. Introduction

Ion-exchange membranes have received considerable atten-
tion for many applications. Thus, the desalination of sea-
water and brackish-water, treatment of industrial effluents,
concentration or separation of food and pharmaceutical
products containing ionic species are some of the examples
of these kinds of applications [1, 2].

Ion-exchange membranes should exhibit high conduc-
tance, high permselectivity, low free diffusion of ionic
species, low osmotic flow, good mechanical properties, and
high chemical stability. Many polyelectrolytes based on
perfluorinated polyimides, polyetherketones, polysulfones,
polyphosphazenes; have been synthesized, and their elec-
trochemical characteristics have been studied [3]. It is well
known that norbornene monomers can be easily functional-
ized and membranes from functionalized polynorbornenes
with adamantyl, phenyl, cyclohexyl, and pentafluorophenyl
dicarboximide side groups have been prepared [4–6]. Taking

into account these antecedents and searching for new ion-
exchange membranes, a study was undertaken focused on
the preparation of cation-exchange membranes based on
modified polynorbornenes.

In an earlier work, the preparation of hydrogenated
and sulfonated poly(N-phenyl-exo-endo-norbornene-5,6-
dicarboximide) has been reported [7]. A drawback of these
membranes is that the sulfonation procedure does not
guarantee a uniform sulfonation of the phenyl groups,
and even it can produce degradative processes in the
polymer chains. In order to circumvent these difficulties,
we have synthesized poly(N-pentafluorophenyl-exo-endo-
norbornene-5,6-dicarboximide) and successfully replaced
the fluorine atom in position 4 of the phenyl group by
sulfonation in mild conditions [8].

The fluorine atoms in the polyelectrolyte side chains
can decrease attractive intermolecular interactions between
phenyl groups thus avoiding the molecular piling of the
phenyl rings. This behavior is a direct consequence of the
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high electronegativity of the fluorine atom which severely
reduces the polarizability of the Car−F bond and as a result the
formation of nonpermanent or flitting dipoles which are the
basis of the London dispersion forces [9]. It should be noted
that earlier studies on gas transport in polynorbornene-
based membranes showed that fluorinated moieties in the
polymer chains cause a significant increase in gas perme-
ability as a consequence of the decrease in intramolecular
interactions [10]. The cation-exchange membranes were also
prepared from copolymers resulting from partially replacing
the phenyl groups of poly(N-phenyl-exo-endo-norbornene-
5,6-dicarboximide) by 4-oxybenzenesulfonic acid, 2,3,5,6-
tetrafluorophenyl groups [11]. The aim of this study was
to find out how the decrease of the density of sulfonic
acid in the membranes affects their transport characteristics.
The acronyms used for the homopolymeric and the copoly-
meric acidic membranes were, respectively, P5FNDIHS and
C5FNDIHS, and the structural units of the respective chains
are shown in Figure 1.

2. Experimental Part

2.1. Synthesis of the Monomer. By reaction of norbornene-
5,6-dicarboxylic anhydride (NDA) with 2,3,4,5,6-penta-
fluoroaniline an amic acid (AA) that is obtained which fur-
ther treated with anhydrous sodium acetate/acetic anhydride
produces the monomer N-pentafluorophenyl-exo-endo-
norbornene-5,6-dicarboximide (5FNDI) (see Scheme 1).
More details of the synthesis are given elsewhere [8].

2.2. Polymerization. Polymerization of 5FNDI was carried
out by ring opening metathesis polymerization (ROMP)
(Scheme 1). The reaction was performed at 45◦C for 2 h in
glass vials, under nitrogen atmosphere. The polymerization
was terminated by adding ethyl vinyl ether to the reaction
medium which was further poured into methanol, solubi-
lized with chloroform containing a few drops of 1 N HCl, and
precipitated again into methanol. The product was dried in a
vacuum oven at 40◦C to constant weight. Then, the polymer
was hydrogenated quantitatively at room temperature and
115 bar using a Wilkinson’s catalyst (Scheme 2).

2.3. Sulfonation Procedure. Hydrogenated poly(N-penta-
fluorophenyl-norbornene-5,6-dicarboximide) (P5FNDIH)
(0.5 g, 1.51 mmol), sodium 4-hydroxybenzenesulfonate
dihydrate (0.70 g, 3.02 mmol), and potassium carbonate
(0.52 g, 3.77 mmol) were mixed in a round flask equipped
with a Dean-Stark trap and stirred in 15 mL of solvent
(N,N-dimethylacetamide-toluene 2 : 1) at 120◦C for 9 h
(Scheme 2). Progressive precipitation overtime was ob-
served. The product was then filtered off, washed several
times with distilled water and dried in a vacuum oven
at 40◦C overnight. The resulting polymer P5FNDIHS, a
pale-brown powder, was soluble in DMF and DMSO. Yield:
94%, Tg = 228◦C, Td1 = 260◦C (sulfonic group loss), Td2 =
430◦C (main chain decomposition).

1H NMR (300 MHz, DMF-d7): δ (ppm) = 7.80 (2H, s),
7.18 (2H, s), 3.56 (2H, s), 2.73, 2.31, 1.83, 1.58, 1.91.

13C NMR (75 MHZ, DMF-d7): δ (ppm) = 175.0 (C=O),
145.5, 145.0, 140.4, 139.7, 128.2 (C–O), 115.1, 107.2, 49.0,
43.0.

19F NMR (300 MHz, DMSO-d6, ref. TFA [−77 ppm]): δ
(ppm) = −141.9, −143.0, −153.1.

FT-IR (thin film, cm−1): 2926 (C-H asym str), 2860 (C–
H sym str), 1787 (C=O), 1726, 1636, 1509, 1406, 1356, 1295
(C–F), 1140 (−SO3H, asym str), 1132, 1039 (−SO3H, sym
str), 981, 833, 698, 561. The acronym for this polymer will be
P5FNDIHS (Figure 1).

2.4. Copolymerization. The copolymer was prepared via
ROMP in a block fashion [11]. Firstly, monomer PhNDI,
synthesized according to literature [8] and catalyst I were
stirred in 1,2-dichloroethane at 65◦C for 0.33 h. Then,
monomer 5FNDI dissolved in 1,2-dichloroethane was added
to the polymer solution and stirred at 65◦C for 0.66 h
(Scheme 1). The obtained copolymer C5FNDI was soluble
in chloroform and dichloroethane. The incorporation of
5FNDI in copolymer was 32 mol% as determined by 1H
NMR. The block copolymer obtained was hydrogenated
as mentioned above and the pentafluorophenyl moieties
of hydrogenated poly(N-phenyl-exo-endo-norbornene-5,6-
dicarboximide-co-N -pentafluorophenyl-exo-endo-norbor-
nene-5,6-dicarboximide) (C5FNDIH) were sulfonated with 4-
hydroxybenzenesulfonate dihydrate using the procedure used
for the sulfonation of hydrogenated poly(N-pentafluoro-
phenyl-exo-endo-norbornene-5,6-dicarboximide) (Scheme 2).
The acronym for this copolymer will be C5FNDIHS and its
composition is shown in Figure 1.

2.5. Membranes Preparation and Atomic Force Microscopy
(AFM). P5FNDIHS and C5FNDIHS membranes (in sodi-
um salt form) were cast, respectively, from hot N,N-dim-
ethylformamide solutions (∼2 wt %) of P5FNDIHS and
C5FNDIHS chains in a Teflon mold and dried at 70◦C for
12 h. The films were immersed firstly in stirring methanol at
room temperature for 3 h and secondly in deionized water
for 1 h in order to remove the residual solvent. Afterwards,
the membranes underwent a proton exchange treatment
with 1.0 N hydrochloric acid during 12 h. Then, the films
were washed repeatedly with deionized water until the rinse
water became neutral. Finally, the membranes were dried
under a vacuum at 120◦C for 10 h.

The surface morphology of the thin films was observed
using tapping mode AFM (Multimode Nanoscope IVa,
Digital Instrument/Veeco) under ambient conditions. In
tapping mode, the stylus oscillates and touches the sample
only at the end of its downward movement. The nominal
resonance frequency for the tapping mode was between 265–
309 kHz with a phosphorous (n) doped Si cantilever which
had a spring constant that ranged from 20 to 80 N m−1. The
set point in the AFM control program was adjusted to change
the contact force between the tip and surface in order to
detect the existence of morphologies.
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Table 1: Density in Kg m−3, ρ, water uptake in Kg H2O/Kg dry membrane, wu, IEC in equivalents of fixed anionic groups per Kg dry
membrane obtained by titration, X−, and NMR, X−NMR, molecules of water per fixed ionic group, λ, and conductivity, σ , in S/m, at 30◦C.

Membrane ρ wu X− X−NMR λx− λ X−NMR σ

P5FNDIHS 1500 0.617 1.750 2.060 19.6 16.6 2.24

C5FNDIHS 1380 0.373 0.286 0.204 72.5 101.6 0.0134

2.6. Density, Water Uptake, and Ion-Exchange Capacity of
the Membranes. The density of the dry membranes was
measured by the flotation method using isooctane as solvent.
The values of this parameter are shown in the first column of
Table 1.

Weighed dry membranes were immersed in distilled
water for several hours, removed from the solution, gently
blotted with filter paper to remove superficial water, and
weighed. From the weights of the dry membranes, md,
and the membranes equilibrated with water, mw, the water
uptake, wu, in g H2O/g dry membrane is obtained as wu =
(mw/md)− 1.

The ion-exchange capacity (IEC) of a given membrane
was measured by immersing the weighed dry membrane in a
1 N HCl solution for 1 h. Then the membrane was removed
from the solution, washed several times with distilled water
to eliminate the chloride acid absorbed, and finally immersed
in a 1 N sodium chloride solution. The protons exchanged in
the reaction

R-H + Na+ −→ R-Na + H+ (1)

were estimated by titration with a very diluted NaOH
solution. The values of IEC in equiv/Kg dry membrane were
obtained as IEC = VN/md where V is the volume in L
of the solution of NaOH of normality N (equiv/L) used
in the titration, and md is the mass of the membrane in
Kg.

2.7. Electromotive Forces of Concentration Cells. Electromo-
tive forces of concentration cells made up of two semicells
separated by the ion-exchange membrane were measured
(Figure 2). The configuration of the cells was Ag |AgCl| HCl
solution (c1) |cation-exchange membrane| HCl solution
(c2) |AgCl|Ag, where c1 and c2 are the concentrations of the
electrolyte in the left-hand and right-hand compartments
of the concentration cells. Notice that the anion of the
electrolyte must be reversible with that of the electrodes.
The solution in each compartment was kept under strong
stirring to minimize the formation of membrane-solution
interface layers. The evolution of electromotive force, emf,
of the cell with time was measured at 25◦C with a 3645-
20 Hioki voltage logger and recorded every second with a
3911-20 communication base apparatus via a PC. The emf
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Figure 2: Concentration cell used to measure the electromotive
force: (C) half cell, (E) electrodes, (M) ion-exchange membrane,
and (S) magnetic stirrers.
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Figure 3: Cell used to measure the ionic conductivity of the mem-
branes.

of the concentration cell was taken as that one at which this
quantity reaches a maximum.

2.8. Ohmic Resistance Measurements. The ohmic resistance
of the membranes in the acid form was measured with a
Novocontrol BDS system comprising a frequency response
analyzer (Solartron Schlumberger FRA 1260) and a broad-
band dielectric converter with an active sample head. Gold
disk electrodes were used in the impedance measurements
carried out at several temperatures in the frequency window
4.9 × 10−2 – 1 × 107 Hz. The temperature was controlled
by a nitrogen jet (QUATRO from Novocontrol) with a
temperature error of 0.1 K during every single sweep in
frequency (Figure 3). Measurements were carried out on
molded disk-shaped samples of 60–100 μm thickness with
diameters of 20 and 10 mm.
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Figure 4: Evolution of the emf of the P5FNDIHS membrane for
different c2/c1 ratios: (�) 0.01/0.005, (•) 0.02/0.01, (�) 0.1/0.05,
(�) 0.2/0.1, (�) 0.4/0.2, (�) 0.8/0.4, and (♦) 1.0/0.5.
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Figure 5: Evolution of the emf of the C5FNDIHS membrane for
different c2/c1 ratios: (�) 0.01/0.005, (•) 0.02/0.01, (�) 0.1/0.05,
(�) 0.2/0.1, (�) 0.4/0.2, (�) 0.8/0.4, and (♦) 1.0/0.5.

3. Results and Discussion

Values of the water uptake and the ion-exchange capacity
(IEC) of the membranes measured by titration are given
in Table 1. The values of the IEC estimated from the NMR
spectra, also given in Table 1, somewhat differ from those
determined by titration. Moreover, the number of moles
of water per –SO3

− group anchored to the polymer chains
of the membranes are also shown in Table 1. It is worth
noting that in spite of its relatively low IEC, the C5FNDIHS
membrane exhibits a rather large number of molecules of
water per anionic fixed group.

The variation of the electromotive force, emf, of the
concentration cell with time for several HCl solutions flank-
ing the membrane of interest is shown in Figures 4 and 5.
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The ratio between the concentrations of the solutions in
the concentrated, c2, and diluted, c1, compartments lies in
the vicinity of 2. In all cases, prior to each experiment, the
membrane was washed several times with distilled water
until exhausting the free electrolyte inside the membrane
and then was equilibrated with the solution used in the
dilute compartment of the concentration cell. An inspection
of the evolution of the curves in the figures shows that the
emf of the concentration cell increases with time needing
nearly 3 h in most cases to reach the maximum value and
then decreases as time increases. The emf at the maximum
of the curves was taken as the apparent electromotive force
of the concentration cell flanked by electrolyte solutions
with concentration c2/c1.

The emf of a concentration for an electrolyte Az+
ν+Bz−ν− →

ν+Az+ + ν−Bz− is given by [12]

em f = νRT

z+F

∫ a2

a1

t+(c)d ln a± = νRT

F

∫ a2

a1

τ+(c)d ln a±,

(2)

where a1 and a2 are, respectively, the activities of the
electrolyte solutions in the compartments 1 and 2 of the
concentration cell, t+ and τ+ (= t+/z+) are, respectively,
the number of equivalents and moles of cations transported
across the membrane by a Faraday of current, F, and ν =
ν+ + ν− is the total number of moles of ions proceeding
from the dissociation of the electrolyte. For monovalent
electrolytes, such as HCl, (2) becomes

em f = −2RT
F

∫ a2

a1

t+(c) d ln a±. (3)

Notice that for monovalent electrolytes, t+ = τ+.
Since transport numbers depend on the concentration of
electrolyte, solution of (3) requires measuring the t+(c)
profile across the membrane using the Hirthoff method, that
is, determining the variation of concentration of electrolyte
in a concentration cell flanked by the electrolyte at the same
concentration c after passing a known amount of dc current
across the membrane. However, if the concentration ratio
c2/c1 is 2 or lower, the average transport number of the cation
can approximately be estimated as

t+ = em f

em fmax
, (4)

where em f is the experimental value of the concentration
cell and em f max can be obtained doing t+ = 1 in (3), that
is,

em fmax = −2RT
F

ln
a2

a1
. (5)

Values of the apparent proton transport numbers for
different concentrations flanking the membrane are shown
in Figure 6.

The response of cation-exchange membranes in acid
form to an alternating electric field of angular frequency ω
is modeled by an electric circuit consisting of an ohmic resis-
tance RM accounting for proton transport in the membrane
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Figure 6: Variation of the apparent proton transport number with
the geometric average of the molality of the solutions flanking the
membrane in P5FNDIHS (squares) and C5FNDIHS (circles).

in series with a parallel RC circuit. The RC circuit represents
a Debye relaxation process with a single relaxation time τ =
RC. Strictly speaking, relaxation processes are described by
a distribution of relaxation times and as a result it is more
realistic to replace the capacitor by a constant phase element
of admittance Y∗(ω) = Y0( jωτ)n, 0 < n ≤ 1 [13]. The
impedance of the circuit is given by

Z∗(ω) = RM +
R

1 + Y1
(
jωτ

)n , (6)

where Y1 = RY0 is a dimensionless parameter. The complex
plane plot Z′′(ω) versus Z′(ω), called Nyquist diagram [14],
is an arc intersecting the abscissa axis at ω → ∞ and
ω → 0. Taking into account that limω→∞Z′(ω) = RM and
limω→∞Z′′(ω) = 0, the intersection of the arc with the
abscissa axis at high frequencies gives the ohmic resistance
of the membrane to proton transport. However, Nyquist
plots for the acidic P5FNDIHS and C5FNDIHS membranes
presented in Figures 7 and 8, respectively, show in addition
to the polarization arc another arc, at higher frequencies, that
presumably intersects with the abscissa axis at the origin. The
real impedance where the two arcs intersect with the abscissa
axis at the same point is the resistance RM of the membrane.
On the other hand, the polarization arc in the low-frequency
region does not intersect with the abscissa axis as (6) predicts
but both |Z′′| and Z′ increase as frequency decreases. This
behavior is presumably associated with a charge-transfer
resistance RCT and a double-layer capacitance Cdl. The
Warburg impedance [13, 15, 16] nearly always exhibits these
two characteristics in such a way that it is conditioned by
the diffusion of charges in the membrane-electrode interface.
The value of this impedance for an interface of infinite
thickness is given by

Z∗W (ω) = σ

ω1/2
− j

σ

ω1/2
, (7)
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C5FNDIHS membrane in the acid form equilibrated with distilled
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where σ is a constant that depends on Σi (1/Cbi D
1/2
i ) where

Cbi and Di are, respectively, the bulk concentration and
diffusion coefficients of the reactant species i. As a result
the modulus of the impedance scales as |Z∗W (ω)| ∼ ω−1/2,
that is, the double logarithmic plot of the modulus of the
complex impedance is a straight line of slope−1/2 in the case
of a double layer of infinite thickness. Although the results
seem to support the existence of a Warburg impedance, there
are not enough data in the low-frequency region that allow
to reach a definite conclusion concerning the membrane-
electrode double layer thickness.

To account for the arc intersecting with the origin at high
frequencies, the equivalent circuit of the membrane (ohmic
resistance of the membrane in series with a circuit made up
of constant phase element in parallel with the polarization
resistance) should be in parallel with a capacitor, in the case
of a semicircle, or a constant phase element for an arc.
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Figure 9: Bode diagram showing the variation of the modulus
of the impedance |Z∗| (lines) and the out-of-phase angle (φ =
tan−1/(Z′′/Z′) (symbols) with the frequency at 20◦C (solid line and
filled circles), 40◦C (dash line and open squares) and 60◦C (dot line
and filled triangles) for the P5FNDIHS membrane in the acid form
equilibrated with distilled water.
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An alternative method to determine the resistance of the
membranes is the Bode diagram [17] consisting in the plot
of both the modulus of the impedance and tan−1(Z′′/Z′)
against frequency. According to (6),

lim
ω−→0

∣
∣Z∗(ω)

∣
∣ = Rp + RM ; lim

ω−→0

∣
∣Z∗(ω)

∣
∣ = RM ,

φ = lim
ω−→∞tan−1

[
Z′′(ω)
Z′(ω)

]
= 0.

(8)

Illustrative Bode plots for the P5FNDIHS and C5FNDIHS
membranes are plotted in Figures 9 and 10, respectively. The
curves show that the modulus of the impedance undergoes
a sharp decrease reaching a plateau whereas φ reaches
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Table 2: Comparative and illustrative results for the ohmic resistance, RM , and conductivity, σ , of the membranes at 30◦C obtained from
Nyquist and Bode diagrams.

Membrane RM (Nyquist), Ω RM (Bode), Ω σ (Nyquist), S/m σ (Bode), S/m

P5FNDIHS 1.79 1.70 2.13 2.24

C5FNDIHS 20.24 20.41 0.0135 0.0134

a maximum at the plateau. The resistance of the membrane
is taken as the value of |Z∗(ω)| at the maximum of φ.
It can be seen at very high frequencies that the modulus
drops as a result of the fact that the capacitor in parallel
with RM governs the impedance of the circuit. The results
obtained for RM by the two methods are in rather good
agreement. For examples the value of RM for the P5FNDIHS
membrane at 30◦C estimated from Nyquist and Bode plots
are, respectively, 1.79 and 1.70Ω. These results are 20.24
and 20.41Ω for the C5FNDIHS membrane (see Table 2). For
consistency, the results of the Bode plots obtained for RM will
be used in the analysis below.

The resistance RM of the membranes was measured at
different temperatures and the corresponding conductivities
were obtained by means of the familiar expression

σ = l

R0S
, (9)

where l and S are, respectively, thickness and area of the
membrane in contact with the electrodes. For comparative
purposes the values of the conductivity at 30◦C are shown in
Table 1. Illustrative Arrhenius plots showing the temperature
dependence of the conductivity of the membranes obtained
from the resistances of the membranes estimated from Bode
plots are shown in Figure 11.

Figure 12 shows representative morphologies of the
P5FNDIHS and C5FNDIHS membranes. The molecu-
lar chains of the latter membranes contain, respec-
tively, 68% and 32% molar fractions of phenyl and 4-
oxybenzenesulfonic acid, 2,3,5,6-tetrafluorophenyl moieties
bonded to the dicarboximide side groups. It is expected
that these moieties are mutually incompatible and therefore
segregations occur giving rise to nanosize domains observed
in the AMF of C5FNDIHS. It is worth noting that the AFM of
P5FNDIHS suggests a much more homogeneous membrane
surface than that of C5FNDIHS. Moreover, it is expected
that the surface of the dry P5FNDIHS and C5FNDIHS
membranes has significant surface fluorine content com-
pared to the theoretical bulky fluorine content owing to the
low-surface energy of the tetrafluorophenyl moieties which
provide a thermodynamic-driving force for the self-assembly
at the surface air-polymer interface [18, 19].

In spite of the high water uptake of the P5FNDIHS
membrane, the moles of water per anionic fixed group in
the membrane, λ, are of the same order as that reported
for Nafion [20] and copolyimide acid membranes [21, 22].
However, it is surprising that the value of λ for the low
IEC C5FNDIHS membrane is nearly four times that of the
P5FNDIHS. This fact suggests that microphases separation
in the latter membrane serves to compartmentalize an excess
of water into the hydrophilic polar side chain domains,
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Figure 11: Arrhenius plot showing the temperature dependence of
the P5FNDIHS (squares) and C5FNDIHS (circles) membranes.

specifically in the vicinity of the dicarboximide side groups.
It is worth noting in this regard that apparently dried
naphthalenic polyimides may contain up to 10% of water.
Moreover, 1H NMR experiments carried out on acidic naph-
thalenic polyimide membranes heated at 130◦C under vac-
uum show peaks at 0.7–1 ppm corresponding to water asso-
ciated with imide groups [23]. This water may be absorbed
by the membranes during the NMR experiments handling.

An inspection of the dependence of the electromotive
force on time for the C5FNDIHS and P5FNDIHS mem-
branes shows that a certain time is required to reach a maxi-
mum value and then decreases as time increases. The emf of
the concentration cell containing the former membrane falls
to zero. The change is not so dramatic for the concentration
cell with the P5FNDIHS membrane. The drop of t+ to zero
for the C5FNDIHS membrane at long times, even for dilute
concentration solutions, suggests that the concentration of
electrolyte equalizes in the two compartments of the concen-
tration cell presumably as a consequence of strong electrolyte
diffusion. The drop of t+ with increasing concentration is not
so dramatic for the P5FNDIHS membrane at low concen-
trations, but the decrease of the transport parameter is still
significant. To explain this behavior the membranes can be
viewed formed by hydrophilic pores to the walls of which
anionic SO3

− groups are anchored. These groups prevent
the diffusion of coions across the pores and therefore hinder
electrolyte diffusion thus increasing the transport number of
counterions. The strong dependence of the counterion trans-
port on electrolyte concentration suggests that the number
of anionic fixed groups in the walls is not large enough to
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Figure 12: AFM topographic image for C5FNDHIS (a) and P5FNDIHS (b) membranes.

prevent coins diffusion across the membranes. As a result,
electrolyte diffusion from the high-to the low-concentration
compartment occurs, c2/c1 decreases, and the electromotive
force of the concentration goes down. Owing to the rather
high time necessary to reach a maximum and the rather
high free ionic diffusion taking place in that period of time,
the ratio a2/a1 presumably undergoes a significant decrease
for the more concentrated solutions. Therefore, the emf at
the maximum is the lower bound of this quantity and the
transport number corresponding to the nominal values of
c2/c1 should be higher than those obtained by means of (4).

The curves showing the variation of the transport num-
ber of protons with the geometrical average of the molality of
the solutions flanking the membranes show that both mem-
branes are ideally permselective for very dilute solutions,
but the permselectivity undergoes a rather fast drop with
increasing concentration. When the electrolyte solutions are
flanking the membranes, protons in the concentrated HCl
solution migrate to the side of the membrane facing the
diluted HCl solution. Because fixed ions in the membrane
hinder chloride anions transport across the membrane, the
side of the membrane in contact with the concentrated HCl
solution is negatively charged whereas that in contact with
diluted HCl solution is positively charged. As a result an elec-
tric potential is created inside the membrane that drags the
pore liquid positively charged toward the concentrated elec-
trolyte solution compartment, enhancing the osmotic flow.

As the concentrations of the electrolyte solutions in-
crease, chloride anions are not totally rejected by the fixed
anions of the membrane, and diffusion of hydrochloric acid
from the concentrated HCl solution compartment to the
diluted HCl solution compartment occurs. Both the ionic
diffusion across the membranes and the osmotic flow may
be responsible for the low permselectivity of the membranes
at high electrolyte solution concentration.

In an earlier work we carried out the synthesis of the
nonfluorinated poly(N-phenyl-exo-endo-norbornene-5,6-
dicarboximide) which underwent nonuniform sulfonation

of the phenyl groups by using acetyl sulfate as sulfonating
agent [7]. The IEC of the membrane prepared from this ionic
polynorbornene dicarboximide was 0.82 eq/Kg dry mem-
brane and in spite of having a higher IEC, in comparison
with that of the fluorine-containing C5FNDIHS membrane,
the former membrane exhibited a water uptake of 0.124 Kg
H2O/Kg dry membrane, about one-third of the value in this
latter obtained by titration; additionally, the conductivity
of the sulfonated membrane equilibrated with water was
0.0414 S/m, of the same order of that found for the fluorine-
containing C5FNDIHS membrane. These results suggest that
the sulfonic acid groups have not relaxed the attractive inter-
actions between phenyl groups and that molecular piling of
the aromatic rings has taken place inhibiting the emergence
of microphases separation in the non fluorinated membrane
and therefore decreasing the storage of an excess of water
into the polar side chain domains, specifically in the vicinity
of the dicarboximide side groups. As it is seen, the chemical
structure plays an important role in this kind of macro-
molecules since the more fluorine content in the polymer the
more water uptake of the membrane. Indeed, an increase in
the density of sulfonic acid affects directly the proportional
transport properties in the membrane as it is shown in the
fluorine-containing P5FNDIHS that exhibits the highest
IEC, water uptake, and ionic conductivity of all the ionic
polynorbornene dicarboximides we have discussed so far.

The conductivity of membranes with high water uptake
is strongly dependent on the fixed ions concentration. Thus
the P5FNDIHS membrane (average IEC = 1.90 eq/Kg dry
membrane) exhibits a conductivity of 2.24 S/m, at 30◦C,
of the same order of that reported for high-conductivity
acidic membranes and about two orders of magnitude higher
than that of the C5FNDIHS membrane (average IEC =
0.245 eq/Kg dry membrane). Despite the low permselectivity
of the membranes at high electrolyte solution concentration,
the rather high level of ionic conductivity as well as water
content seems promising for low-temperature fuel cell
applications. Arrhenius plots representing the temperature
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dependence of the membranes, presented in Figure 11, show
that the activation of energy associated with proton transport
across the P5FNDIHS membrane (11.7 ± 0.8 kJ/mol) is less
than one half of that corresponding to the C5FNDIHS
membrane (29.3± 1.6 kJ/mol).

The study of the mechanism governing proton transport
in acidic ion-exchange membranes has drawn the attention
of many researchers [24, 25]. Ab initio simulations suggest
that the proton state in bulk water and in water clusters
fluctuates between more localized hydronium ion-like states
or Eigen ions and more delocalized H5O+

2 -like states or
Zundel ions in such a way that forming and breaking
hydrogen bonds in the neighborhood of the proton location
(Grotthus like hoping) may be responsible for proton trans-
port [26–30]. Proton diffusion involving this mechanism
presumably takes place in high-conductivity membranes,
such as, the P5FNDIHS membrane, is named structural
diffusion. In low-conductivity membranes, such as, the
C5FNDIHS membrane, water acts as a carrier of protons,
and the transport is called vehicular diffusion.

4. Conclusions

The efficient segregation of hydrophilic from hydrophobic
moieties, presumably favored by the low polarity of Car−
F bonds attached to the phenyl groups, gives rise to the
formation of percolation paths responsible for the rather
high proton conductivity of the homopolymeric membranes.
The copolymeric membranes absorb an unusual quantity
of water despite their low IEC. It seems that microphases
separation in the membranes serves to compartmentalize an
excess of water into the polar side chain domains, specifically
in the vicinity of the dicarboximide side groups.

The electromotive force of the concentration cells under-
goes a strong decrease at long times in the case of the
homopolymeric membrane dropping to zero for the copoly-
meric membranes. The performance of the membranes in
separation processes in diluted solutions is rather poor,
unless the concentrations of the solutions at both sides of the
membranes are continuously renewed.
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The overall membrane pair characteristics included in the overall mass transport equation are understandable using the
phenomenological equations expressed in the irreversible thermodynamics. In this investigation, the overall membrane pair
characteristics (overall transport number λ, overall solute permeability μ, overall electro-osmotic permeability φ and overall
hydraulic permeability ρ) were measured by seawater electrodialysis changing current density, temperature and salt concentration,
and it was found that μ occasionally takes minus value. For understanding the above phenomenon, new concept of the overall
concentration reflection coefficient σ∗ is introduced from the phenomenological equation. This is the aim of this investigation.
σ∗ is defined for describing the permselectivity between solutes and water molecules in the electrodialysis system just after an
electric current interruption. σ∗ is expressed by the function of μ and ρ. σ∗ is generally larger than 1 and μ is positive, but
occasionally σ∗ becomes less than 1 and μ becomes negative. Negative μ means that ions are transferred with water molecules
(solvent) from desalting cells toward concentrating cells just after an electric current interruption, indicating up-hill transport or
coupled transport between water molecules and solutes.

1. Introduction

Mass transport across the membrane must be discussed
fundamentally on the basis of the thermodynamics because
the thermodynamics describes the rule of energy changes
inevitably generating in the mass transport. However, the
classical thermodynamics discusses only reversible phenom-
ena and it does not treat transport rate. The irreversible
thermodynamics came to succeed in discussing the transport
rate by introducing the concept of “time” in its system
[1–4]. Basic theory of the irreversible thermodynamics
is established on the assumption of “microscopic irre-
versibility” [5–7]. This assumption holds more strictly in
the circumstance being more close to equilibrium states.
The actual electrodialysis process is not formed in the
equilibrium states, so that the irreversible thermodynamics
is assumed to exhibit only approximated meaning in the

electrodialysis system. However, the irreversible thermody-
namics is considered to be applicable in the circumstances
being apart to some extent from equilibrium states [8, 9].
The irreversible thermodynamics is the fundamental rule
of mass transport and it is expressed by the functions
including phenomenological coefficients. On the other hand,
the performance of an electrodialyzer is expressed by the
functions including parameters such as electrodialysis condi-
tions and process specifications. These parameters cannot be
discussed directly based on the irreversible thermodynamics.
In the previous investigation, the overall mass transport
equation was related to the irreversible thermodynamics and
developed for analyzing the performance of an electrodi-
alyzer [10]. It was successfully employed in the computer
simulation of an electrodialysis process [11–13]. The overall
mass transport equation includes the parameters such as the
overall transport number λ, the overall solute permeability
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μ, the overall electro-osmotic permeability φ, and the overall
hydraulic permeability ρ. Among these parameters, μ is very
small values and further in some cases, μ was found to take
negative values. In such cases, μ has been conventionally
neglected by setting μ = 0. The aim of this investigation
is to establish reasonable explanation of the negative μ.
For understanding this phenomenon, the concept of the
overall concentration reflection coefficient σ∗ [10] must be
supplied.

2. Theoretical

2.1. Phenomenological Equation and Overall Mass Transport
Equation. When two kinds of ions are transported with
solvent in a solution, their fluxes influence each other,
because the fluxes and driving forces are not independent
and coupled together. The interactions are presented in the
irreversible thermodynamics. Kedem and Katchalsky intro-
duced the following phenomenological equation expressing
the electric current I , volume flow of a solution J and mass
flux of component i; Ji in a membrane system [14],

I = LEΔψ + LEPΔP +
∑

i

LEiΔμi,

J = LPEΔψ + LPΔP +
∑

i

LPiΔμi,

Ji = LiEΔψ + LiPΔP +
∑

k
LikΔμk

(1)

Δψ is a potential difference, ΔP is a pressure difference, and
Δμi is a chemical potential difference across the membrane.
House [15] discussed an electrokinetic phenomenon based
on the approaches of Kedem and Katchalsky [14]. Referring
to this suggestion, Schultz discussed the principle of salt
and solvent (water) transport in a two-cell electrodialysis
system (cell I and cell II) incorporated with a cation-
exchange membrane and introduced the following equations
expressing the flux of solutes JS,K and a solution JV ,K across
the membrane [16],

JS,K = tK
i

F
+
{
ωK − LP,KσK (1− σK )C∗S

}
RTΔCS,

JV ,K = βK i− σKLP,KRTΔCS
(2)

in which t is the transport number, ω is the solute
permeability, β is the electro-osmotic permeability, LP is the
hydraulic permeability, σK is the reflection coefficient of the
cation-exchange membrane, and these phenomenological
coefficients are membrane characteristics. R is the gas
constant, F is the Faraday constant, and T is the absolute
temperature. ΔCS = (CS

II − CS
I) is salt concentration

difference between cell II and cell I. CS
∗ is the logarithmic

mean concentration across the membrane defined by

C∗S =
ΔCS

ln
(
CII
S /C

I
S

) . (3)

The principle of separating salt from water is introduced
based on the theory mentioned above using a three-cell

Cell I Cell IIICell II

Anode Cathode

K A

K:      Cation-exchange membrane
A: Anion-exchange membrane

JS, K + JS, A

JV, K + JV, A

C′C′ C′′

Figure 1: Three-cell electrodialysis system.

electrodialysis system (Figure 1). The system consists of a
central cell (cell II) and electrode cells (cell I and cell
III) placed on both outsides of cell II. A cation-exchange
membrane (K) is placed between cell I and cell II, and
an anion-exchange membrane (A) is placed between cell II
and cell III. Supplying a salt solution into cell I and cell
III, constant current density i is applied and a salt solution
being collected in cell II is taken out from the system until
the salt concentration in cell II reaches steady constant. Salt
accumulation JS,K + JS,A and solution accumulation JV ,K +
JV ,A in cell II in the steady state are given by the following
equation introduced from (2) [10]:

JS,K + JS,A = (tK + tA − 1)
i

F
− RT

× [(ωK + ωA)− {LP,KσK (1− σK )

+LP,AσA(1− σA)
}
C∗S
]
ΔC,

JV ,K + JV ,A =
(
βK + βA

)
i + RT

(
σKLP,K + σALP,A

)
ΔC.

(4)

Here, we put ΔC = C′′ − C′ = ΔCS. tK and tA are
transport number of counter ions of a cation- and an anion-
exchange membrane respectively. Subscripts K and A denote
a cation- and an anion-exchange membrane. Superscripts
′

and
′′

denote desalting sides (cells I and III) and a
concentrating side (cell II), respectively. C∗S is logarithmic
mean concentration defined by (3).

The overall mass transport equation was developed
from electrodialysis experiments as described in Section 3
experiment. Namely, a strong electrolyte solution is supplied
to an electrodialyzer illustrated in Figure 2 keeping the linear
solution velocities in desalting cells to be constant. Passing
a constant electric current i (A/cm2) through electrodes,
concentrate is extracted from concentrating cells. After
the electrolyte concentration reaches constant (C′′), salt
concentration in desalting cells C′(equiv./cm3), ion flux JS
(equiv./cm2s) and volume flux JV (cm3/cm2s) transported
across a membrane pair are measured. Plotting JS/i and JV /i
against (C′′ −C′)/i = ΔC/i creates linear lines as exemplified
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Figure 2: Electrodialysis process.

in Figures 3 and 4. These lines are expressed by the following
overall mass transport equation [10]:

JS = C′′JV = λi− μ(C′′ − C′) = λi− μΔC, (5)

JV = φi + ρ(C′′ − C′) = φi + ρΔC, (6)

in which λ (eqC−1) is the overall transport number,
μ (cm s−1) is the overall solute permeability, φ (cm3C−1) is
the overall electro-osmotic permeability, and ρ (cm4eq−1s−1)
is the overall hydraulic permeability. These parameters are
termed the overall membrane pair characteristics and they
are measured easily from the intercepts and gradients of the
linear lines. The term “overall” means that the coefficients
express the contributions of a cation- and an anion-exchange
membrane. It means also that the coefficients express the
contributions of many types of ions dissolving in a strong
electrolyte solution. Terms λi and μΔC in (5) stand for
migration and diffusion of ions. Terms φi and ρΔC in (6)
correspond to electro-osmosis and hydraulic osmosis of a
solution. Osmosis refers to the movement of solvent in the
original definition. However, the osmosis referred in (6)
consists of the osmotic flow of solvent and of the volume flow
associated with solutes.

The overall mass transport equation does not hold in the
equilibrium state because it was developed from saline water
electrodialysis experiments. It describes the mass transport
in the nonequilibrium state. It is conceptually simple and
available for discussing electrodialysis phenomena without
contradictions.

In the electrodialysis experiments, the solutions supplied
to desalting cells are mixed vigorously by spacers integrated.
Thus, the boundary layer effects on the membrane surfaces
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are assumed to be negligible. The influence of concentration
polarization on the overall membrane pair characteristics
were discussed in the previous investigation [10] and
concluded that the membrane pair characteristics are not
influenced by the concentration polarization.

2.2. Overall Membrane Pair Characteristics and Phenomeno-
logical Coefficients. The overall mass transport equation ((5)
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and (6)) is substantially identical to the phenomenological
equation expressed in irreversible thermodynamics (4):

JS = JS,K + JS,A,

JV = JV ,K + JV ,A.
(7)

From (7), the overall membrane pair characteristics λ,
μ, φ and ρ are presented by the functions of the membrane
characteristics defined in the phenomenological equation as
follows:

λ = tK + tA − 1
F

=
(
JS
i

)

ΔC=0
(8)

μ = RT[(ωK + ωA)

− {LP,KσK (1− σK ) + LP,AσA(1− σA)
}
C∗S
]

= RT
[
(ωK + ωA)− σ(1− σ)

(
LP,K + LP,A

)
C∗S
]

=
(
JS
ΔC

)

i=0
,

(9)

φ = βK + βA =
(
JV
i

)

ΔC=0
, (10)

ρ = RT
(
σKLP,K + σALP,A

)
,

= RTσ
(
LP,K + LP,A

) =
(
JV
ΔC

)

i=0
.

(11)

Here, σK and σA are reflection coefficients of a cation- and
an anion-exchange membrane respectively ((18) and (19)).
σ expresses the contributions of a cation- and an anion-
exchange membrane, so it is termed the overall reflection
coefficient (Equation (20)) and it is introduced as follows.
From (9):

σ(1− σ) = LP,KσK (1− σK ) + LP,AσA(1− σA)
LP,K + LP,A

. (12)

From (11),

σ = σKLP,K + σALP,A

LP,K + LP,A
. (13)

From (12) and (13),

σ = LP,Kσ
2
K + LP,Aσ

2
A

LP,KσK + LP,AσA
, (14)

when σK = 0, σ = σA
when σA = 0, σ = σK
when σK = σA = 1, σ = 1.

2.3. Reflection Coefficient. Equations (8)–(11) show that σK
and σA appear in μ and ρ, and disappear in λ and φ.
These events and (5) and (6) suggest that σK and σA
do not exert an influence on electric current-driven mass
transport, that is, migration and electro-osmosis. Reflection
coefficient is a parameter indicating the permselectivity
between solutes and solvent passing through the membrane.
It is essentially the concept developed in pressure-driven
dialysis. This phenomenon is conceivable in electrodialysis,

but the concept developed in pressure dialysis is not directly
applicable to the phenomenon in electrodialysis. In order to
understand the behavior of the reflection coefficient in an
electrodialysis process, it is necessary to establish a concept of
zero current density. In other words, it is reasonable to image
the electric current interruption (switch off) for a moment in
the electrodialysis process operating under a constant electric
current, and assume the disappearance of the migration and
electro-osmosis in this moment. Here, we assume further
that solute diffusion and hydraulic osmosis remain as they
are just after the electric current interruption [10].

In order to discuss the behavior of the reflection coef-
ficient in an electrodialysis process, we express the volume
flow JV and exchange flow JD in an ion-exchange membrane
pair by the following equations introduced by Schloegel [17]:

JV =
(
LP,K + LP,A

)
ΔP

+
(
LPD,K + LPD,A

)
RTΔC =

(
JS
C∗S

)

+

(
JW
C∗W

)

,
(15)

JD =
(
LDP,K + LDP,A

)
ΔP

+
(
LD,K + LD,A

)
RTΔC =

(
JS
C∗S

)

−
(
JW
C∗W

)

,
(16)

ΔP and ΔC are pressure difference and concentration differ-
ence across the membrane, respectively. LP is the hydraulic
conductivity and LD is the exchange flow parameter. LPD
is the osmotic volume flow coefficient and LDP is the
ultrafiltration coefficient. JW is the flux of water molecules.
C∗S and C∗W are respectively, logarithmic mean concentration
(3) of solutes and water (solvent) between a desalting cell
and a concentrating cell. It should be noticed that (15) and
(16) are originally defined in the pressure-driven transport
(pressure dialysis) of neutral species with no electric current.
Equation (15) presents the sum of the solute flux JS and
solvent flux JW , while (16) shows the difference between JS
and JW . It should be added that (6) expresses the solution
flux JV and not expresses the solvent flux JW .

In a pressure-driven process, putting ΔC = 0 in (15) and
(16) introduces the following equation applicable to pressure
dialysis:

(JV )ΔC=0 =
(
LP,K + LP,A

)
ΔP,

(JD)ΔC=0 =
(
LDP,K + LDP,A

)
ΔP,

(17)

σK and σA included in (4) are defined by Staverman [18] and
Kedem-Katchalsky [19] as follows:

σK = −
(
JD,K

JV ,K

)

ΔC=0

= −
(
LDP,K

LP,K

)

, (18)

σA = −
(
JD,A

JV ,A

)

ΔC=0

= −
(
LDP,A

LP,A

)

. (19)

We define the overall reflection coefficient σ (14) using (18)
and (19):

σ = −
(
JD
JV

)

ΔC=0
= −LDP,K + LDP,A

LP,K + LP,A
. (20)
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σ given in (20) is the reflection coefficient defined in the
pressure-driven dialysis. Here, we term σ “overall pressure
reflection coefficient,” because it is the membrane pair
characteristic and reflects pressure difference ΔP-driven
phenomenon.

σ given in (18)–(20) defines the permselectivity between
water (solvent) and solutes and it is originally established
in pressure-dialysis. For understanding the permselectivity
between water and solutes (ions) in electrodialysis, σ is
fundamentally inapplicable. The permselectivity between
water and ions in electrodialysis must be explained on
the basis of σ∗ (overall concentration reflection coefficient)
described below.

In the electrodialysis process, ΔP is relatively low and
negligible, and just after an electric current interruption
(switch off), ΔC remains as it is. Putting ΔP = 0 in (15)
and (16) introduces the following equations applicable to
electrodialysis:

(JV )ΔP=0 =
(
LPD,K + LPD,A

)
RTΔC,

(JD)ΔP=0 =
(
LD,K + LD,A

)
RTΔC.

(21)

We define here another reflection coefficient σ∗ introduced
from (21) and generated just after an electric current
interruption as follows:

σ∗ = −
(
JD
JV

)

ΔP=0
= − LD,K + LD,A

LPD,K + LPD,A
. (22)

σ∗ (22) is the reflection coefficient defined in electrodial-
ysis, and it is termed “the overall concentration reflection
coefficient” because it reflects a concentration difference ΔC-
driven phenomenon.

Koter [20] suggests that the Onsager reciprocity [5,
6] is not satisfied and the relationship between LPD and
LDP depends on the concentration difference across the
membrane. One example for Nafion 417 in NaCl/H2O at
C′′/C′ = 2 is LDP/LPD = 0.40. Thus, the reciprocal equation
is presented as follows:

LDP,K + LDP,A = k
(
LPD,K + LPD,A

)
k /= 1, (23)

in which, k is defined as the Onsager reciprocity coefficient.
From (20), (22), and (23):

σσ∗ = k
LD,K + LD,A

LP,K + LP,A
. (24)

Cancelling, JW/C∗W in (15) and (16):

JD = 2
JS
C∗S

− JV . (25)

From (22) and (25),

σ∗ = 1− 2

(
1
C∗S

)(
JS
JV

)

ΔP=0
. (26)

σ∗ presented in (26) gives the permselectivity between
ions and water molecules just after an electric current inter-
ruption. JS and JV are expressed as the following equations

just after an electric current interruption by putting i = 0 in
(5) and (6):

JS = −μ(C′′ − C′),

JV = ρ(C′′ − C′). (27)

Substituting (27) into (26):

σ∗ = 1 + 2

(
μ

ρ

)(
1
C∗S

)

. (28)

2.4. Membrane Characteristics. Yamauchi and Yasuko Tanaka
[21] measured σK , LP,K , and ωK of a cation-exchange
membrane (Neosepta CL-25T, Tokuyama Soda Co. Ltd.) by
means of pressure-driven dialysis of a KCl solution and found
σK to be unity. This phenomenon means that K+ ions do
not pass through the cation-exchange membrane due to the
Donnan exclusion of co-ions (Cl− ions). σK and σA included
in (9), (11) and (14) are equivalent to σK measured in the
above experiment. So, (8)–(11) are simplified as follows by
substituting σK = σA = 1 in (9), (11), and (14):

tK + tA = λF + 1, (29)

ωK + ωA = μ

RT
, (30)

βK + βA = φ, (31)

LP,K + LP,A = ρ

RT
. (32)

Putting σ = 1 in (20),

LDP,K + LDP,A = LP,K + LP,A. (33)

From (24) and (32),

k
(
KD,K + LD,A

) = ρσ∗

RT
= (LP,K + LP,A

)
σ∗. (34)

3. Experimental

3.1. Electrodialysis 1. The following commercially available
ion-exchange membranes were integrated into an electro-
dialyzer ED and formed an electrodialysis system [22] as
illustrated in Figure 2.

Aciplex K172/A172, Asahi Chemical Co.
Selemion CMV/ASR, Asahi Glass Co.
Neosepta CIMS/ACS3. Tokuyama Inco.
The specifications of the membranes are listed in

Table 1. The effective membrane area was maintained to 1.72
dm2(18 cm length, 10 cm width). The flow-pass thickness in
a desalting and a concentrating cell was 0.075 cm. Number
of cell pairs was 9. Seawater was supplied into the diluate
tank DT, then it was supplied to desalting cells De at a linear
velocity of 5 cm/s keeping temperature to 25, 35, 50, or 60◦C.
Passing a constant electric current through the Ti/Pt-anode
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Table 1: Specifications of ion-exchange membranes.

Thickness
mm

Electric
resistance
Ω cm2

Transpor number
Exchange
capacity

meq/dry memb.

Water
content %

Intensity
kg/cm2

Aciplex

K172 0.11–0.13 1.9–2.2 > 0.99 1.5-1.6 20–30 2.6–3.3

A172 0.11–0.15 1.7–2.1 >0.99 1.8-1.9 24–25 2.2–3.0

CK2 0.23 3.3 0.91

CA3 0.09–0.12 1.5–2.0 1.3–2.0

Selemion

CMR 0.11 2.36 0.94 3.7 34 2.0

ASR 0.11 1.80 0.96 3.5 33 2.0

CMV2 0.11–0.15 2.0–3.5 >0.91 1.5–1.8 18–20 3–5

AST 0.11–0.13 1.5–2.5 >0.95 1.5–2.5

Neosepta

CIMS 0.14–0.17 1.5-1.6 >0.98 2.2–2.5 30–35 3.1–4.1

ACS3 0.09–0.12 1.5–2.0 >0.98 2.0–2.4 20–30 1.3–2.0

CL25T 0.15–0.17 2.2–3.0 >0.98 1.5–1.8 25–35 3–5

AVS4T 0.15–0.17 3.7–4.7 >0.98 1.5–2.0 25–30 4–6

and stainless (SUS 304) cathode, concentrate was extracted
from concentrating cells. Confirming the salt concentration
of the concentrate to be stable, diluate and concentrate
were sampled. Electrodialysis was repeated changing current
density incrementally.

In Figure 2, partition cells were incorporated between the
desalting cells and electrode cells and seawater was supplied
to the partition cells for preventing the influence of electrode
reactions to the performance of electrodialysis. Seawater was
also supplied to the electrode cells. The electrode reactions
are as follows:

Anode: 2Cl− −→ Cl2 + 2e−, (35)

Cathode: 2H2O −→ 2H+ + 2OH−

2H+ + 2e− −→ H2

Mg2+ + 2OH− −→ Mg(OH)2.

(36)

An HCl solution was supplied to the cathode cell to dissolve
Mg(OH)2.

3.2. Electrodialysis 2. The following commercially available
membranes were integrated into an electrodialyzer [10]
similar to the unit in Figure 2: Aciplex CK2/CA3, Selemion
CMV2/AST, Neosepta CL25T/AVS4T.

The specifications of the membranes are listed in Table 1.
The effective membrane area was 5 dm2 (25 cm length, 20 cm
width). The flow-pass thickness in a desalting cell and
concentrating cell was 0.12 cm. Number of cell pairs was 10.
Diluted seawater (0.294 eq/dm3), seawater (0.577 eq/dm3),
and concentrated seawater (1.131 and 1.920 eq/dm3) were
supplied into the diluate tank DT, then it was supplied to
desalting cells De at a linear velocity of 5 cm/s keeping tem-
perature to 29◦C. Passing a constant electric current through
graphite-stainless electrodes, concentrate was extracted from
concentrating cells. Diluate and concentrate were sampled
and electrodialysis was repeated changing current density
step by step as described in the electrodialysis 1.

3.3. Chemical Analysis. Concentration (eq/dm3) of K+,
Mg2+, Ca2+, Cl−, and SO2−

4 ions in diluate and concentrate
were analyzed. In seawater electrodialysis, total salt concen-
tration C is given as C = CNa +CK +CMg +CCa = CCl +CSO4 .
So, sodium ion concentration is given by CNa = CCl +CSO4 −
CK − CCa − CMg.

4. Results and Discussion

4.1. Overall Mass Transport Equation and Overall Membrane
Pair Characteristics; λ, μ, φ and ρ. JS/i and JV /i are plotted
against ΔC/i and exemplified in Figures 3 and 4. From
these plots, overall transport number λ, overall solute
permeability μ, overall electro-osmotic permeability φ, and
overall hydraulic permeability ρ are calculated as shown
in the figures. The gradient of JS/i versus ΔC/i is usually
negative, so μ is positive (Figure 3). However, the gradient
occasionally gives positive, so μ becomes negative (Figure 4).
μ values of the commercially available membranes are
generally very small due to the Donnan exclusion of the
membranes against co-ions and their dense structure. Using
the overall mass transport equation, μ can be detected from
the above gradients. Overall membrane pair characteristics
observed in this investigation are listed in Table 2. μ values
of the Neosepta CIMS/ACS3 membranes (Electrodialysis 1)
and the Selemion CMV2/AST membranes (Electrodialysis 2)
are found to be negative.

4.2. Membrane Characteristics t, ω, β, and LP . Substituting
λ, μ, φ, and ρ into (29)–(32), membrane characteristics
(phenomenological coefficients) such as transport number
tK + tA, solute permeability ωK + ωA, electro-osmotic
permeability βK +βA, and hydraulic conductivity LP,K +LP,A

are calculated. LDP,K + LDP,A is equivalent to LP,K + LP,A as
defined in (33).

Figures 5–8 show the relationship between temperature
T and the membrane characteristics obtained in Section 2.1
Electrodialysis 1. It is seen that LP,K + LP,A increases
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Table 2: Overall membrane pair characteristics.

(a) Electrodialysis 1.

Ion-exchange
membrane

Temp. ◦C λ× 106 eq/C μ× 106 cm/s φ × 103 cm/C ρ × 102 cm4/eq s

Aciplex
K172/A172

25 9.724 1.434 1.403 1.218

35 9.736 1.289 1.370 1.626

50 9.972 4.515 1.542 1.996

60 9.692 2.123 1.405 2.765

Selemion
CMR/ASR

25 9.389 1.482 1.409 1.116

35 9.422 2.421 1.501 1.377

50 9.475 3.614 1.563 1.937

60 9.583 5.103 1.621 2.380

Neosepta
CIMS/ACS3

25 9.349 −1.055 1.004 1.254

35 9.373 −1.679 1.067 1.538

50 9.459 −1.239 1.067 1.835

60 9.547 −0.561 1.405 2.059

(b) Electrodialysis 2.

Ion-exchange
membrane

Conc. eq/dm3 λ× 106 eq/C μ× 106 cm/s φ × 103 cm3/C ρ× 102 cm4 /eq s

Aciplex
CK2/CA3

0.294 9.482 6.028 1.699 1.226

0.576 9.407 8.570 1.619 1.234

1.131 8.970 6.977 1.514 1.280

1.920 8.953 9.690 1.367 1.387

Selemion
CMV2/AST

0.294 9.055 −1.443 1.294 5.945

0.577 9.371 −0.731 1.316 5.787

1.131 9.389 −0.424 1.296 5.893

1.921 9.139 0.850 1.193 6.371

Neosepta
CL25T/AVS4T

0.294 9.584 1.458 1.513 6.354

0.577 9.633 3.208 1.394 6.788

1.132 9.228 0.908 1.304 7.566

1.920 9.269 3.575 1.254 7.691

apparently with T . ωK + ωA and βK + βA increase slightly
with T . tK + tA is not influenced by T . ωK + ωA for Neosepta
CIMS/ACS3 membranes is negative (Figure 6) because μ < 0
(Table 2).

Figures 9–12 show the relationships between salt concen-
trations in desalting cells C′ and membrane characteristics
obtained in Section 2.2 Electrodialysis 2. βK + βA decreases
and LP,K + LP,A increases to some extent with the increase of
C′. tK + tA is not influenced by C′. ωK + ωA increases slightly
with C′ and it takes negative for Selemion CMV2/AST
membranes (Figure 10) due to μ < 0 (Table 2).

4.3. Overall Concentration Reflection Coefficient σ∗. σ∗ is
defined by the functions of current density because σ∗ is
given by the function of logarithmic mean concentration C∗S
(Equation (28)). However, the experimental results show that
σ∗ is not influenced by current density. Thus, the observed
σ∗ is averaged for each current density. Figures (13) and (14)
show the σ∗ versus T and C′. σ∗ is generally larger than 1,
however, less than 1 for Neosepta CIMS/ACS3 membranes

and for Selemion CMV2/AST membranes. The phenomena
exhibited in Figures (13) and (14) are understandable as
follows.

σ∗ defined in (26) gives the permselectivity between
ions and water molecules just after an electric current
interruption. Physical rationale of σ∗ is given by the fol-
lowing relationships realized in an electrodialysis system
(Figure 15) incorporated with a cation- and an anion-
exchange membrane and cells I, II and III in which electrolyte
solutions are filled:

Jsolute > 0, σ∗ < 1 μ < 0, (37)

Jsolute = 0, σ∗ = 1 μ = 0, (38)

Jsolute < 0, σ∗ > 1 μ > 0. (39)

In Figure 15, an electric current is passed through
reversible electrodes and electrolyte concentration in cells I
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and III is assumed to be decreased to C′ and that in cell II is
increased to C′′ (C′ < C′′). The x axis is drawn across each
ion-exchange membrane as shown in the figure. Direction of
water flux Jwater is positive (Jwater0); JV is positive (JV > 0) in
every situation.

Solute flux across the membrane is generally negative
(Jsolute < 0) and it moves from the concentrating cell (cell
II) toward desalting cells (cells I and III) due to solute
diffusion just after an electric current interruption. In this
situation, the concentration reflection coefficient is larger
than 1 (Equation (39), σ∗ > 1, Figures 13 and 14). This
phenomenon is ordinary in electrodialysis, but extraordinary
in pressure dialysis because the direction of the solute due
to solute diffusion is against water flux due to hydraulic
osmosis. In this case, the overall solute permeability becomes
positive, that is, μ > 0 (Table 2) and ωK + ωA > 0 (Figurs 6
and 10).

In Neosepta CIMS/ACS3 membranes and Selemion
CMV2/AST membranes, solutes move from the desalting
cells (cells I and III) toward concentrating cell (cell II)
(Jsolute > 0) just after an electric current interruption. In
this situation, the concentration reflection coefficient is less
than 1 (Equation (37), σ∗ < 1, Figures 13 and 14). This
phenomenon is ordinary in pressure dialysis because the
direction of the solute is the same to the water flux due to
hydraulic osmosis. The overall solute permeability in this
situation becomes negative (μ < 0) (Table 2). The negative μ
is indicative of coupled transport between water and solute,
which is demonstrated also by negative ωK + ωA (Figures
6 and 10). However, this phenomenon is extraordinary in
electrodialysis because it means uphill transport of solutes
against the concentration difference (C′′ − C′).

In repeating words, ions (solutes) transfer (diffuse) gen-
erally from concentrating cells toward desalting cells (μ > 0,
σ∗ > 1, ωK +ωA > 0). This direction of solute flux (Jsolute < 0)
is ordinary in electrodialysis but extraordinary in pressure
dialysis because the direction of solute flux is against water
flux (Jwater > 0). In some cases, ions transfer from desalting
cells toward concentrating cells (μ < 0, σ∗ < 1, ωK +ωA < 0).
This direction of solute flux (Jsolute > 0) is extra-ordinary in
electrodialysis, but ordinary in pressure dialysis because the
direction of solute flux is the same to water flux (Jwater >
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0), which indicates up-hill transport or coupled transport
between water and solutes.

4.4. Exchange Flow Parameter LD. k(LD,K + LD,A) is cal-
culated from ρ and σ∗ (Equation (34)). ρ is the leading
parameter and the other membrane characteristics are
governed by ρ. [10]. k(LD,K + LD,A) is increased with T
(Figure 16) and hardly influenced by C

′
(Figure 17). These

phenomena are caused by that ρ is increased with T and
hardly influenced by C

′
.

5. Conclusion

Phenomenological coefficients such as transport number,
solute permeability, electro-osmotic permeability, hydraulic
permeability, and exchange flow parameter included in the
phenomenological equations are evaluated by electrodialysis
based on the overall mass transport equation. The overall
reflection coefficient σ is essentially the concept applied in
pressure-driven dialysis. In order to understand the behavior
of the overall reflection coefficient in an electrodialysis
process, the concept of the overall concentration reflection
coefficient σ∗ is applied. σ∗ presents the permselectivity
between ions and water molecules across a membrane pair
just after an electric current interruption in an electrodialysis
process. σ∗ is generally larger than 1 and at the same time the
overall solute permeability μ is positive in usual commercially
available ion-exchange membranes. However, occasionally
σ∗ becomes less than 1 and μ becomes negative, which
indicates up-hill transport or coupled transport between
water and solutes.

Nomenclature

C: Concentration (equiv. cm−3)
C∗: Mean concentration (equiv. cm−3)
F: Faraday constant (C equiv.−1)
i: Current density (A cm−2)
I : Electric current (A)
J : Volume flow (cm s−1)
JD: Exchange flow (cm s−1)
JS: Salt flux (equiv.cm−2s−1)
JV : Volume flux (cm3cm−2s−1)
JW : Flux of water molecules (mol cm−2s−1)
k: Onsager reciprocity coefficient
LD: Exchange flow parameter (mol cm4

equiv.−1J−1s−1)
LDP : Ultrafiltration coefficient (mol

cm4equiv.−1J−1s−1)
LP : Hydraulic conductivity (mol

cm4equiv.−1J−1s−1)
LPD: Osmotic volume flow coefficient (mol

cm4equiv.−1J−1s−1)
R: Gas constant (JK−1 mol−1)
t: Transport number
T : Temperature (◦C, K).
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Greek symbols

β: Electro-osmotic permeability (cm3C−1)
ΔC: Concentration difference (equiv. cm−3)
ΔP: Hydraulic pressure difference (dyn cm−2)
Δψ: Potential difference (V)
Δμ: Chemical potential difference (J mol−1)
λ: Overall transport number (equiv. C−1)
μ: Overall solute permeability (cm s−1)
ρ: Overall hydraulic permeability

(cm4equiv.−1s−1)
σ : Reflection coefficient, overall pressure

reflection coefficient
σ∗: Overall concentration reflection coefficient
φ: Overall electro-osmotic permeability

(cm3C−1)
ω: Solute permeability (mol cm J−1s−1).

Subscript

A: Anion-exchange membrane
i: Component
K : Cation-exchange membrane
S: Solute
W : Water molecule (solvent).

Superscript

′: Desalting cell
′′: Concentrating cell.
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The aim of this work was to investigate the properties of Sicopion membranes: an ultrathin (≈20 µm) composite cation-
exchange membrane (CEM) made from sulphonated poly(ether-ether-ketone) (SPEEK) containing different levels of sulphonic-
functionalized silica particles (SFSPs). Sicopion membranes were conditioned according to the French Normalization Association
procedure, consisting in a series of acid and alkaline washes, and their electrodialytic characteristics were compared to an existent
commercial food-grade membrane (CMX-SB). Electrical conductivity of Sicopion membranes was higher than that of CMX-SB
membranes (9.92 versus 6.98 mS/cm), as well as their water content (34.0 versus 27.6%). As the SFSP level was reduced, the ion-
exchange capacity (IEC) of Sicopion membranes increased. Concerning their electrodialytic performances, Sicopion membranes
presented a lower demineralization rate than CMX-SB membranes (35.9 versus 45.5%), due to an OH− leakage through the pores
created by dislodging the SFSP particles during the conditioning procedure.

1. Introduction

Sicopion is a novel type of membranes made of a composite
material combining sulphonic-functionalized silica particles
(SFSP) and sulphonated poly(ether-ether-ketone) (SPEEK).
In this composite material, the functionalization of silica par-
ticles is accomplished by covalently grafting sulphonic acid
groups [1]. In the case of SPEEK, concentrated H2SO4 is used
to sulphonate, also by covalent bonding, an aromatic chain
of poly(ether-ether-ketone) (PEEK) [1, 2]. Once the organic
and the inorganic phases prepared, they are mixed in specific
proportions according to the application requirements. The
resulting composite material is then prepared in a membrane
form. Among the factors affecting the membrane properties
there is the sulphonation degree of the components and the
type and amount of SFSP used. A PEEK should be partially
sulphonated to decrease its hydrophobicity and produce an
ion-exchanging material, but high degrees of sulphonation
are to be avoided, since the polymer would then become

water soluble, which is the case of 100% SPEEK [1, 2]. The
amount of SFSPs, as well as their size, determines the forma-
tion of a continuous hydrophilic phase and the mechanical
properties of the material. A high content of inorganic parti-
cles (i.e., SFSP) produces higher membrane hydration and
water retention capacity but, in contrast, yields a brittle
membrane with lower tear resistance [1].

These materials impart to the membrane a highly func-
tional ion-exchanging structure without inert fillers. At the
same time, SFSPs enhance water retention, avoiding mem-
brane dehydration, which has been reported to be a critical
factor in cation-exchange membrane (CEM) performance
in fuel cell applications [3], for which the membranes were
originally designed. In food applications, dehydration of
electrodialysis (ED) membranes has been linked to fouling
formation on CEM membranes [4]. Hence, interest in Sico-
pion membranes for food applications lies on the fact they
could minimize fouling caused by membrane dehydration.
Another potential advantage of Sicopion membranes is their
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thickness, which can be customized to very low values (i.e.,
under 30 µm, against 165 µm for existing food grade CMX-
SB membranes) with minimal compromise on mechanical
resistance during the ED process. Since less material is
used for membrane manufacture, there is an important
reduction in material consumption, implying an attractive
cost benchmarking with respect to other commercially
available membranes.

This study was part of a broader research project aimed at
the evaluation of the feasibility of existent electromembrane
processes with an ultrathin membrane, as well as the devel-
opment of new applications of Sicopion membranes for con-
ventional and bipolar membrane electrodialysis of food and
nutraceutical products. The aim of this work was to study
the characteristics and electrodialytic performance of Sico-
pion membranes with different SFSP levels that have
been conditioned according to the standard NF X 45-200
French Normalization Association procedure [5] for ion-
exchange membranes. The conditioning procedure is a
standard acid/alkaline wash applied to IEM to remove any
manufacture residue prior to their study and is of interest for
food applications requiring cleaning-in-place (CIP) cycles,
where membranes would be required to withstand similar
pH conditions [6].

2. Experimental

2.1. Material. Three different Sicopion membranes (SiM
Composites, Quebec, QC, Canada) with different levels of
sulphonic-functionalized silica particles (SFSPs) with an
average diameter of 5 µm (16.7, 25.0, and 35.0% of SFSP,
production lots 0052, 0053, and 0054, resp.) embedded
within the SPEEK backbone and one Neosepta CMX-SB
cation-exchange membrane (Tokuyama Soda Ltd., Tokyo,
Japan) were tested to demineralize a model salt and protein
diluate solution. Anion-exchange membranes were, in all
cases, Neosepta AMX-SB membranes (Tokuyama Soda Ltd.).

CaCl2·2H2O and KCl were obtained from MAT Labo-
ratory (Quebec, QC, Canada). NaOH 1.0 N and HCl 1.0 N
were obtained from Fisher Scientific (Nepean, ON, Canada).
NaCl and Na2CO3 were obtained from EMD (EMD Chem-
icals, Gibbstown, NJ, USA). BiPRO whey protein isolate
(WPI) was obtained from Davisco Foods International (Eden
Prairie, MN, USA). The average concentration of protein
(92.7 g), moisture (5.0 g), sodium (600.0 mg), potassium
(120.0 mg), calcium (120.0 mg), phosphorous (25.0 mg), and
magnesium (15.0 mg), expressed per 100 g of BiPRO WPI,
as is, was obtained from the manufacturer (Davisco Foods
International).

2.2. Electrodialysis Cell. The electrodialysis cell was a micro-
flow-type cell (ElectroCell AB, Täby, Sweden). The stack
was mounted with one Neosepta CMX-SB cation-exchange
membrane separating the anode rinsing compartment from
the concentrate, followed by one Neosepta AMX-SB anion-
exchange membrane and the tested CEM (Sicopion or CMX-
SB) defining the diluate compartment. A last Neosepta
AMX-SB separated the electrode rinsing solution at the
cathode end. This way, the stack defined three closed loops,

+

+

−−

CMX AMX AMXSicopion
or CMX

Anode Cathode

Diluate Concentrate

Figure 1: Configuration of the electrodialysis (ED) cell used for
demineralization of solutions. CMX: CMX-SB cation-exchange
membrane, AMX: AMX-SB anion-exchange membrane, (+) dem-
ineralizing cations, (−) demineralizing anions. The electrode-
rinsing solution circuit is not shown. Adapted from [7].

as described in previous works [7]. Each closed loop was
connected to a separate external plastic reservoir, allowing
continuous recirculation (Figure 1). The membranes tested,
with an effective surface of 10 cm2, were both in contact with
the model salt and protein solution (i.e., diluate) on one side
and with the KCl solution (i.e., concentrate) on the other
side.

2.3. Conditioning Procedure. All cation-exchange mem-
branes were conditioned according to the NF X 45-200 pro-
cedure of the French Normalization Association (AFNOR)
for IEM, Section 5.2.4.1 [5]. Anion-exchange membranes
were not conditioned.

Membranes were conditioned as follows.

(a) Immersed in 0.1 M HCl (100 mL/10 cm2 membrane)
for 1 hour.

(b) Rapidly rinsed by immersion in distilled water
(250 mL/10 cm2membrane) and pat-dried with filter
paper.

(c) Immersed in 0.1 M NaOH (100 mL/10 cm2 mem-
brane) for 1 hour.

(d) Rapidly rinsed by immersion in 0.1 M NaCl (250 mL/
10 cm2 membrane).

(e) The cycle was repeated and the membranes kept in
0.1 M NaCl (100 mL/10 cm2 membrane) until used
for membrane analysis and ED procedure.

2.4. Protocol. Once the conditioning procedure completed,
membrane characteristics were measured on unused mem-
branes for further comparison with those used for the
demineralization procedure. The limiting current density
(LCD) value for each ED stack was determined according to
the method described by Cowan and Brown [8], obtaining
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Figure 2: Limiting current density (LCD) value determination.
Slope changes were found at 0.5 ± 0.05 A (i.e., within the 1.8
and 2.2 A−1 range), equivalent to a LCD value of 50 mA/cm2 of
membrane.

an overall LCD value of 50 ± 5 mA/cm2 for all membranes
(Figure 2). According to this, and to assure a demineral-
ization process under the LCD value, a current density of
13 mA/cm2 was fixed on the power supply (model HPD 60-
5SX, Xantrex, Burnaby, BC, Canada) and remained constant
during the demineralization procedure.

Solutions used for the demineralization process were as
follows.

(a) Model salt and protein solution (i.e., diluate):
1000 mg/L Na2CO3, 800 mg/L KCl, 800 mg/L CaCl2,
32.0 g BiPRO adjusted to pH 6.5 with HCl 1.0 N and
refrigerated overnight to ensure proper hydration of
proteins.

(b) KCl solution (i.e., concentrate): 2 g/L KCl, adjusted to
pH 12 with NaOH 1.0 N.

(c) Electrode rinsing solution: 20 g/L NaCl.

Electrodialysis was carried out during 100 minutes. Flow
rates were adjusted at 900 mL/min for the electrode rinsing
solution and at 600 mL/min for the diluate and concentrate
solutions. 2 mL samples of diluate and concentrate solutions
were taken at the beginning and at 20-minute intervals and
kept frozen until analyzed by inductively coupled plasma
(ICP). Three different membranes of each type were used
for each demineralization (triplicate), and a fourth one
was kept as a control reference. After the demineralization
procedure, the ED stack was dismounted and the CEM were
stored in a 0.5 M NaCl solution until further analysis. Once
membrane characteristics determined, the membranes were
photographed with a binocular microscope equipped with
a digital camera. Finally, membrane samples were ashed,
and ICP analyses were done to determine their mineral
composition.

2.5. Analysis Methods

2.5.1. Membrane Parameters and Analyses

Membrane Thickness. Membrane thickness was measured
using a Mitutoyo Corp. IDC-type digimatic indicator with
absolute encoder (Model ID-C112 EB, Kanagawa-Ken,
Japan). The indicator was equipped with a 7 mm diameter
flat contact point. The membrane thickness value was
averaged from ten measurements at different locations on
the effective surface region of the membrane. Measurements
were taken on unused conditioned membranes and on used
membranes 24 hours after the ED process.

Membrane Electrical Conductivity. The membrane electrical
conductivity was calculated from membrane thickness and
its electrical resistance, obtained from membrane conduc-
tance. The conductance was measured after a 24-hour
immersion of the membranes in a 0.5 M NaCl solution,
which served as the respective reference solution. The meth-
od was carried out using a specially designed conductivity
clip (Laboratoire des Matériaux Echangeurs d’Ions, Créteil,
France) and a YSI conductivity meter (Model 35, Yellow
Springs Instrument Co., Yellow Springs, OH, USA). Conduc-
tivity was calculated as described in previous studies [4].

Membrane Ion-Exchange Capacity (IEC). IEC of unused
conditioned CEM was determined using Na+ as counter-
ion, according to the AFNOR procedure for IEM [5]. In the
case of Sicopion membranes, given their low mass/surface
ratio, the protocol was modified by increasing the defined
membrane surface from 10 to 30 cm2, in order to have a
meaningful sample.

Water Content. Water content of unused conditioned mem-
branes was determined according to the AFNOR procedure
for IEM [5].

Dimensional Stability. The dimensional stability of unused
conditioned membranes in acidic and alkaline media was
determined according to the official procedure of the
AFNOR for IEM [5]. Complementary to this analysis, and
prior to conditioning, membrane was marked and measured
(i.e., according to the AFNOR procedure [5]) in dry condi-
tions, as obtained from the manufacturer. Afterwards, this
value was compared to that of the conditioned membrane to
obtain a dry-to-wet dimensional stability coefficient.

Optical Microscopy. Photographs of unused and used mem-
branes were taken at ×40 and ×100 magnitude on a binoc-
ular microscope (Laborlux S, Ernst Leitz Wetzlar GmbH,
Wetzlar, Germany) equipped with a colour video camera
(model hyper HAD, CCD-IRIS/RGB, Sony, Toronto, ON,
Canada). The images were processed with Matrox Inspector
software (version 3.1, Matrox Electronics Systems Ltd,
Dorval, QC, Canada).

Scanning Electron Microscopy and X-Ray EDS. In order to
better understand Sicopion membrane characteristics and
electrodialytic performance, SEM images of the membranes
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were acquired to verify whether a fouling deposit was
present or not. Scanning electron micrographs (SEMs) of
uncoated Sicopion membranes used for the ED procedure
were acquired at various magnifications levels at 20 kV with
a scanning electron microscope (S-3000 N, Hitachi, Japan).
Surface elemental analysis of one Sicopion membrane pre-
pared with 16.7% of SFSP and used for an ED dem-
ineralization was performed on an X-ray energy-dispersive
spectrometer (EDS) (INCA, Oxford Link Isis, Oxford Instru-
ments, Concord, MA, USA). The EDS conditions were 20 kV
accelerating voltage and 14.7 mm working distance. Elements
of interest were silicon, potassium, sodium, phosphorous,
sulfur, calcium, chlorine, oxygen, and carbon.

Membrane Ash Determination and Analysis. Samples for ash
determination were prepared from 5 cm2 of membrane ashed
at 650◦C for 16 hours in a muffle furnace. Analysis of mem-
brane ashes for silicon quantification was performed by
inductive coupled plasma optical emission spectroscopy
(ICP-OES) (Optima 4300, Dual View, Perkin-Elmer, Shelton,
CT, USA), in axial view at wavelengths 251.611, 212.412, and
288.158 nm.

2.5.2. Electrodialytic Parameters and Ion Migration

pH Variation of the Diluate and Concentrate Solutions. The
pH of the diluate and concentrate solutions was measured
along the ED process with a pH meter model SP20 (epoxy gel
combination pH electrode, VWR Symphony), manufactured
by Thermo Orion (West Chester, PA, USA).

Conductivity Variation of the Diluate and Concentrate Solu-
tions. Conductivity of the diluate and concentrate solutions
was measured along the ED process with an YSI conductivity
instrument (model 3100-115V, YSI Inc., Yellow Springs, OH,
USA) equipped with an automatic temperature compensa-
tion (ATC) immersion probe (model 3252, k = 1/cm, YSI
Inc.).

Cation Migration. The 2 mL samples taken during the dem-
ineralization procedure were used for cation migration
determination. Samples were diluted with HPLC-grade
water. Potassium, sodium, and calcium concentrations were
determined by ICP (ICP-OES, Optima 4300, Dual View,
Perkin-Elmer, Shelton, CT, USA). Analysis was carried-out in
radial view. The wavelengths used to determine each element
were 766.490, 589.592, and 317.933 nm, respectively.

System Resistance. The system resistance was calculated,
using Ohm’s Law, from the voltage read directly from the
indicators on the power supply and the current intensity read
from a digital multimeter (52-0060-2, Mastercraft, Toronto,
ON, Canada).

Energy Consumption. In order to compare membrane per-
formance during ED treatment, the total energy con-
sumption was calculated by integrating the voltage as a

function of the time multiplied by the current, according to
[9]

E =
∫ 100

0

U · I
60

dt, (1)

where E is the energy consumption in Watt-hour (Wh), U is
the potential (volt), I is the current intensity (ampere), and
time is expressed in minutes.

3. Results and Discussion

3.1. Membrane Parameters and Analysis

3.1.1. Membrane Thickness. Unused conditioned Sicopion
membranes were of similar thickness, with a slight decrease
as SFSP level increased (22.7 ± 0.5, 21.3 ± 0.5, and 20.7 ±
0.5µm, resp. for 16.7, 25.0, and 35.0% SFSP) (Figure 3).
The thickness values obtained for Sicopion membranes
were within the specification range established by the
manufacturer. These values were, as expected, lower than
those obtained for CMX-SB membranes (165.5 ± 0.2µm),
but differences at this level were not subject to comparison,
since the different nature of the membranes excludes the
necessity for further explanation. Once the ED procedure
was finished and the stack was dismounted, membranes
(i.e., Sicopion and CMX-SB) were slightly deformed. This
deformation was caused by a pressure difference forcing the
membrane against spacer in the concentrate compartment.
On the other hand, such deformation was not permanent,
since membranes recovered their smooth and level surface
after being kept 24 hours in a 0.5 N NaCl bath. To verify
whether a fouling deposit was present or not, thickness was
then measured and compared by Students t-tests against the
corresponding unused membrane. No significant differences
were found, and all results supported the absence of any
detectable fouling deposit on the membrane surface.

3.1.2. Membrane Electrical Conductivity. Membrane electri-
cal conductivity of unused conditioned Sicopion membranes
was similar for all SFSP levels (9.92±0.19 mS/cm) and higher
than unused CMX-SB membranes (6.98±0.24 mS/cm). This
difference would be given by the functionalized materials
composing Sicopion membranes, having less inert materials
in the membrane. 24 hours after the ED treatment, mem-
branes maintained their original conductivity, as compared
by Students t-tests against the corresponding unused mem-
brane, except for Sicopion membrane with 25.0% of SFSP
(P = 0.026), with a 3.28 ± 1.94 mS/cm drop (Figure 4).
These results indicate that the membrane integrity was not
lost during the demineralization. In the case of Sicopion with
25% SFSP, the difference could be due to the slight thickness
reduction, coupled to a minimal but also significant increase
in its electrical resistance versus the original value (P =
0.019, using a Students t-test) (Figure 5), since no fouling
was visible on such membrane. Nonetheless, such reduced
value was still as good as that obtained for CMX-SB
membranes after the ED procedures.
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3.1.3. Membrane Ion-Exchange Capacity. From the results
obtained, it appeared that the IEC decreased as a higher
amount of SFSP was used to prepare the Sicopion mem-
branes (Table 1). CMX-SB membranes had an IEC within
the range of Sicopion membranes with a 16.7 and 25.0%
SFSP, so membranes were similar from this point of view.
Sicopion membrane with 35% SFSP presented a lower IEC
than the CMX-SB membrane. The IEC of a membrane
represents the amount of active ion-exchange sites present
in the membrane material [5, 10] and constitutes an ionic-
quality characteristic of the latter. For conditioned Sicopion
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Figure 5: Electrical resistance of conditioned and used (24 h after
the ED procedure) Sicopion and CMX-SB membranes.

membranes, their IEC was directly proportional to their
SPEEK content, suggesting a functionality loss at the SFSP
ion-exchange sites. IEC analysis was not performed after
the ED procedure due to the limited amount of treated
membrane available.

3.1.4. Water Content. Water content of Sicopion mem-
branes varied according to their SFSP level and was, for
all levels, higher than CMX-SB water content (Table 1).
Sicopion membranes prepared with higher amounts of SFSP
showed higher water content of the conditioned membrane
(Table 1). Although silica particles have water absorption
properties [1], it is possible that their functionality loss
would simply translate into higher water content within the
membrane structure. If IEC values obtained are pondered
according to the respective water content of each membrane
to obtain a wet membrane IEC value (i.e., which better
reflects the real IEC of the membrane in a working ED
stack) (Table 1), it is to remark that membranes still follow
the trends as described earlier in the IEC section, showing
that conditioned Sicopion membranes maintain their ion-
exchange capacity after membrane hydration. This particular
property is especially important in fuel-cell applications to
avoid membrane dehydration at high temperatures [1, 3,
11]. In food applications, dehydration has been reported
to be a factor in membrane integrity alterations, such as
irreversible deformation and ionic passivation [2–4], so
effective water retention of membrane would reduce the risk
of a membrane-fouling formation.

3.1.5. Dimensional Stability. Results for dry-to-wet stability
for Sicopion membranes (Table 2) demonstrated that a
minimal change in their dimensions occurs when hydration
occurs. This dry-to-wet dimensional stability of Sicopion
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Table 1: Membrane ion-exchange capacity (IEC) (mEq/gdry membrane), water content (% of water on wet membrane basis), and IEC on wet
membrane basis (mEq/gwet membrane).

Membrane IEC (dry basis, mEq/gdry) Water content (%) IEC (wet basis, mEq/gwet)

Sicopion 16.7% SFSP 1.394± 0.000 31.0± 0.6 0.960

Sicopion 25.0% SFSP 1.170± 0.000 33.5± 0.3 0.778

Sicopion 35.0% SFSP 1.074± 0.000 37.6± 2.4 0.667

CMX-SB 1.231± 0.023 27.6± 1.0 0.891

Table 2: Dimensional variation coefficients (in the X and Y dimensions) from a dry-to-wet membrane (Csx , Csy), after an acid bath (Cax ,
Cay) and after an alkaline bath (Cbx , Cby).

CEM membrane Dry to wet Acid bath Alkaline bath

(of diluate compartment) Csx , Csy Cax, Cay Cbx, Cby

Sicopion 16.7 % SFSP 0.0018± 0.0016 0.0000± 0.0000 0.0031± 0.0008 0.0018± 0.0022 0.0031± 0.0008 0.0018± 0.0022

Sicopion 25.0 % SFSP 0.0000± 0.0000 0.0000± 0.0000 0.0031± 0.0008 0.0007± 0.0014 0.0038± 0.0013 0.0007± 0.0014

Sicopion 35.0 % SFSP 0.0009± 0.0016 0.0000± 0.0000 0.0014± 0.0016 0.0007± 0.0014 0.0014± 0.0016 0.0007± 0.0014

CMX-SB n/a n/a 0.0029± 0.0005 0.0023± 0.0027 0.0029± 0.0005 0.0013± 0.0027

membranes would allow a dry ED-stack assembly condi-
tions. In contrast to commercially available membranes,
such as CMX-SB, Sicopion membranes do not require wet
environment for storage or installation procedures and are
available in dry sheets or rolls from the manufacturer. As
to their stability in acidic/alkaline media (Table 2), it was
shown that all membranes had similar variation coefficients,
although Sicopion membrane with 35% SFSP seemed to be
slightly more dimensionally stable that the other Sicopion
membranes. It is possible to suggest, from these results, that
Sicopion membrane would be dimensionally stable in acidic
and alkaline media, which would constitute an advantage for
cleaning-in-place (CIP) procedures.

3.1.6. Optical Microscopy. Sicopion membranes presented a
granular aspect (Figure 6), showing the sites where silica
particles were embedded in the SPEEK backbone. Higher
SFSP levels produced less smooth surfaces, causing the
membrane to seem darker (Figure 6). Also, when compared
to their respective control membranes, those used for the
demineralization process appeared to be slightly darker,
enhancing their texture. This darkening, given by mineral
traces that remain in the membrane, is normal after an
ED treatment and does not necessarily imply a fouling
formation, as observed in previous work on ED membrane
fouling [4]. CMX-SB membranes presented the same visual
texture darkening (Figure 6) and did not present any visible
fouling deposits. At the same time, the different structure of
both types of membranes, given their different nature and
manufacture characteristics, could be observed.

3.1.7. Scanning Electron Microscopy and X-Ray EDS. SEM
showed a smooth membrane surface with no signs of fouling
deposits (Figure 7). On the other hand, hollow spaces were
found all over the Sicopion membranes. Such cavities would
correspond to the expected location of the SFSP embedded
in the SPEEK matrix. This is supported by the corresponding
cavity size (≈5 µm) (Figure 8), corresponding to the reported
average size of the SFSP used for membrane manufacture.

Table 3: Ash content (in dry basis %) of unused (after the stabi-
lization procedure) and used (after the demineralization procedure)
CEM.

Membrane Unused (% ash) After ED (% ash)

Sicopion 16.7% SFSP 13.9± 1.2 13.2± 0.4

Sicopion 25.0% SFSP 11.5± 0.8 13.2± 2.2

Sicopion 35.0% SFSP 13.4± 1.3 13.7± 0.8

CMX-SB 6.9± 0.5 7.8± 0.5

This phenomenon was the case for all Sicopion membranes
(Figure 7), whose SFSP would have leached out during the
alkaline wash of the conditioning procedure. The absence of
the SFSP was supported by elemental analysis of the surface,
where only traces of silicon were detected (Figure 9). This
would explain the results found for the IEC, where no ion-
exchange contribution of the SFSP was observed and for the
higher water content of the membranes, by replacing the
space once occupied by the SFSP.

3.1.8. Membrane Ash Determination and Analysis. Total
membrane ash determination confirmed the different nature
of Sicopion membranes with respect to the CMX-SB mem-
brane. Unused Sicopion membranes presented a twofold
amount of ash with respect to CMX-SB membranes
(Table 3), meaning that Sicopion SPEEK contains a higher
amount of inorganic material than the material used in
CMX-SB membranes. No differences were found among the
ash contents of Sicopion membranes, supporting the fact
that SFSP were removed during the conditioning procedure
and that the SPEEK backbone remaining had the same
composition for all membranes. When ash content of
unused membranes was compared via Students t-tests to the
respective ash content of the membrane after ED (Table 3),
no differences were found for any membrane, confirming
that no fouling took place during the ED procedure. Finally,
the Sicopion membrane ash analysis confirmed the loss of
the SFSP as shown by SEM and X-ray EDS mapping. As
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Figure 6: Optical microscope images of unused (control) and used (after ED) CEM at ×40 and ×100 magnifications.
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Figure 7: Scanning electron micrographs (SEMs) of Sicopion membranes.

expected, only traces of silicon (<0.5 mg/g dry membrane)
were detected by ICP analysis.

3.2. Electrodialytic Parameters and Ion Migration

3.2.1. pH Variation of the Diluate and Concentrate Solutions.
The pH(diluate) varied according to the CEM membrane
defining the diluate compartment (Figure 10). According
to the analysis of variance and a Tukey’s test, all Sicopion
membranes had a significantly higher effect (P < 0.001) on
the total pH variation in the diluate after a 100-minute dem-
ineralization procedure, in contrast to CMX-SB membranes.
The same case applied for the total pH variation of the
concentrate solution (P < 0.001). In general, pH changes
in the diluate were due to a more or less important leakage
of OH− through the CMX or Sicopion membrane from the
concentrate, leading to the OH− enrichment of the diluate.
These mechanisms had a considerably more pronounced
effect when Sicopion membranes were used (Figure 10), but
OH− leakage has also reported to occur, in lower quantities,

Figure 8: SEM of a cavity found on a Sicopion 35% SFSP mem-
brane.

in CMX membranes [12, 13]. However, given the high con-
centration of OH− ions present in the concentrate solution,
for a same amount of OH− migrating, the pH variation of
the concentrate was much lower than that of the diluate.
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Figure 9: X-ray EDS mapping and relative atomic composition for a Sicopion 35% SFSP membrane. Bar under SEM is 100 µm.

Furthermore, a tendency of the pH values reaching a stabi-
lization plateau could be observed (Figure 10). This would
be due to the fact that, as OH− ions enriched the diluate, a
fraction of them could continue their path towards the anode
and traverse the AEM membrane on the other side (i.e.,
opposite to the defining CEM) of the diluate compartment.
This way, OH− would have migrated over and over, until
the pH difference between the concentrate and the diluate
solutions had begun to equilibrate in OH− concentrations.

During the demineralization process, an OH− leakage
(i.e., OH− through the cation-exchange membrane) stands
as the most probable cause for such pH variations. This
hypothesis is supported by the high water content of the
Sicopion membranes, given the loss of SFSP. The hydration
level of a membrane can influence its microstructure and
mechanical properties [11]. Hence, water present in the
membranes would act as a medium through which migrating
cations could create a backflow pathway for OH− attracted
towards the anode. This phenomenon would constitute the
counterpart of H+ leakage through the AEM similar to
the Grøtthus mechanism (also termed proton hopping or
structural diffusion mechanism) [14]. This proton hopping

(Figure 11; AEM) is due to the presence of proton acceptors
(e.g., water molecules and acidic species contained in the
feed solution within the AEM) [15]. Such proton acceptors
may allow a certain coion (H+ in the case of AEM)
backflow, according to the electrostatic attraction towards
the cathode. As more water is present in the membrane, it is
easier for a relatively large ion (OH− in contrast to H+)
to follow the same backflow pattern in CEM (Figure 11;
CEM), using counterions traversing the membrane as a
mobile ion-exchange site, to increase its own leakage through
the CEM, as suggested by Piela and Wrona [16] for Nafion
membranes. This was probably the case of Sicopion mem-
branes. Furthermore, membrane thickness could have also
had an effect on this backflow, by promoting a diffusion of
OH− by simple concentration gradient, enhanced by the
microporous structure left by the SFSP leaching. It must be
mentioned that the ultrathin properties of such membranes
are indeed thought according to fuel cell application, where
miniaturization constitutes an important advantage, which is
not necessarily the case in ED applications like bulk solu-
tion demineralization. Hence, membrane thickness, at least
for ED applications, could be increased to reduce OH−
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for OH− hopping through mobile counterions in the cation-
exchange membrane (CEM) in a working AFNOR-conditioned
Sicopion ED stack.

migration, apparently without any drawbacks on membrane
performance.

It is to remark that, at least for the ED conditions used in
this work, a diluate basification implied a high OH− migra-
tion through the CEM via the proposed backflow mech-
anism. This indicates that OH− diffusion, eased by the highly
hydrated membranes and the low thickness value of the
membranes, could have facilitated the mentioned phenom-
enon. Hence, a concentrate with a neutral pH would mini-
mize OH− backflow into the diluate. In the present study,
an alkaline pH had been chosen in order to prevent the
formation of a protein fouling on the AEM defining the
diluate compartment according to previous works [7].
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Figure 12: Conductivity evolution of the concentrate and diluate
solutions (solid and empty symbols, resp.) during the 100-minute
demineralization procedure. Membranes specified in the legend
indicate the CEM defining the diluate compartment.

3.2.2. Conductivity Variation of the Diluate and Concentrate
Solutions. Conductivity values for the diluate solution were
followed to indirectly describe the demineralization progress.
As expected, the conductivity increase was higher than
its respective decrease in the diluate solutions because the
concentrate solution is also enriched by minerals migrating
from the electrode rinsing solution. Conductivity values
for the diluate solution showed that demineralization rates,
calculated as the variation between the initial and the final
conductivity readings, were similar for all Sicopion mem-
branes (35.94 ± 3.53%, all membranes averaged). CMX-SB
membranes, on the other hand, appeared to attain a higher
demineralization rates (45.54± 2.79%), which was also con-
firmed by the faster conductivity increase of the concentrate
solution (Figure 12). Although these demineralization rates
are a good indicator of the overall process, they must be
carefully interpreted, since OH− influences the conductivity
values [17]. Further analysis, such as cation migration,
should be compared to conductivity changes in order to
determine whether the demineralization rates reflected an
accurate mineral depletion and not a combination of the
latter with high pH variation (i.e., high OH− variations).

3.2.3. Cation Migration. Cation migration evolution (K+,
Na+, and Ca+2) showed similar tendencies for all Sicopion
membranes and confirmed the results obtained by solution-
conductivity measurements. In all cases, a higher deminer-
alization level of the diluate was found for CMX-SB mem-
branes, with respect to Sicopion membranes (Figure 13),
but equivalent mineralization levels of the concentrate
streams for all membranes (Figure 13).

If cation demineralization is analyzed from the migrated
charge perspective by calculating the equivalents of migrated
mass, it is found that, once again, no significant differences
are found between Sicopion membranes (Table 4). However,
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Figure 13: Cation concentration evolution in concentrate and diluate solutions (solid and empty symbols, resp.) treated by ED with CMX-
SB or Sicopion membranes. Regressions are, according to the legend, for CMX-SB membranes and for all 3 Sicopion membranes.

Table 4: Total demineralization rates of the diluate solution in potassium, calcium, sodium, and total cations after 100-minute treatment,
in milligrams per liter (mg/L) and milliequivalents per liter (mEq/L).

CEM membrane K Ca Na Total

(of diluate compartment) mg/L mEq/L mg/L mEq/L mg/L mEq/L mEq/L

Sicopion 16.7% SFSP 100.85± 26.76 2.58± 0.68 45.92± 14.17 2.29± 0.71 96.38± 27.28 4.19± 1.19 9.06± 2.55

Sicopion 25.0% SFSP 108.00± 21.14 2.76± 0.54 57.48± 15.99 2.87± 0.80 104.23± 25.46 4.53± 1.11 10.17± 2.42

Sicopion 35.0% SFSP 87.42± 22.85 2.24± 0.58 44.03± 16.23 2.20± 0.81 84.47± 25.41 3.67± 1.11 8.11± 2.45

CMX-SB 158.66± 16.13 4.06± 0.41 115.40± 15.36 5.76± 0.77 175.20± 16.49 7.62± 0.72 17.44± 1.79

and in contrast to cation concentration evolutions, miner-
alization rates of the concentrate, expressed as net migrated
milliequivalents, turned out to be equivalent for CMX-SB
and Sicopion membranes (Table 5). On the other hand, dem-
ineralization rates of the diluate solution did show an impor-
tant difference between the CMX-SB membrane and the
Sicopion ones. Since the concentrate mineralization levels
were equivalent and the demineralization rates were higher
for the ED procedures where a CMX-SB was used, the
balancing species mineralizing the concentrate would have
come from the electrolyte solution. However, Na+ concen-
trations are those with the higher migration rate towards the
concentrate, confounding ions coming from the diluate and
from the electrolyte solution into the concentrate compart-
ment. According to the initial concentration of such ions

in the diluate, it is possible to say that they demonstrated
to be the predominant cations for current flow. At the
same time, the higher cation levels (K+, Na+, Ca+2) present
in the diluates demineralized with a Sicopion membrane
would confirm what was explained in the pH evolution
section of this paper. Cations migration was disfavoured by
the enrichment in OH− of the diluate, maintaining the
electroneutrality of the solution as it compensated for the
anions migrating through the AEM.

3.2.4. System Resistance. System resistance evolution was
similar for all stacks equipped with Sicopion membranes
(Figure 14). Towards the end of the demineralization pro-
cedures, resistance increased at a higher rate for CMX-SB
membranes due to the lower conductivity of the diluate
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Table 5: Total mineralization rates of the concentrate solution in potassium, calcium, sodium, and total cations after 100-minute treatment,
in milligrams per liter (mg/L) and milliequivalents per liter (mEq/L).

CEM membrane K Ca Na Total

(of diluate compartment) mg/L mEq/L mg/L mEq/L mg/L mEq/L mEq/L

Sicopion 16.7% SFSP 65.98± 37.96 1.69± 0.97 34.40± 5.08 1.72± 0.25 589.74± 53.05 25.65± 2.31 29.06± 3.52

Sicopion 25.0% SFSP 35.47± 8.09 0.91± 0.21 41.87± 8.48 2.09± 0.42 573.60± 14.27 24.95± 0.62 27.95± 1.09

Sicopion 35.0% SFSP 118.44± 71.45 3.03± 1.83 25.25± 10.90 1.26± 0.54 630.89± 49.81 27.44± 2.17 31.73± 4.33

CMX-SB 91.94± 26.72 2.35± 0.68 19.67± 19.23 0.98± 0.96 634.99± 43.82 27.62± 1.91 30.95± 1.60
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Figure 14: Resistance evolution of the ED stacks during the 100-
minute demineralization procedure. Membranes specified in the
legend indicate the CEM defining the diluate compartment.

solution, given by its higher demineralization level with
respect to Sicopion membranes, as previously explained
for conductivity variation. In addition, the stack resistance
was found to be, in general, slightly higher (≈5Ω) when
equipped with Sicopion membranes, with respect to the stack
with CMX-SB (Figure 14). This could be explained by the
OH− traversing the CEM, partially hindering the current
flow, since it was found that Sicopion membranes actually
had a lower electrical resistance than CMX-SB membranes
(Figure 5). This resistance difference seems normal, given
the important thickness difference between the two types
of membranes and to the fact that the materials they are
made of have, in general, similar IEC values. Hence, the OH−

backflow could account for the global increased resistance of
the system.

3.2.5. Energy Consumption. The results obtained showed a
similar consumption for all membranes, Sicopion (1.47 ±
0.03 Wh) and CMX-SB (1.38 ± 0.08 Wh). Although CMX-
SB membranes allowed a higher demineralization rate,
total migration through Sicopion membranes was probably
equivalent, given the high amount of OH− transported
through the latter. Such backflow would have consumed a

certain amount of energy, hence reducing the global dem-
ineralization rate of the diluate and increasing the energy
consumption of the ED procedure.

4. Conclusion

In this study, it was shown that membrane conditioning
actually leaches out the SFSP leaving a water-enriched micro-
porous structure of SPEEK. Important variations were found
only at the IEC level and water content of the membranes.
These variations, however, did not show any significant
effects on their practical electrodialytic characteristics for the
demineralization conditions used in this particular work.

With respect to CMX-SB membranes, several differences
were found for Sicopion membranes, but these were mainly
due to the different nature of such membranes. The most
important difference between both types of membranes
was their OH− permeability, being considerably higher for
Sicopion membranes. Membrane composition and imaging
supported the OH− backflow hypothesis. The membrane
cavities would contribute to higher water content of the
membranes and, by creating microscopic pores, would in-
crease the amount of OH− backflow paths, as previously dis-
cussed. Although OH− permeability of Sicopion membranes
could offer a new perspective for some specific applications,
like fruit juice deacidification [18], OH− leakage could be
reduced by increasing the membrane thickness, reducing the
backflow and diffusion of OH−. Sicopion membranes would
then be an interesting option for procedures requiring rel-
atively constant or acidic pH conditions. Indeed, according
to previous studies [7], a neutral pH would minimize the
risk of a CEM integrity alteration due to fouling during
the demineralization of liquid foodstuffs containing proteins
and divalent cations. In addition, the loss of SFSP during
conditioning could be a way for manufacturing mem-
branes with micro- or nanoscale pores that could be used
in electrodialysis with filtration membrane. This new elec-
tromembrane technology separates bioactive molecules
according to their charge (electric field as driving force) and
size (molecular weight cutoff of the filtration membrane)
[19]. Finally, one of the most attractive advantages of
Sicopion membranes is their dry-to-hydrated dimensional
stability which is of particular interest for industrial-scale ED
stacks, since (as for CEM) it would allow a dry mounting
process. This contrasts with the wet environment that must
be maintained during the stack assembly for commercially
available membranes.
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Hybrid anion exchange hollow fiber membranes (HAEHFMs) based on bromomethylated poly(2,6-dimethyl-1,4-phenylene
oxide) (BPPO) are proposed as potential drug carriers for four anionic model drugs, including the sodium salts of benzoate
(NaBS), salicylate (NaSA), meta-amino salicylate (NaMAS), and loxoprofen (NaLS). The results of the static loading and release
experiments suggest that electrostatic interaction, hydrogen bonding, and hydrophobic interaction are the main interaction
patterns between the membrane and the drugs. And they are directly influenced by the external phase conditions and the drug
physicochemical characteristics, such as structure, molecular weight, dissociation (pKa), and hydrogen bonding capability. Among
the four different drugs, NaSA and NaMAS appear to be the most suitable for controlled release by the HAEHFM due to their
excellent adsorption/release behaviors.

1. Introduction

Controlled drug release has attracted increasing attention
during recent decades because of its special advantages on
providing a relatively steady blood level of drug, optimizing
the drug therapeutics and improving patient compliance.
The most significant pursuit of developing controlled release
system is to prolong the retention of the drug and get a
constancy of release rate. Membranes have been evaluated as
one of the most promising drug delivery vehicles [1, 2]. In
order to develop rate-limiting drug delivery membrane, ion
transport and ion exchange mechanisms can be introduced
through the use of ion exchange membranes (IEMs). The
ion exchange groups of the IEMs can capture the ionized
drugs through electrostatic interactions and thus provide a
permselectivity for the therapeutic agents in the drug deliv-
ery profiles [3]. Up to date, many types of IEMs have been
used directly or modified as drug vehicles such as Nafion
[4], modified chitosan [1, 5–7], polypyrrole [8], poly(acrylic
acid) grafted poly(vinylidene fluoride) (PAA-PVDF) [9,
10], and bromomethylated poly(2,6-dimethyl-1,4-phenylene

oxide) (BPPO) membranes [11]. The rate-limiting perfor-
mance of the IEMs for ionic drugs mainly depends on the
physical and chemical properties of the IEMs and the drugs,
as well as the external solution conditions [12].

IEMs can be classified into ion exchange flat membranes
and ion exchange hollow fiber membranes (IEHFMs) ac-
cording to the physical configuration. IEHFMs, as a novel
type of drug delivery vehicles, have been proved to be ef-
fective in rate-limiting drug release. Our research group has
previously promoted a novel type of hybrid anion exchange
hollow fiber membrane (HAEHFM) from brominated poly
(2,6-dimethyl-1,4-phenylene oxide) (BPPO) and γ-metha-
cryloxypropyl trimethoxysilane (γ-MPS) for controlled re-
lease of sodium salicylate (NaSA) [13]. The HAEHFM ex-
hibits low toxicity, large effective surface area, and high ion
exchange content (IEC), ensuring a high drug loading ef-
ficiency (28.4%) and a relatively low release rate (drug re-
leased in 7 days under physiological condition: 51.9%).

The present work is to extend our previous study and
to investigate further the effect of the drug characteristics
on the loading and release behaviors. As well known,
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Table 1: Structures and physicochemical characteristics of the model drugs.

Compound Structure Mw pKa17−20 HBD/HBA∗

Sodium benzoate (NaBS)

OO−Na+

144.1 4.17 (–COOH)
0/2

Sodium salicylate (NaSA) OH

O O−Na+

160.1
2.98 (–COOH),

13.9 (–OH)
1/3

Sodium meta-amino salicylate (NaMAS)
OH

O O−Na+

NH2

175.1
2.74 (–COOH),
5.84 (–NH3

+),
13.9 (–OH)

1/4

Loxoprofen sodium (NaLS)

O

O

O−Na+

268.3 4.20 (–COOH) 0/3

∗
Hydrogen bond donor (based on –OH groups)/hydrogen bond acceptor (based on O-atoms and N-atoms); it is assumed that carboxyl groups are ionized

during the experiments.

the physicochemical properties of the drugs such as charge,
molecular weight, dissociation (pKa), lipophilicity and hy-
drogen bonding can greatly affect the adsorption and release
behaviors [12]. Previous researches are abundant regarding
the effect of these drug properties on the controlled release
behavior of ion exchange flat membranes, fibers, or resins
[12, 14–16]. For example, Jaskari et al. and Hanninen et al.,
both, proved that lipophilic drugs tend to bond onto the
weak base anion exchange fibers [15, 16]. However, few stud-
ies have been performed with IEHFMs. For our IEHFMs, the
interaction mechanisms with the drug might be even more
complex, since there are both organic and inorganic compo-
nents in the membrane matrix. The presence of –SiOH and
ester groups from γ-MPS may influence the loading and
release behaviors comprehensively.

Four model drugs are selected here, including the sodium
salts of benzoate (NaBS), salicylate (NaSA), meta-amino
salicylate (NaMAS), and loxoprofen (NaLS) (Table 1 [17–
20]). Among these, salicylic acid (SA), meta-amino salicylate
(MAS), and loxoprofen (LS) are widely used nonsteroidal
anti-inflammatory drugs (NSAIDs). NaBS, a commonly used
food preservative, is also used here for its structure similarity
to the other drugs. The four drugs differ in physicochemical
characteristics such as molecular weight, pKa, and hydrogen
bonding capacity. Nevertheless, they all contain carboxyl
groups, which produce negatively charged anions when

dissociated. The drug loading capacity and the drug release
rate and extent from the HAEHFM in different external
solutions are to be studied and compared. The mechanisms
of drug binding into and release from the ion exchange drug
carriers are to be discussed so as to provide guidance for the
selection, optimization, and application of the drug vehicles.

2. Material and Methods

2.1. Materials. Brominated poly(2,6-dimethyl-1,4-phenyl-
ene oxide) (BPPO) hollow fiber membranes were kindly sup-
plied by Tianwei Membrane Corporation Ltd. (Shandong,
China) with 53% benzyl substitution ratio and 47% aryl sub-
stitution ratio. γ-methacryloxypropyl trimethoxysilane (γ-
MPS) and triethylamine (TEA) were diluted with ethanol to
1.0 mol/L before use. Sodium salicylate (NaSA) and sodium
meta-amino salicylate (NaMAS) were purchased from Tian-
jin Damao Chemical Reagent Factory (Tianjin, China) and
Weihai Disu Pharmaceutical Co., Ltd. (Shandong, China),
respectively. Sodium benzoate (NaBS), loxoprofen sodium
(NaLS), and dialysis membrane (molecular weight cut-off,
MWCO∼3500 Da) were obtained from Bio Basic Inc. (BBI)
(Shanghai, China). Bovine serum albumin (BSA) and glu-
cose (Glc) were from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). The reagents were all of analytical grade
and double-distilled water was used throughout.
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Figure 1: The structure of the HAEHFM and different interaction patterns between the HAEHFM and drugs.

Phosphate buffer solutions (PBSs) with pH values of
5.0, 7.4, and 9.0 were prepared by Na2HPO4-KH2PO4 with
phosphate concentration of 0.2 mol/L. One simulated body
fluid was prepared containing 0.2 mol/L PBS (pH = 7.4),
100 mg/dL glucose, and 70 mg/mL BSA. The simulated body
fluid without BSA was also prepared.

2.2. Preparation and Characterizations of the Drug Carrier:
The HAEHFM. The HAEHFM was prepared from BPPO
hollow fiber membrane through three steps, as has been
described in detail in our earlier study [21]: partial hydrolysis
by KOH, in situ sol-gel process with γ-MPS, and quaterniza-
tion by TEA. The main properties of the HAEHFM are as
follows: inner and outer diameter of 0.70 mm and 1.06 mm,
ion exchange capacity (IEC) of 1.76 mmol/g dry membrane,
water content (WR) of 62.9%, and dimensional change ratio
(DCR) of 12.9% in water.

As illustrated in Figure 1, the BPPO frameworks are
crosslinked by Si-O-Si network formed in the sol-gel process.
According to the polymer structure, three main types of in-
teraction patterns between the HAEHFM and drugs can be
present: electrostatic interactions, hydrogen bonding, and
hydrophilic interactions. The strong anion exchange groups
(quaternary amino groups) on the backbone of the polymer
provide sites for electrostatic binding. The oxygen atoms
(from BPPO frameworks, ester bonding in γ-MPS, and the
Si-O-Si bonding) and the hydroxyls groups (from BPPO and
silanol groups) can form hydrogen bonds with drugs in wa-
ter. Besides, hydrophilic interactions may exist between drugs
and the benzene rings or methyl vinyls of the HAEHFM.

2.3. Drug Loading Studies. The HAEHFM was loaded with
the model drugs through static adsorption. Dry membranes
(0.05 g) were cut into pieces with length of 5–8 mm then
added into 4 mL aqueous solutions of different drugs (from

Table 2: The UV test parameters of different drugs.

Drug Wavelength (nm) Test concentration (μmol/L)

NaBS 228 4–114

NaSA 295 27–266

NaMAS 330 27–11500

NaLS 225 12–132

0.05 to 100 mmol/L) and kept at 30◦C for 24 h. Then the
membrane was taken out and washed by water (with a total
volume of 5 mL) to remove the drug adhered on the surface.
The washing solutions and the adsorption solutions after
drug loading were collected for concentration analysis.

For concentration determination, the drug solutions
were diluted into proper concentrations and then tested us-
ing a UV-2550 UV-VIS spectrophotometer (Kyoto, Japan).
The characteristic adsorption wavelength of each drug was
found and listed in Table 2. Because there is a linear rel-
ationship between the absorbance and concentration when
the absorbance is between 0.1–1.0, each sample was diluted
to proper concentration before testing. The testing concen-
tration ranges of the model drugs are also listed in Table 2.
The drug loading content was calculated by the following
equation:

S = V(c0 − c)
m

× 10−3, (1)

where S (mmol/g dry membrane) is the total content of a
model drug adsorbed by the HAEHFM; c0 and c (mmol/L)
are the concentrations of the model drug before and after
drug loading. V (mL) means the volume of the adsorption
solution, which is 4 mL in this study. m (g) means the weight
of the testing membrane, which is 0.05 g in this study.
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The curves of the loading contents versus original drug
concentrations are fitted by the Langmuir isotherm mecha-
nism [22]:

q = qm Kc0

1 + Kc0
, (2)

where K is Langmuir equilibrium constant (mL/mg), q is the
drug adsorption under a certain original drug concentration,
and qm is the maximum amount of drug adsorption. By cur
ve fitting of the drug loading data under different drug con
centrations, the value of qm and K can be calculated.

2.4. Release Behaviors. Three different release experiments
were performed for each model drug.

(1) The release experiment in pure water. The HAE-
HFMs (0.05 g) loaded with drugs were immersed into
50 mL of water and kept at 37◦C for 12 h. 3 mL of
the solution was sampled at each predetermined sam
pling time. Fresh water was added immediately after
each sampling. The cumulative amount of drug re
leased was determined by the UV absorbance.

(2) The pH dependence. The procedures were the same
as above in pure water, except that 0.2 mol/L PBSs
with varied pH values (5.0, 7.4, and 9.0) were used.

(3) Release behaviors under physiological condition. The
HAEHFM loaded with the model drug was added
into a dialysis bag containing 5 mL simulated body
fluid medium. Then the dialysis bag was immediately
immersed into the simulated body fluid without BSA
(45 mL). 3 mL of the solutions out of the dialysis bag
were sampled every 12 h and the experiments last for
one week.

Diffusion coefficients D (cm2/s) can be obtained through
fitting the release curves by the Higuchi equation [23]:

Q

A
= 2C0

√
Dt

π
, (3)

whereQ/A is the amount of drug released per unit area at the
time t and C0 is the initial concentration of a model drug in
the HAEHFM. A is the membrane surface area and can be
calculated from the inner, outer diameter, and the length of
the membrane.

3. Results and Discussion

3.1. Binding of Different Drugs to the AEHFM. The data of
the drug loading contents versus different original drug con-
centrations are fitted by Langmuir isotherm mechanism (2).
Figure 2 suggests that the data of NaSA, NaMAS, and NaLS
can fit the Langmuir isotherm mechanism well (the coeffi-
cient of determination (R2) > 0.97). This indicates that the
adsorption is congruous to the assumptions of the Langmuir
isotherm mechanism: (1) the drug does not interact with
itself; and (2) only one monolayer is formed at the maximum
adsorption [22]. This way of adsorption is beneficial for slow
and sustained drug release.
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Figure 2: Loading contents of different drugs onto the HAEHFM as
the original drug concentrations increase. Experimental conditions:
24 h at 30◦C.

Nevertheless, the adsorption behaviour of NaBS does
not agree well with the fitting result (R2 = 0.73). The
adsorption amount of NaBS increases first with the increase
of NaBS concentration, then decreases somehow when NaBS
concentration is in the range of 60–80 mmol/L, and finally
increases again at NaBS concentration higher than 80 mmol/
L. The abnormity of the NaBS adsorption behavior should
be due to the peculiarity of the drug structure. As shown in
Table 1, NaBS molecule possesses only one carboxyl group
which is highly hydrophilic. The benzene ring, on the other
hand, is highly hydrophobic. Hence phenyl stackings might
be formed in aqueous solution through the parallel displaced
or T-shaped arrangements [24] as shown in Figure 3. The
possible explanation of the changing trend of the NaBS cur-
ve in Figure 2 can be presumed as follows. Under low concen-
tration of NaBS, the drug adsorption amount onto the mem-
brane increases with the NaBS concentration as the number
of free drug molecules in the solution increases. However,
when NaBS concentration is higher than 60 mmol/L, NaBS
stackings begin to form, which decrease the number of free
drug molecules and thereby the adsorption amount de-
creases. With further increase in NaBS concentration, the
stackings grow in size and number and further formation
of the stacking structure becomes more difficult. Therefore,
the number of free drug molecules becomes increasing again,
leading to an increase in drug adsorption amount.

The qm values of the drugs are obtained from fitting
the curves of the loading contents versus original drug
concentrations by equation (2) and the results are illustrated
in Figure 4. The qm values are all over 1.2 mmol/g, relatively
high as compared with some reported values [11, 25].
Meanwhile, the value of qm/IEC, which indicates the ratio of
maximal drug binding content and the ion exchange capacity
of the membrane, is in the range of 68–141%. The qm/IEC
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Figure 4: The maximal drug loading contents (qm) and the values
of qm/IEC for different drugs onto the HAEHFM.

values of NaSA and NaLS are over 100%, indicating that
some other interactions besides the electrostatic interaction
are present.

The qm values of the drugs can be arranged as NaSA>
NaLS > NaBS > NaMAS. The reason should be attributed
to the difference of the drug structures, as explained in the
following.

(1) Compared with NaBS and NaLS, salicylate (NaSA
and NaMAS) possesses an extra phenolic hydroxyl
group (Ph–OH). The Ph–OH group can partly disso-
ciate into phenol anion (Ph–O−) and form hydrogen
bonding with the drugs, both of which are beneficial
for the affinity of the drug to the membrane. And
the pKa values of NaSA and NaMAS are 2.98 and
2.74 (–COOH), much lower than the other two drugs
(Table 1). Therefore, the high qm value of NaSA can
be well understood.

(2) Nevertheless, NaMAS contains an amino group,
which might be protonated into –NH3

+ group.
Hence, neutral intrinsic molecular salts can be for-
med in NaMAS solution [12, 26], decreasing the
adsorption of NaMAS to the membrane. Therefore,
the qm value of NaMAS is the lowest.

(3) NaLS possesses one more carbonyl and one five-
membered ring as compared with NaBS. The O-atom
from the carbonyl can act as the hydrogen bonding
acceptor, and the five-membered ring increases the
hydrophobility of NaLS. Hence the hydrogen bond-
ing and hydrophobic interactions between NaLS and
the membrane are increased, leading to higher qm va-
lue of NaLS than NaBS.

3.2. Release of Different Drugs from the AEHFM

3.2.1. Release Behaviors of Different Drugs in Pure Water. The
release behavior of the model drugs from the HAEHFM in
pure water was examined and the result is shown in Figure 5.
Only 0.85–7.24% of the entrapped drugs are released during
the period of 12 h. The diffusion coefficients (D) of the drugs
are calculated to be 4.7 × 10−7–3.5 × 10−5 cm2/s according
to Higuchi equation (3), as listed in Table 3. The D values
of NaSA and NaMAS are relatively low as compared with
some reported values [12, 27], indicating the high potential
of NaSA and NaMAS for controlled release by HAEHFM. As
for NaBS, the D value is higher than some reported values.
For instance, the D value of NaBS from liquid crystalline
gels was 0.12× 10−7 cm2/s, and the release percentage within
24 h was 25.2% [28]. The significant difference is mainly
due to the difference of materials properties and the drug
loading content. The release behaviour of NaLS has been
rarely reported in the literature and hence the data here can
give clues for its future research.

The release rates of the different model drugs (see
Figure 5 or Table 3) decrease according to the following
sequence: NaLS > NaBS > NaSA > NaMAS. Possible reasons
for the change trend can be explained as follows.

(1) The D values of salycilates (NaSA and NaMAS)
are much lower than the other two drugs. This
should be mainly due to their higher affinity to the
membrane, since phenolic hydroxyl group (Ph–OH)
can provide additional electrostatic interaction and
hydrogen bonding.

(2) The D value of NaMAS is the lowest among all the
drugs. As discussed in Section 3.1, intrinsic molecu-
lar salts can be formed in NaMAS solution because
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Table 3: Diffusion coefficients (D/ × 10−6 cm2/s) of different drugs
from BPPO-γ-MPS(+) hollow fiber membrane at 37◦C under
different outer phase conditions, calculated by the Higuchi equation
(3).

Outer phase
conditions

NaBS NaSA NaMAS NaLS

Pure water 16.79 1.456 0.4714 35.44

PBS at pH 5.0 1483 218.8 100.8 1598

PBS at pH 7.4 1327 123.9 77.42 4531

PBS at pH 9.0 1429 39.36 345.0 3803

PBS with 100 mg/dL
Glc and 70 mg/mL
BSA, pH 7.4

161.7 132.1 72.61 353.6
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Figure 5: Release behaviors of different drugs from the HAEHFM
in pure water at 37◦C.

of the presence of –NH2 groups. The electrostatic
interaction with the membrane is diminished. On
the other hand, the hydrogen bonding capacity of
NaMAS is the strongest among all the drugs as illus-
trated in Table 1. Therefore, the low release rate of
NaMAS should be mainly attributed to the hydrogen
bonding by both –OH group and –NH2 groups.

(3) NaLS shows the largest release rate in pure water,
indicating the least stable association between NaLS
and the membrane. As discussed in Section 3.1, NaLS
contains five-membered ring and hence the hydro-
phobic interaction plays more important role for its
affinity to the membrane. The hydrophobic interac-
tion is relatively weak as compared with electrostatic
and hydrogen bonding interactions. Besides, the five-
membered ring increases the steric hindrance of
NaLS. Therefore, the release rate of NaLS is the
highest among all the drugs.

3.2.2. Release Behaviors of Different Drugs at Varied pH
Values. Figure 6 illustrates the release behaviors of the model
drugs in acidic (pH 5.0, Figure 6(a)), neutral (pH 7.4,
Figure 6(b)), and basic (pH 9.0, Figure 6(c)) conditions. The
D values are calculated and listed in Table 3. The D values
are in the range of 3.9× 10−5–4.5× 10−3 cm2/s, much higher
than the values in pure water. Hence, the increase of ion con-
centration in the external phase can lead to a significant in-
crease in the drug release rate [13, 29]. As promoted by Han-
ninen, the Donnan potential is decreased, and the molar
amounts of counterions, as well as the concentration gra-
dient, are increased when salty solutions are used [29]. Be-
sides, the hydrogen bonding can also be disturbed by salty
environment. All the changes can result into a higher release
rate of the drugs.

At pH 5.0 and pH 7.4, the D values follow the same
changing trend as in pure water: NaLS > NaBS > NaSA >
NaMAS. Nevertheless, the D value of NaMAS is higher than
that of NaSA at pH 9.0. This can be explained as follows.
NaMAS contains additional –NH2 groups and hence the
hydrogen bonding plays important role in the affinity of
NaMAS to the membrane. Hydrogen bonding tends to form
at lower pH value, especially around the pKa value of the
drug [30]. In basic condition, the hydrogen bonding can be
destroyed and hence the release rate is increased.

As for the influence of the pH values on the D values of
each drug, interesting phenomena can be found from Table 3
as follows.

(1) The D value of NaBS is not significantly affected by
the pH value. NaBS has pKa value of 4.17 and hence
is negatively charged in different pH conditions (5.0,
7.4, and 9.0). The main interaction between NaBS
and the membrane is electrostatic interaction. Thus
the release behavior of NaBS is relatively stable when
pH changes.

(2) The D value of NaSA decreases gradually with the
increase of the pH values. The reason for this
changing trend has been discussed in our previous
work [13]. Namely, the phenolic hydroxyls (Ph–OH)
of NaSA can be partially deprotonated at higher pH
condition. Therefore, the electrostatic interaction
with the membrane is enhanced.

(3) TheD value of NaMAS at pH 9.0 is abnormally larger
than that at the other pH conditions. This is due to
the destruction of the hydrogen bonding, as discussed
previously.

(4) The D value of NaLS at pH 5.0 is relatively lower than
the values at the other pH conditions. This should
be due to the strengthening of the hydrogen bonding
since pH 5.0 is near the pKa value of NaLS (4.20) [30].

3.2.3. Release Behaviors of Different Drugs in a Simulated Body
Fluid. As the HAEHFM is researched for the potential use
of drug delivery to the focus in human body, the release
behaviors of the drugs under physiological condition have
been investigated. The curves in Figure 7 are fitted according
to Higuchi equation (3) and the diffusion coefficients (D)
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Figure 6: Release behaviors of different drugs from the HAEHFM at 37◦C at (a) pH 5.0, (b) pH 7.4, and (c) pH 9.0.

are listed in Table 3. The release curves of NaSA and NaMAS
can fit the equation well and the corresponding D values
are similar to the values in PBS at pH 7.4. However, the
curves of NaBS and NaLS in the simulated body fluid deviate
from the Higuchi equation (R2 = 0.35 and 0.74). This in-
dicates that the release mechanisms of these two drugs do
not accord with the assumptions of Higuchi equation. Three
possible phenomena can be presented as the reasons: (i)
there are protein and sugar in the solution, and hence the
solubility of the drugs is decreased and the solution is not
under a perfect dissolution condition; (ii) a constant diffu-
sivity cannot be maintained as the viscosity of the solution is
relatively high; (iii) the swelling of the polymer cannot
be neglected. The size of NaLS molecule is the largest
among all the drugs, and NaBS may form stackings due to
the hydrophilic-hydrophobic interactions. Hence the three

possible phenomena, especially the former two, have more
significant influence on their release behaviors, leading to the
deviation from the Higuchi equation.

In Figure 7, the cumulative drug release of NaBS, NaSA,
NaMAS, and NaLS after 7 days are 61.3%, 56.8%, 37.7%,
and ∼100% respectively. The changing trend of the D values
in Table 3 follows the same order as in pure water: NaLS>
NaBS > NaSA > NaMAS. Therefore, the salicylates (NaSA
and NaMAS) are relatively more suitable for controlled
release by the HAEHFM.

4. Conclusions

The model drugs including salycilates (NaSA and NaMAS)
and aromatic monoacids with similar structures (NaBS and
NaLS) can be effectively loaded onto the hybrid anion
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Figure 7: Release behaviors of different drugs from HAEHFM in a
simulated body fluid at 37◦C.

exchange hollow fiber membrane (HAEHFM) with the qm
value of 1.2–2.5 mmol/g dry membrane. The salycilates per-
form excellent release behavior (37.7% NaMAS and 56.8%
NaSA released in simulated body fluid during 7 days). The
physicochemical characteristics of drugs are crucial to the
interaction patterns between the drugs and the mem-
brane. Although the electrostatic interaction appears to play
an important role between the anionic drugs and the anion
exchange membrane, the nonelectrostatic interactions (hy-
drophobic interactions and hydrogen bonding) are also very
significant to the drug release performances. Additionally,
hydrogen bonding between the drugs and the membrane
shows strong pH dependence. For example, the hydrogen
bonding between NaMAS and the membrane can be dis-
turbed in basic condition, resulting into an increase in the
diffusion coefficient (D value) of NaMAS at pH 9.0. Thus, to
optimize the release performance of the drug delivery system,
the release environment, such as the salt concentrations and
pH values, should be selected according to the physicochem-
ical properties of the drug.
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