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ABSTRACT:

Surface properties were measured together with electrochemical characteristics of a CMX (Neosepta, Tokuyama Corp.) cation-
exchange membrane. Relative hydrophobicity was controlled by the contact angle; XPS and SEM were used for characterizing
chemical composition and microrelief of the surface, respectively. Voltammetry, chronopotentiometry, and mass transfer rate
measurements were made as well. A “fresh”membrane and samples after 10, 25, 100, and 150 h of operation in an electrodialysis cell
at an overlimiting current equal to 3 theoretical limiting currents, in a 0.02 M NaCl solution, were characterized. Some
electrochemical properties were also measured for a Neosepta cation-exchange membrane, aged 2 years, in an industrial food
process. It was found that the hydrophobicity of the CMXmembrane has increased after the first 10 h of operation; more and more
cavities of the dimension of the order of 1 μmhave appeared with time testifying electrochemical erosion of the surface. The limiting
current density (ilim) and the overlimiting transfer rate through the CMX membrane increased with time of its operation under
overlimiting current. In the case of new CMX, ilim was very close to the theoretical value ilim

theor calculated by the L�evêque equation.
After 10 h of operation, ilim increased by 5%, and after 25, 100, and 150 h, the increase was by 30%, 70%, and 100%, respectively.
Similarly, the mass transfer rate was found to increase up to 5 times (when desalting 0.005 M NaCl under 3 V) in comparison with
the theoretical value. The ensemble of data was explained by the hypothesis that the passage of intensive current produces erosion of
the ion-exchange polymer forming a continuous phase in CMX. This erosion results in exposure at the surface of the other
constituent of CMX: small (about 100 nm) particles of relatively hydrophobic polyvinylchloride. Increasing surface hydrophobicity
facilitates the slip of electroconvective vortexes along the surface. Besides, the geometry of the cavities gives rise to appearing
tangential electric force applied to the extended space charge density at cavity’s walls. As the local limiting current density within a
cavity is lower than at the flat surface, electroconvective vortices arise at current densities lower than ilim

theor. With time, the number
and the size of cavities increase (apparently, due to paired electroconvective vortices occurring inside them) that seems the main
reason for overlimiting transfer increase.

1. INTRODUCTION

Electrodialysis (ED) is widely used in water treatment, namely
in desalination of brackish river waters,1,2 in the wine and food
industry,3,4 and in other fields.5,6 This method is one of the main
elements of “green” chemistry7 and zero liquid discharge
systems.8 Intensification of ion transfer through ion-exchange

membrane (IEM), especially when treating dilute solutions, is an
important resource of improving ED technology.9,10
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It is well-known that current passage through an IEM gives rise
to formation of concentration profiles in the solutions separated
by a membrane (the concentration polarization phenomenon).
The electrolyte concentration at one membrane surface de-
creases and at the other one increases with increasing current
density.When the concentration at the depleted surface becomes
much lower than that of the bulk and even close to zero, there is a
saturation of the salt diffusion flux from the solution bulk to the
surface. This defines the so-called limiting current density.
However, when the voltage is increasing, the current density
and the mass transfer continue to rise. Intensification of ion
transfer means the application of overlimiting current densities.

The mechanisms of ion transfer in overlimiting current modes
are studied in a number of papers.11�15 Four main mechanisms
are considered. Two of them are linked with the water splitting:16,17

the increase of the current density over the limiting value is provided
(i) by increasing the number of charge carriers (H+/OH� ions)
and (ii) by the exaltation effect18 meaning an additional flux of
counterions toward the membrane surface due to the effect of the
water splitting products on the electric field in the electroneutral
depleted solution.

Another two effects are caused by the coupling of water and
electric charge transfer. Gravitational convection arises due to a
horizontal gradient of the solution density;19,20 the latter is owed
to the gradient of concentration and/or to the Joule heat.
Electroconvection is a result of the action of the applied electric
field on the space charge occurring in the solution at the depleted
membrane surface. The gravitational convection is important
when the spacing between the membranes is wide and the
electrolyte concentration is high, the electroconvection seems
to be the main effect giving rise to overlimiting transfer in diluted
solutions.21,22 The possibility of increasing the ED transfer rate in
the range of dilute solutions is especially important, as this rate is
approximately proportional to the inlet concentration.23,24 Due
to experimental works of Rubinstein et al.25 and Yossifon et al.,26

which succeeded to visualize the electroconvective vortices near a
flat membrane25 and in nanoporous spacing formed by IEM,26

electroconvection passed from the category of theoretical notion
to that of phenomena, which can be seen by one’s own eyes.

Studies carried out with laboratory-scale ED cells and semi-
industrial ED apparatuses15,27 have shown that electroconvec-
tion can produce a multifold increase in mass transfer rate in the
case of diluted solutions. Actually, the electroconvection phe-
nomenon is intensively studied and applied in nano- and micro-
fluidic devices, such as electrokineticmicropumps,28�30 superfast
electrophoresis.31,32 The growth of the space charge region
(SCR) at the depleted ion-exchange membrane surface under
the action of a direct current has made a basis for a new device of
water desalination combining the approaches of electrodialysis
and reverse osmosis.33 The nonlinearity of this phenomenon
allows application of alternating current for creating a one-
direction electroosmotic flow.30 This current mode is important
in micropumps since enables eliminating gas emission at the
electrodes.

Besides the overlimiting transfer mechanism, another impor-
tant aspect considered in this paper is the evolution of the
membrane properties during its exploitation under electric
current.

It is well-known that usually in electrodriven processes, the
membrane performance decreases with time. The loss of perfor-
mance takes place under oxidizing conditions34 or when applying
a current.35,36 Choi et al.35 observed the growth in water splitting

with long-term operation of an AMX (Tokuyama Soda) mem-
brane in overlimiting current mode. The effect is explained by the
fact that in an alkaline environment created by water splitting
products (hydroxyl ions) the fixed quaternary ammonium
groups of the membrane transform into tertiary and then
secondary amines according to the Hoffmann mechanism.37

This transformation was confirmed by using infrared (IR)
spectroscopy. The process is intensified by the local Joule heating
up to detachment of ionic groups. On the other hand, no
significant changes in the structure and qualitative and quantita-
tive composition of cation exchange membrane CMX (as well as
other cation-exchange membranes with sulfonic acid groups,
CM-1, CMB, HQC, sPES) during their operation under
intensive current modes have been observed by using IR-
spectroscopy.37

In this paper, we have found that the performance of a CMX
membrane improved (the overlimiting ion transfer increased), at
least within the first 150 h of its use in an ED cell under
overlimiting currents. This unusual fact made us to carry out a
rather comprehensive investigation of the evolution of mem-
brane surface morphology and electrochemical properties of this
membrane. When searching the explication of the obtained
results, we have tried to make more understanding in the relation
between membrane surface properties (surface morphological
characteristics and contact angle) and electrochemical behavior,
namely, the rate of overlimiting ion transfer.

2. THEORETICAL

2.1. Description of Concentration Polarization at the
Membrane/Solution Interface. Let us consider an ED cell like
that presented in Figure 1. An electrolyte solution of concentra-
tion C enters into each of the cell compartments where its
average linear velocity is equal to V.
As we mentioned above, with increasing current density, the

electrolyte concentration, Cs, at the membrane surface changes.
When Cs becomes much lower than C, limiting current is
attained. Classical theory of convective diffusion38,39 allows one
to obtain a rather simple approximate equation for calculation of
the average limiting current density in a channel of length L,
when the spacing between the membrane is h39

itheorlim ¼ 1:47
FDC

hðT1 � t1Þ
h2V
LD

 !1=3

ð1Þ

where F is the Faraday constant,D is the diffusion coefficient, and
T1 and t1 are the effective transport number of the counterion in
the membrane and its transport number in solution. Generally,Ti

is defined40 as the current fraction carried by ion i through the
interface (or the membrane in steady state) under all forces
applied

Ti ¼ ziFðJiÞs
i

ð2Þ

where (Ji)s is the flux density of ion i through the interface.
T1 is a measure of membrane permselectivity6 toward ions of

one electrical sign (counterions) in conditions where the gra-
dients of electric potential and concentration are arbitrary. This
magnitude is close to the counterion transport number in the
membrane, t1. When a concentration difference ΔC occurs
across the membrane, the back diffusion of salt takes place. In
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this case, the relation between T1 and t1, following from the
Nernst�Planck equation in integral form, is expressed as

T1 ¼ t̅1 � P
ΔCF
di

ð3Þ

where P is the diffusion permeability and d is the membrane
thickness.
The actual commercial membranes are highly permselective,

especially in diluted (<0.1 M) solutions, and the value of T1 is
close to unity.6 In the case of CM2 cation-exchange membrane,
whose properties are close to that of CMX, t1 in 1 M NaCl is
equal to 0.996.41

Equation 1 is found as an approximate solution for the
equation of convective diffusion in conditions of steady-state
laminar fully developed fluid flow with Poiseuille quadratic
velocity distribution and the no-slip condition (V = 0) at the
solid surface, where the boundary condition Cs = 0 is applied.39

No current-induced convection occurs in this case. First this
problem was solved by L�evêque.39 The origin L�evêque equation
is presented as a series. However, for approximated evaluation of
the limiting current density and the diffusion layer thickness in
relatively short channels (L e 0.01 V h2/D) only one term is
usually sufficient. In this case the deviation between eq 1 and the
numerical solution is lower than 3%,42 whereas the experimental
error in determination of ilim is rarely lower than 5%.
There is another equation allowing calculation of the limiting

current density, ilim, known as the Peers equation43

ilim ¼ FDC0

δðT1 � t1Þ ð4Þ

where C0 is the bulk concentration and δ is the thickness of the
Nernst diffusion boundary layer (DBL) in the depleting solution.
In short channels considered here,C0 is very close to the entrance
concentration C.
Equation 4 is deduced from the condition of the flux con-

tinuity at the interface where the convection contribution is
assumed to be zero

ðJiÞs ¼ �D
∂Ci

∂x
þ iti

ziF

� �
s

¼ iTi

ziF
ð5Þ

x is the normal to the surface coordinate.

The middle part of eq 5 refers to the solution, the right-hand
part to the membrane. The concentration gradient of the
counterion (1) at the membrane surface may be written as

∂C1

∂x

� �
s

¼ � C0
1 � C1s

δ
ð6Þ

According to eq 6, δ is the distance from the membrane to the
intersection point of the tangent drawn to the concentration
profile at the interface with the line corresponding to the bulk
solution concentration. Substituting eq 6 into eq 5 and setting
C1s = 0 leads to eq 4.
Equation 4 is valid for the local as well as the average limiting

current density. For the local value of δ, the following equation
results from the L�evêque solution

δLev ¼ 1:02
LDh
V

� �1=3

ð7Þ

According to eq 7, δLev is zero at the channel entrance and
increases with increasing L.
The substitution of the local value of δ, eq 7, into eq 4 and the

integration of the latter along the distance from the channel
entrance results in obtaining the average on length L limiting
current density, eq 1. Thus, eqs 1�7 are self-consistent. If ilim

theor

expressed by eq 1 is set into eq 4, the corresponding value of δ in
this equation takes the meaning of an effective average value of
the DBL thickness in a desalination channel of length L.
Actually, eq 4 is held not only at the limiting current density,

but also at the overlimiting current densities. It is known that the
coupling between the volume and ion transfer (gravitational
and/or electroconvection) enhances the delivery of fresh solu-
tion to the membrane surface, increasing the current density.44,15

The deduction of eq 4 does not explicitly take into account the
contribution of convection. However, this contribution may be
accounted implicitly by assuming that δ decreases with increas-
ing current-induced convection. With decreasing δ, under the
action of coupled convection, the limiting current density rises,
and in this way we can explain the enhancement of mass transfer
rate in overlimiting current regime.
The application of the Rubinstein model,45 in which the

deviation from the local electroneutrality is taken into account
by the Poisson equation, to description of experimental I�V

Figure 1. General scheme of the membrane cell used for measuring I�V, chronopotentiometric and mass transfer characteristics. The tips of Luggin’s
capillaries (1) are at about 1 mm from the both sides of the membrane under study (CMX*); they are connected with Ag/AgCl measurement electrodes
(2). Tank (3), inserted into the desalting stream, contains a stirrer and sensors to control temperature, pH and specific electrical conductivity (k). Tank
(4) with a reserve of feeding 0.02 M NaCl solution contains a sensor to control temperature. NaCl concentration profiles are schematically shown by
dashed lines; the arrows show the distribution of forced flow velocities.
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curve has shown14 that after reaching the plateau of the curve, the
value of i becomes very close to ilim. Hence, assuming i≈ ilim, it is
possible to evaluate the effective value of δ from eq 4.14

The emergence of H+ and OH� ions near the interface
disturbs the electric field that can increase (exalt) the salt
counterion transfer: e.g. the OH� ions generated into the
depleted diffusion layer at a cation-exchange membrane attract
the salt cations from the solution bulk toward the interface.18

When taking this effect into account, the limiting and over-
limiting current density of salt counterions (i1,lim) can be
described by the following equation12,14 deduced under assump-
tion of zero co-ion transport through the membrane

i1, lim ¼ 2FD1C0

δ
þ D1

Dw
iw ð8Þ

whereD1 is the diffusion coefficient of the salt counterion andDw

and iw are the diffusion coefficient and the partial current density
of the product of water splitting generated into the depleted
diffusion layer, the OH� ion in the case of cation�exchange
membrane.
Equations 4 and 8 can be deduced within the Rubinsten45

model, when considering only the electroneutral part of the
DBL.14 Hence, an important remark should be done to the sense
of the effective thickness of DBL in these equations: it is the
thickness of the electroneutral part of the overall diffusion layer.
Under high voltages, the extended SCR (forming the charged
part of the DBL) can be comparable with its overall thickness:
under 8 V over a pair cell with h = 0.5 mm and 0.002 M NaCl,
these values were found to be 2 and 14 μm, respectively.14

2.2. Gravitational Convection. Consider a solution layer
situated between two smooth solid plates where a density
gradient occurs for some reason. In fluid mechanics, it is
known19 that when the plates are vertical and the density gradient
in the solution is horizontal, the gravitational convection arises
without threshold, no matter how small is the density gradient.
When the plates are horizontal and the density gradient is
vertical, two cases are possible. If the lighter solution sublayer
(normally, the depleted DBL) is on the top of the solution layer
(hence, just under the top plate), no convection arises. If the
lighter sublayer is at the bottom, there is a threshold in develop-
ment of the gravitational convection determined by the Rayleigh
number

Ra ¼ GrSc ¼ ΔF
F

gX3
0

νD
ð9Þ

where Gr and Sc are the Grashof and the Schmidt numbers,
respectively; g is the free-fall acceleration, ν is the kinematic
viscosity, D is the electrolyte diffusion coefficient, X0 is the
characteristic distance where the variation in the solution density
(F) takes place,ΔF is the variation of Fwithin X0. If the region of
solution density variation spreads from the one plate to the other,
X0 is equal to the distance between the plates, h. In the case of
desalination/concentration channel between two membranes
(such as shown in Figure 1), X0 may be associated with the
DBL thickness.46,47

The system (with horizontal plates and the density increasing
from the bottom to the top of the solution layer) is stable if
Ra < Racr = 1708: the characteristic time, which is necessary for
diffusion relaxation of a density fluctuation in a small solution
volume, is less than the characteristic time of floating-up of this
volume.19 Hence, a density fluctuation once appearing dissipates,

and no gravitational convection occurs in this case. If Ra > Racr,
the volume with negative fluctuation in density lifts with accel-
eration. In this case, the density within the lifting volume
increases more slowly than the density in the environmental
solution. Hence, the amplitude of a small perturbation increases
with time, and periodic cellular vortex structure (the B�enard
convection cells) arises in the solution.
2.3. Mechanism of Electroconvection. Electroconvection

occurs as electroosmosis of the first or second kind.48,49,44

Electroosmosis of the first kind is due to the action of an external
electric field on the space charge located in equilibrium electric
double layer (EDL). In the case of second kind, known also as
induced-charge electroosmosis,50,51 the external electric field acts
on the space charge in an extended nonequilibrium space charge
region, the growth of which over the limits of the equilibrium
EDL is caused by the same external field.
The paper11 by Rubinstein and Zaltzman is one of the most

important in the field as the authors have anticipated a scenario of
the development of electroconvection with time and with
increasing voltage, which was approved later experimentally by
Belova et al.12 They deduced theoretically the existence of three
different regimes of electroconvection. Regime 1 is attained, in
the case of homogeneous membranes, just after overcoming a
certain threshold value of the voltage, which corresponds to the
transition from stability to instability. In this regime, a small
perturbation of velocity causes development of paired vortices
near the membrane surface, which after oscillatory readjustment
in the size and shape become steady-state. This process manifests
itself in decaying oscillations of the electric current through the
interface: after several oscillations the current density (or the
potential difference, if the current is maintained constant)
reaches a constant stationary value. Regime 2 occurring at
somewhat higher voltages is characterized by nondecaying
regular oscillations and regime 3, at still higher voltages, by
chaotic oscillations of higher amplitude. The size of vortices
increases with increasing current density/voltage, hence, they
more and more effectively produce mixing of solution near the
membrane surface. This results in delivering fresh solution to the
surface and reducing the effective thickness of diffusion boundary
layer, δ. While the increase in current density normalized to the
limiting current density considered in the theory of Rubinstein
and Zaltzman is rather small,11 the absolute value of overlimiting
current increase may be quite significant, since the limiting
current density, inversely proportional to δ, increases with
increasing voltage.
Recent studies have shown that the intensity of electroconvec-

tion depends strongly on the membrane surface properties. The
first parameter is the surface heterogeneity. Electrical hetero-
geneity can be produced by alternation of well and poorly
conducting regions on a flat surface. In this case the theory52,14

predicts hastening the onset of overlimiting transfer because of
the inherent inhomogeneous distribution of the space charge
density on the membrane surface. This follows from the general
necessary condition of the electroconvection occurrence: for the
appearance of electroconvection, it is necessary that the curl of
the product of the electric field and the space charge density
should be nonzero.14 Note that in the case of flat homogeneous
surface, a nonzero curl arises due to instability of quiescent
electric conduction.11 Another possibility of an early onset of
overlimiting transfer relates to relief/profiled/undulated mem-
brane surface.48,11,13 In this case, a tangential electric field
component occurs, and its application to the SCR near a sloping
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surface brings liquid in motion much more effectively than it
takes place at a flat surface.44 The size of these inhomogeneities
following numerical calculations based on the Nernst�Planck
and Navier�Stokes equations14,11,53 should be of the same order
than the diffusion layer thickness. The theory of Rubinstein and
Zaltzman11 predicts the earlier onset of overlimiting conductance
and a shortening of the plateau length in the I�V curve (which
may be considered as the measure of ability of the system to pass
from mainly diffusion to mainly electroconvective mechanism of
mass transfer) if the surface is undulated. Following their
calculations, the effect is maximum when the period of undula-
tion is proportional to the DBL thickness.
Actually, the rate of mass transfer in an ED cell with a profiled

membrane having surface with conic “hills” of about 0.5 mm of
height54 is 6�10 times higher than that in a cell with flat
membranes separated by a nonconducting net spacer.55 Similar
results were obtained by Strathmann and Grabowski.56,23

Balster et al.13 have found that the creation of undulations on
the surface of a homogeneous membrane leads to reduction of
the I�V plateau length up to 60% compared to that of a flat
membrane. They attributed the effect to the enhancement of
overlimiting mass transfer due to electroconvection. The dimen-
sions of the relief elements assuring the decrease of plateau length
were in the range of 50 to 200% of the DBL thickness, in good
accordance with the theory.11,53,14

At the same time, the electric heterogeneity increases locally
concentration polarization (effect of funnel, Figure 257,58). In the
case where the surface fraction of conducting area is fc and the
other part of the surface is nonconducting (in the case of Russian
heterogeneousmembraneMK-40 fc is in the range 0.2�0.3),58 the
local current density through conducting area is iloc = iav/fc, where
iav is the average current density over all the surface. Tangential
diffusion of the salt to the conducting regions and more intensive
electroconvection near electrically inhomogeneous surface en-
hance the mass transfer and increase the local limiting current
through conducting regions. However, if the fraction of noncon-
ducting surface is high, the average limiting current density may be
lower than that in the case of homogeneous flat membrane.
The second property affecting electroconvection is the surface

hydrophobicity. Recently, we have shown15 that the overlimiting
transfer rate strongly depends on the degree of membrane
surface hydrophobicity: the more the surface hydrophobicity
(characterized by the contact angle), the more the limiting and
overlimiting current density under the same potential difference.
These results are explained by the fact that slip of fluid at

hydrophobic surface facilitates the current-induced convection.
The slip of fluid at the surface is a general phenomenon. To
describe it, Navier has introduced the slip boundary condition in
the form59

uslip ¼ bð∂Vy=∂nÞs ð10Þ
which relates the fluid tangential velocity uslip at the surface and
the shear strain rate normal to the surface, ∂Vy/∂n, via the slip
length b; the velocity of the surface is set to zero. b = 0 relates to
the no-slip condition, and uslip increases with increasing b.
It is known that in macroscopic systems the Navier slip is

negligible.39 However, it becomes important in micro- and
nanometer channels.60,59

The slip velocity depends strongly on the degree of surface
hydrophobicity. On the hydrophobic surface, there is a repulsion
of watermolecules from the surface that reduces or eliminates the
slow-down effect of the surface.61,62 The values of slip length
reported vary from several nanometers62 to as high as several tens
of micrometers.63,64

Analysis of the literature65,66 suggests two main factors affect-
ing the hydrophilic/hydrophobic balance. The first one is the
chemical nature of the surface: polar groups of polymers are
hydrophilic, whereas nonpolar groups are hydrophobic. The
second no less important component is micro- and nanorelief
of the interface. According to Wenzel,67,65 roughness can en-
hance the hydrophobicity, if the water contact angle on the
smooth surface of the given material is greater than 90�.59,68 And,
conversely, if the corresponding angle is less than 90�, roughness
increases the hydrophilicity.
Another parameter important in development of electrocon-

vection is the stokesian radius of hydrated counterion. The
greater this radius, the larger number of water molecules are
involved in motion with one counterion, and the more intensive
is electroconvection. Choi, Lee, and Moon69 have found that in
the case of a homogeneous CMX membrane, the I�V plateau
length (characterizing the ability of the system to pass from
mainly diffusion to clearly convective transfer) decreases in the
range HCl > KCl > LiCl > CaCl2 > MgCl2 > AlCl3. Hence, the
H+ ions, having a small stokesian radius, only hardly can cause
electroconvection, while the Al3+ ions are able to give a prompt
rise to electroconvection.

3. EXPERIMENTAL SECTION

3.1. Membranes. The object of the study is a homogeneous
CMX membrane (Neosepta, Astom, Japan).70 According to Lue
et al.,71 the membrane contains 45�65% of sulfonated styrene-
divinylbenzene randomly cross-linked copolymer and 45�55%
of polyvinylchloride (PVC). It is manufactured by the paste
method.72 The paste contains a monomer with functional
groups, divinylbenzene as a cross-linking agent, a radical polym-
erization initiator and finely powdered polyvinylchloride. The
paste is coated onto a PVC reinforcing network, and the
monomers are copolymerized and then sulfonated.72 The net-
work with the mesh step 200 μm and the threads of diameter
of about 30 μm are clearly seen in the cross section of the
membrane (Figure 3).
Ion exchange capacity of the wet CMX membrane is equal

to 1.62 ( 0.1 meq gdry
�1 (in H+ form)73 and its thickness is

176( 5 μm. The fixed sulfonic acid groups of the membrane are
characterized by low catalytic activity in relation to the H+ and
OH� ions generation in “water splitting”.16,74

Figure 2. Scheme of the current line distribution close to a hetero-
geneous membrane surface. Reprinted with permission from ref 58.
Copyright 2005 Elsevier.



2150 dx.doi.org/10.1021/jp2101896 |J. Phys. Chem. B 2012, 116, 2145–2161

The Journal of Physical Chemistry B ARTICLE

3.2. Visualization of the Surface; Chemical Composition
of the Membrane Surface and the Bulk. Visualization of
surface and cross section of the membrane is carried out by
2D scanning electron microscopy (SEM); a LEO (ex LEICA, ex
CAMBRIDGE) type S260 microscope was used. The samples
were previously dried in vacuum and coated with an ultrathin
layer of platinum in order to impart electronic conduction to the
surface. This allows decreasing the electron beam energy re-
quired during imaging, to prevent the accumulation of electro-
static charge on the specimen surface. Thus the deposition of the
Pt layer results in improving contrast of imaging and in avoiding
the distraction of the membrane polymer under the action of the
electron beam.
The chemical composition of an air-dried CMX membrane

was studied by FTIR spectroscopy (FTIR); the instrument used
was TENSOR27 (Bruker).
The chemical composition of the membrane surface layer was

studied by X-ray fluorescence (XFS) and X-ray photoelectron
spectroscopy (XPS). In the first case, we used scanning electron
microscope Hitachi S-4500 I FE-SEM with an attachment
QUANTAX 200. XPS was performed using an AXIS Ultra
DLD electronic spectrometer.
3.3. Contact Angles. The contact angles (CA) on the surface

of the CMX membrane, in the sodium form, were measured by
the sessile drop method. A water drop of approximately 7 μL in
volume was applied from a height of 0.7 cm on the membrane
surface (Figure 4). This technique75 differs from the traditional
ones76,77 in that the membrane is in a swollen state, pre-
equilibrated with a solution (0.02 M NaCl). The membrane is
removed from the solution just before the measurements. It is
placed in a closed optically transparent box on a filter paper,
which is in contact with the same 0.02 M solution of NaCl. The
residual solution film on the membrane side faced to the liquid
dozer is quickly removed by air-blast.
The images obtained with a digital video camera are processed

using computer program ImageJ to improve the contrast of the
contours of the drop. After 30 s past application of a drop, the
photo of the drop profile was taken, and then the contact angle of
water on the investigated membrane was measured. The experi-
ment was repeated no less than 10 times. The drop was placed

onto various parts of the membrane surface; then the average
value of contact angle and the standard deviation was calculated.
This method allows us to keep the membrane in conditions

close to thermodynamic equilibrium with a solution. These
conditions are similar to the real state of membranes in electro-
dialysis cell, where they are always in contact with water. If a drop
is applied on dry membrane surface, the water contained in the
dropmay change locally the state of the surface: the contact angle
values may be distorted by the reorientation of polymer chains in
the near surface layer.76 The effects of surface skin reorganization
in contact with water are investigated mainly for Nafion
materials,76,78,79,77 and our experiments shows that other ion
exchange membranes demonstrate a similar behavior.
3.4. Current�Voltage and Chronopotentiometric Curves.

Current�Voltage Curves (CVC) and Chronopotentiometric
(ChP) curves were measured in a direct-flow six-compartment
cell without spacer between the membranes (Figure 1) described
earlier.12,58,80

The compartments are formed by five membranes each of
them is inserted between two plastic frames (Figure 5) with
connecting pipes and comb-shaped input-output devices. The
thickness of the frame is 5.0 mm, which together with the
thickness of two sealing gaskets makes the spacing between
two neighboring membranes, h = 6.3 mm. The square aperture

Figure 4. Set-up for applying a water drop (1) on the surface of a
membrane (2). Themembrane lies on a sheet of filter paper (3) fastened
by two bands of filter paper (4). All pieces of filter paper are impregnated
with a solution, in which the membrane was equilibrated earlier. The
capillary (5) for dosing water is situated at about 7 mm above the
membrane surface.

Figure 5. Plastic frame with connecting pipes (1) and comb-shape
stream spreaders (2).

Figure 3. SEM image of cross section of the CMX membrane surface;
the threads of reinforcing cloth are seen. Scale bar = 85.7 μm.
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(S) of the frame available for electric current flowing is 2 �
2 cm � cm. The average flow velocity (V) between two
neighboring membranes used in all experiments was 0.36 cm s�1,
so that the Reynolds numberRe= 2hV/ν (ν is thewater kinematic
viscosity) was equal to 45.
The CMX membrane under study forms a desalination

channel (DC) together with an anion-exchange MA-40M mem-
brane characterized by a low water splitting in overlimiting
current regimes.12,76 Auxiliary anion-exchange (A) and cation-
exchange (C) membranes prevent the penetration of electrode
reaction products from platinum plane anode and cathode to the
central DC. The concentration profiles formed under a direct
current are schematically shown in Figure 1. The tips of the
Luggin’s capillaries (1) with an external diameter of 0.8 mm are
located in the next to the CMX membrane compartments near
the center of the membrane at a distance of about 1 mm from its
surface. The Luggin capillaries are connected with Ag/AgCl
electrodes (2) used to measure the potential difference (pd)
across the CMX membrane and two adjacent solution layers.
In the actual study, the membranes were positioned horizon-

tally, the anode at the bottom and the cathode at the top of the
cell, so that the adjoining depleted diffusion layer was under the
studied CMX membrane to avoid gravitational convection in
the depleted solution in the vicinity of the membrane. Of course,
the lighter depleted layer adjacent to the top of the MA-40M
membrane (Figure 1) can go up and create convection. However,
the Rayleigh number for the applied conditions (CNaCl =
0.02 mol dm�3, X0 = δ ≈ 250 μm, D = 1.6 � 10�5 cm2 s�1)
is approximately equal, according to eq 9, to 340. When evaluat-
ingΔF≈ 3.6� 10�3 g cm�3, we have taken into account that the
difference in the density between a 0.02 M NaCl solution (in the
solution bulk) and water (at the depleted MA-40 M surface) is
about 0.95� 10�3 g cm�3, under the same temperature; and that
this difference can be higher due to Joule heating of the depleted
solution at the membrane. If the increase in temperature at the
interface is assumed to be 10 K in comparison with the solution
bulk, the decrease in the density is about 2.6� 10�3 g cm�3. The
obtained value of Ra = 340 is significantly lower than Racr=1708,
hence, we can expect that no gravitational convection occurs in
the system. Note that similar estimation of the Rayleigh number
were made by Rubinstein et al.46

The comb-shaped inlet�outlet devices (Figure 5) provide
laminar steady-state fluid flow in the cell compartments. To avoid
the pulsations of velocity by pumps, the solution passes through
the cell by gravity, flowing from an intermediate tank situated
sufficiently high over the cell. It was shown12 that in these
conditions and when the membranes in the same cell as
presented in Figure 1 was positioned horizontally so that the
adjoining depleted lighter diffusion layer under the studied
membrane (Neosepta homogeneous anion-exchange AMX
membrane, produced by Tokuyama Corp., Japan), the experi-
mental limiting current density, ilim

exp, and that calculated accord-
ing to the L�evêque equation, eq 1, were very close (the deviation
was not higher than 7%) for 0.005 M as well as for 0.1 M NaCl
solutions. The value ilim

exp was found by the intersection of
the tangents drawn to the initial part of the I�V curve and
its “plateau”. Similar results were obtained in the case of
AMX/0.02 M NaCl system.47 However, when the membrane
was in the vertical position, in the case of 0.1 M NaCl the
experimental limiting current density was about 30% higher than
that theoretical.12 This deviation was attributed to gravitational
convection significant in relatively concentrated solutions.

I�V curves and chronopotentiograms were measured in the
range of current densities from 0.25 to 4 ilim

theor.
When comparing the electrochemical behavior of different

membrane systems, it is convenient to use, instead of the total
potential drop Δjtot, a reduced value Δj0. In the case of
voltammetry (CVC)

Δj0 ¼ Δjtot � iRef ð11Þ
where i is the electric current density and Ref is the differential
resistance of the membrane system found by the slope of the
initial part of the I�V curve, at if0. It includes the ohmic
resistance of the space (membrane + solution) between the
Luggin’s capillaries, and the “diffusion” resistance of the inter-
phase boundaries and the depleted and the enriched diffusion
layers.12

In the case of chronopotentiometry

Δj0 ¼ Δjtot �Δjohm ð12Þ
where Δjohm is the ohmic resistance of the nonpolarized
membrane system, which is found by the extrapolation in
coordinates Δjtot �

√
t to zero time (the time t is counted off

from the moment of the current switch-on).81

In this study, we have chosen the use of rather diluted
solutions, the NaCl concentration was equal or lower than 0.03
mol dm�3. This choice wasmade since we expected that themain
effect enhancing mass transfer at overlimiting current densities
was electroconvection. The intensity of electroconvection, as it
was mentioned in section 2.3, increases with decreasing con-
centration (due to increasing thickness of the SCR), whereas the
contribution of gravitational convection becomes negligible,
especially if some special conditions are met. On the other hand,
the practical importance of the increase in the mass transfer rate
in such applications as electrodialysis, diffusion dialysis, reverse
electrodialysis for power conversion and other grows with
diluting feed solution.73 The reason is that in electromembrane
systems operated in the low concentration range (<0.5 M), the
mass transfer rate is, in the first approximation, proportional the
feed concentration, eqs 1 and 4.
When measuring I�V and ChP curves, we applied a 0.02 M

NaCl solution. For intermembrane spacing h = 6.3 mm and
V = 0.36 cm s�1, the values of ilim

theor and the average thickness of DBL,
δ, calculated by eqs 1 and 4 are equal to 2.0 mA/cm2 and 260 μm,
respectively. For these calculations, the following parameters
were used: DNaCl = 1.61 � 10�5 cm2 s�1 (related to the infinitely
dilute solution), TNa

C = TCl
A = 0.99 (see eq 3 and section 4.3), tNa =

0.396, tCl = 0.604,82 where the superscript A refers to the anion-
exchange membrane and C to the cation-exchange one. It is taken
into account that the counterion transport numbers in ion-exchange
membranes in diluted solutions are very close to unity.41

3.5. Concentration Dependence of the Mass Transfer
Coefficient. The concentration dependence of the mass transfer
coefficient is obtained in the same cell as that used for I�V and
ChP measurements. The difference in the realization of the
procedure is in the use of an intermediate tank (3), Figure 1,
through which the desalinating stream was circulating. The
intermediate tank was completed with a stirrer and sensors to
control temperature, pH and electrical conductivity of the
solution. Before the experiment, the tank, the central DC
compartment of the cell and the hoses were filled with 100 mL
of 0.03 M NaCl solution. Then a constant voltage controlled by
the pd measured with the Luggin’s capillaries (Figure 1) was



2152 dx.doi.org/10.1021/jp2101896 |J. Phys. Chem. B 2012, 116, 2145–2161

The Journal of Physical Chemistry B ARTICLE

applied and electrodialysis process was realized at 25 ( 0.5 �C
maintained in the tank. The solution circulated through the tank
and the Desalination Compartment (DC) of the cell with flow
rate W. The salt concentration in the tank decreased with time
because of the electrodialysis desalination: the outlet concentra-
tion, 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 (CMX)
and the anion-exchange (MA-40M) membranes. In order to
maintain pH = 7 in the solution in tank (3), alkaline (NaOH) or
acid (HCl) solution were 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 was so that allowed us to keep a
slow (less than 1%/min)80,83 decrease in the electrolyte con-
centration of the solution in the desalting stream. Total duration
of every run was about 8�10 h. 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 mass transfer rate may be found from the rate of the

concentration decrease in the tank. Really, the salt concentration
in the tank varies due to ion transfer through IEMs in the cell 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 the equation

k1 ¼ i1
FC

¼ � Vsol

SC
dC
dt

þ cTWT

SC
ð13Þ

where i1 is the partial current density of counterion (1) through
the membrane under study; C, the current salt (NaCl) concen-
tration in the tank; k1 (defined as i1/FC), the mass transfer
coefficient, characterizing the salt counterion transfer rate
through the membrane under study; Vsol, the volume of solution
in the desalting stream (including its volume in the tank, in the
desalting compartment of the cell and in the hoses); WT and cT
are the volume rate and the concentration of the solution (NaOH
or HCl) added into the tank to maintain pH 7; S, the membrane
active surface. The first term in eq 13 showing the rate of
concentration variation in the tank depends on the rate of ED
desalination (the term in the left-hand side of the equation) and
the rate of alkaline or acid addition.
Equation 13 assumes that there is no salt co-ion flux through

both membranes forming the desalination compartment. This
equation 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. It is the case of Na+ transfer
through the CMX membrane making a pair with a MA-40M
membrane. In this case, NaOH is added in the tank to compen-
sate the excess of H+ ions produced at the MA-40M membrane.
To calculate the mass transfer coefficient of Cl� ion for the
MA-40M only the first term in eq 13 should be taken into
account, as no Cl� is added in the tank, and eq 13 becomes

k1 ¼ i1
FC

¼ � Vsol

SC
dC
dt

ð14Þ

3.6. Diffusion Permeability. The diffusion permeability of
the CMX membrane before and after its operation in intensive
current modes was measured in a cell84 with the same type of

frames as shown in Figure 5. The only difference was in the fact
that the aperture was 2.7 � 2.7 cm instead of 2.0 � 2.0 cm, and
the cell contained two compartments instead of six ones in the
case of electrochemical measurements. A 0.5 M NaCl solution
circulated (through an intermediate tank) from one side of the
membrane under study, and (initially) pure water circulated
(through another intermediate tank) from its other side. The
volume of the 0.5 M NaCl solution was sufficiently high to make
negligible the variation of the concentration in this stream with
time. The salt flux through the membrane was controlled by the
rate of the increase of its specific electric conductivity in the salt-
receiving stream.
In the case of the treated under current membrane, the side,

which previously faced the desalination channel, was in contact
with pure water, whereas the side, which faced the concentration
channel, was in contact with the 0.5 M NaCl solution.
3.7. Overall Procedure of Measurements. The CMX mem-

brane was operated during some time (10, 25, 100, and 150 h) in
a 0.02 M NaCl solution under an overlimiting current density i,
which is 3 times higher than ilim

theor. The schedule of the experi-
ments is represented in Table 1.

4. RESULTS AND DISCUSSION

4.1. Evolution of the Relief and the Hydrophilic/Hydro-
phobic Balance of the CMXMembrane Surface. Figures 6 and 7
show SEM photographs of the surface (Figure 6) and the cross
sections (Figure 7) of membranes, in particular, their near-surface
layer (Figure 7a,b). Figure 8 shows the roughness of the surface
relief of an untreated and a treated under current membranes. The
microphotographs were processed with GIMP 2 program in
order to increase the contrast and then calculate the number of
white and dark pixels. In this way the fraction of the surface
occupied by the cavities was determined (Table 2).
These data show that the exploitation of the CMX mem-

brane under intensive currents results in changes of surface
topography at the micrometer scale. Indeed, the surface of the
untreated membrane (which underwent only a standard salt
pretreatment according to paper,85 but was not exposed to the
electric current) in the micrometer scale is rather homoge-
neous (Figure 6a). Only very small number of cavities may be
observed (Table 2). The surface of the current-treated mem-
brane (Figure 6b,c) demonstrates the cavities, the number
and the size of which increases with time (Figures 6b,c and 7).
The diameter and the depth of the cavities can attain 2 μm
(Figure 7c).
The grains visualized on the cross sections of the fresh and the

current-treated membranes can be attributed to the PVC used as
a filler of the membrane.72,86 The material binding the grains of
PVC seems to be an ion exchange polymer, which is a function-
alized styrene- divinylbenzene copolymer according to Mizutani.87

The reason for the evolution of the surface shown in
Figure 6b,c is, apparently, the electrochemical degradation
of the copolymer, constituting the matrix of the ion-exchange
material. The rupture of ion-exchange polymer chains at the
membrane/solution boundary may be provoked by the presence
of a high electric field and H+ (OH�) ions generated at this
interface in overlimiting conditions. This process is similar to that
observed in fuel cells for polymers, which are chemically stable
under normal conditions.88

It seems that there is no degradation of PVCduring the operation
of CMX under current. This is evidenced by the fact that the
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current-treated CMXmembrane does not darken, in contrast to the
AMXmembrane (manufactured from the same styrene-divinylben-
zene polymer and filler PVC as the CMX72), which becomes dark
under current.86 The darkening ofAMX is explained by the action of
OH� ions generated in the water splitting, which produce the
dehydrochlorination of PVC with formation of polyenes.86

The process of electrochemical decomposition of the ion-
exchange polymer takes place in a very thin near-surface layer of
the membrane. That is why the evolution of the surface chemical
composition can be detected only by XPS, as in this method the
depth of test-beam penetration in the material is only a few
nanometers.89 The application of this method to the fresh and

Table 1. Schedule of the Experiments with “Fresh” and Treated under Overlimiting Current CMX Membranes

duration of the CMX membrane treatment under overlimiting current, hrs

techniquea 0 10 25 100 150

SEM + + +

XPS + +

FTIR + +

CA + + + +

diffusion permeability + +

CVC + + + + +

ChP + + + + +

mass transfer measurements + +
a SEM: scanning electron microscopy, XPS: X-ray photoelectron spectroscopy, FTIR: Fourier infrared spectroscopy, CA: contact angles, CVC:
voltammetry (current�voltage curves), ChP: chronopotentiometry.

Figure 6. SEM images of the surface of the CMXmembrane before (a) and after (b and c) its operation under overlimiting current during 100 h (b) and
150 h (c). (d) is an image of microphotography (c) obtained by its processing with GIMP 2 program. Scale bar = 6 μm.
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treated CMXmembranes has shown that after 100 h of operation
under current, the concentration of chlorine (which is part of the
PVC) has increased by 9% and the concentration of sulfur (which
is part of the ion-exchange groups of CMX) has reduced by 15%
in a thin surface layer. This result shows that with time of
operation, the near-surface layer is enriched in PVC particles
and depleted in the ion-exchange groups.

At the same time, FTIR and XFS, which examine the sample
for its entire depth (FTIR),90 or the depth of about 1 μm90 does
not reveal any evolution of the CMX chemical composition and
structure during its treatment (as it was also noted by Choi and
Moon).35 Hence, the membrane bulk properties seem to have
not changed significantly during the membrane operation under
current.
The products of degradation of the ion-conducting polymer

might be removed from the membrane surface by the circumam-
bient solution. This would result in increasing the surface fraction
of relatively hydrophobic PVC (the water contact angle of the
material at 20 �C91 is equal to 89�). Really, the water contact
angle on the membrane surface increases from 32( 3� (the fresh
membrane) to 49( 2� (after 25 h of operation; Table 2). Thus,
hydrophobicity of the surface increases during the first 20�25 h
of the membrane operation under current.
Apparently, the flow of solution washing the membrane sur-

face removes not only the degraded ion-exchange polymer, but
also embedded in it the grains of PVC. This explains the
appearance of cavities, observed on the membrane surface
(Figures 6b,c, 7b,c, and 8). Hence, a certain dynamic equilibrium
is established at the interface. However, the thickness of the
membrane should continuously decrease with time. For a
Neosepta cation-exchange membrane (having very close to the
CMX chemical content of the ion-exchange polymer and PVC
particles as filler) we have observed a decrease in the thickness
(from 176 to 160 μm) after two years of membrane use in a food
desalination industrial process.
It is of interest that the contact angle does not change after 25 h

of membrane treatment, while the amount of cavities continues
to increase at least up to 150 h. It can be explained by two
opposite effects. On the one hand, in the course of time the
surface should be enriched with hydrophobic PVC . On the other
hand, since the contact angle of the material is less than 90�, the
roughness produced by the cavities should increase the hydro-
philicity, according to the Wenzel theory.65,67

Note that the values of contact angles that we measured on the
surface of a swollen in a 0.02 M NaCl solution CMX membrane
are 20�30� less than those recorded in the case of an air-dry
membrane. For an air-dry unused CMX membrane, we have
found the contact angle to be equal to 90( 2� in the moment of
contact of the droplet with the surface, and 81 ( 2�, 20 s after
applying a drop. These results are consistent with those obtained
for an AMX membrane by Kang et al.37 who have found a
decrease in the contact angle when passing from a dry to a
swollen membrane. We have observed similar behavior in the
case of Nafion-117 membrane undergone an oxidation-thermal
pretreatment. The observed changes in contact angle with time
are due to the increase in the hydrophilic component of surface
free energy of the interface due to the hydration of hydrophilic
groups in the process of swelling and their reorientation toward
the surface.92,77

4.2. Evolution with Time of the Current�Voltage Char-
acteristics of CMX Membrane. Figure 9a shows the total and
partial (for the H+ ions) CVC, obtained in a 0.02 M NaCl
solution for an unused CMXmembrane and the samemembrane
after 100 h treatment under intensive current i = 3ilim

theor. The
dashed line shows the theoretical limiting current density ilim

theor

calculated using eq 1. Figure 9b presents the same data in
“log(i/ilim

theor)� potential difference” coordinates. Roman numerals in
Figure 9a indicate the characteristic regions of the CVC: the
initial “ohmic” region (I), the plateau or “limiting current” region

Figure 7. SEM images of the CMXmembrane cross sections before (a)
and after its operation in intensive current regimes during 100 h (b) and
150 h (c). Scale bar = 300 nm (a), 333 nm (b), and 3 μm (c).
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(II), and the “overlimiting” region (III).11 Open dots denote the
experimental limiting current (ilim

exp), found by the intersection of the
tangents drawn to regions I and II. Filled dots relate to the inflection
points corresponding to the transition from region II to region III.
Figure 10 shows the evolution of the CVC of a CMX

membrane after 0, 10, 25, 100, and 150 h of its overlimiting
current operation. The curves are normalized to ilim

theor. The
potential difference Δj0 is reduced in accordance to eq 11.
4.3. Evaluation of Contributions into the Overlimiting

Current through the CMXMembrane. The contributions into
the overlimiting current may be evaluated with help of eq 8, if the
partial current density of water dissociation products (H+ or
OH� ions), iw, and the total current density, i, are measured. iw is
found from themass transfermeasurements.Really, thepartial current
density of counterions i1 is determined according to eq 13 and the
rate of concentration decrease and alkaline (acid) titration in
tank (3) (section 3.5). Then iw = i � i1, and all the terms of eq 8
are found.
The data presented in Figure 9a show that the membrane

operation under overlimiting current does not lead to a notice-
able change in the rate of H+ and OH� ions generation at its
interface. This result is consistent with that found by Choi and
Moon.35 Indeed, the partial current of protons before and after
the treatment under current is identical within the measurement
error; in both cases the water splitting is not intensive, it does not
go over 7% (achieved at 3 V of pd across the membrane under
study). This means that the main fraction of the current is
transferred through the CMX by the sodium ions.
In the case of unused membrane, the value of limiting current

density ilim
exp determined from the CVC (Figure 9a) and its

theoretical value ilim
theor are almost identical (Figures 9a, 10).

However, even after 10 h of operation under current, ilim
exp

increases by about 5%, and after 25, 100, and 150 h the increase
is 30%, 70%, and 100%, compared to ilim

theor, respectively.
It is to note that the exaltation current18 of Na+ counterions,

which is due to the effect of OH� ions on the electric field in the

Figure 8. SEM relief of a CMX membrane before (thick line) and after (thin line) its treatment under overlimiting current during 100 h.

Table 2. Contact Angle between Water and the CMX Mem-
brane Surface and Some Other Characteristics of the Mem-
brane as Functions of the Time of Operation under Current

time of the

membrane

treatment under

current, h

contact

angle,

degrees

surface fraction

occupied by

cavities, %

plateau length

of the CVC

(Figure 9), V

ilim
exp/ilim

theor

(Figure 10)

0 32 ( 2 0.013 0.37 1.0

10 1.62 1.1

25 49 ( 2 2.25 1.3

100 49 ( 6 0.4 1.47 1.6

150 49 ( 4 1.8 1.38 2.0

Figure 9. Total (1, 4) and partial (the current density of H+ ions)
(1H+, 4H+) current�voltage characteristics presented as the I�V (a) and the
log(i/ilim

theor)� V (b) dependences of an unused (1, 1H+) and a treated at
overlimiting current during 100 h (4, 4H+) CMXmembrane, in a 0.02M
NaCl solution. The current density of Na+ counterions, iNa+, is the
difference between itot and iH+. The dashed line shows the theoretical
limiting current density, ilim

theor, calculated using eq 2. Open dots denote
the experimental limiting current, ilim

exp. Filled dots relate to the inflection
points delimiting regions II and III.
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depleted DBL, and calculated according to eq 8, does not exceed
1.5% of the total current. Hence, this effect cannot noticeably
affect the CVC.
Another effect, which could increase the limiting and over-

limiting current, is the flux of salt co-ions through the membrane.
This flux is due to back electrolyte diffusion and electromigration
transfer of the co-ions through the membrane. The loss in
permselectivity, which is due to the co-ion transfer, is added to
that caused by water splitting. This overall loss is quantified by
the deviation of the salt counterion effective transport number
(T1) from unity. However, the back diffusion is rather low. The
diffusion permeability coefficient, P, of the CMX membrane
measured (according to the procedure described in section 3.6)
under conditions of stationary diffusion from 0.5 M NaCl
solution, from one side of the membrane, to pure water, on the
other side, is found to be (3.8 ( 0.2) � 10�8 cm2 s�1 for the
“fresh” membrane and (3.7 ( 0.2) � 10�8 cm2 s�1 for that
treated during 100 h under current. We can see that, first, P does
not change under the action of overlimiting current (that
confirms once more that there are no chemical destruction in
the membrane bulk, if the time of membrane operation does not
exceed 100 h), and, second, that the current density, which can be
transferred by co-ions due to the back diffusion, is too small. This
current density calculated as FPΔC/d, according to eq 3, with
ΔC = 0.04 M and d = 0.0176 cm, the membrane thickness, is
equal to 0.009 mA cm�2. The difference in salt concentration
across the membrane is taken two times higher than the bulk
concentration because the concentration at the enriched inter-
face at i = ilim doubles the bulk concentration value. This current
is very small (<0.45%) compared to the limiting and overlimiting
current densities, which exceed 2 mA cm�2. As we have men-
tioned above, the transport number of counterion in the mem-
brane, t1, for membranes similar to CMX is very close to 1.
Hence, the effective transport number evaluated by eq 3 should
be higher than (t1 � 0.0045). This justifies the value T1 = 0.99
used in evaluation of the limiting current density in section 3.4.
The analysis made above allows us to exclude the decrease in

TNa+ and the exaltation effect as possible causes for increasing the
limiting and overlimiting current density through the CMX

membrane. Thus, we can state that, in accordance with eq 8,
the main reason for the current density increase over the limiting
current is the increase in the salt counterion transfer through the
membrane, and this increase is due to reducing effective thick-
ness of the depleted DBL.
4.4. Mass-Transfer Rate.While CVC yields valuable informa-

tion on the membrane behavior, we can quantify the salt
counterion transfer rate through the membrane only after
evaluation of other contributions into current transfer: the H+

and OH� ions transport due to water splitting, and the co-ion
contribution.
The measurement of the rate of solution desalination, as

described in section 2.2, gives the direct information on the
counterion transfer rate presented here in the form of mass
transfer coefficient kNa+. Figure 11 represents the concentration
dependence of the Na+ ion mass transfer coefficient, measured
after 10 h (a) and 100 h (b) of the CMX treatment. The data were
obtained at the potential difference (registered with Luggin’s
capillaries as shown in Figure 1) equal to 0.75, 1.5, and 3 V, which
correspond to values 0.46, 1.1, and 2.4 V of the reduced potential
drop Δj0 (shown in Figure 11 by dashed lines).
It can be seen that at all applied pd, the mass transfer

coefficient is significantly higher for the CMXmembrane treated
under current during 100 h, in comparison with that treated 10 h.
In both cases the value of kNa+ exceeds (up to 5 times, Table 3)
the theoretical value klim

theor, which can be computed by applying
L�evêque’s eq 1 for the calculation of limiting current density, and
definition k1 = (i1/FC), when assuming that no water splitting
occurs. In all cases, the gain in mass transfer rate increases with

Figure 10. Evolution of the I�V characteristics of the CMXmembrane
during its overlimiting current operation in a 0.02MNaCl solution.Δj0
is the reduced, in accordance with eq 6, potential difference across the
membrane under study. Dashed lines denote the values of Δj0, which
were applied when measuring the mass transfer coefficient. Curve 1
relates to the unused membrane, and curves 2�5 relate to 10, 25, 100,
and 150 h of membrane treatment at i = 3ilim

theor, respectively.

Figure 11. Concentration dependence of Na+ mass transfer coefficient,
measured after 10 h (a) and 100 h (b) of a CMX membrane treatment
under overlimiting current. The potential drops applied over the
membrane (see Figure 1) were 0.75, 1.5, and 3 V.
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increasing pd and diluting the inlet solution. The first effect is
readily explained by the fact that klim

theor is related to the theoretical
limiting current, hence, it does not depend of the applied pd as
soon as the limiting current is overcome.
The growth of kNa+ with diluting solution is explained if one

assumes that the main mechanism of the overlimiting mass
transfer is electroconvection. Indeed, since the double electric
layer thickness increases when the electrolyte concentration
decreases (being inversely proportional to

√
c), the thickness

of the expended nonequilibrium space charge region at the
depleted membrane surface increases with pd more readily with
diluting solution.93,15 The larger the SCR thickness, the more
effective is electroosmotic slip because the inhibitory effect
produced by the surface due to viscous forces, decreases rapidly
with increasing the distance from the surface.
4.5. Mechanismof the Overlimiting Transfer Rate Growth.

Since all of the electrochemical experiments (voltammetry, mass
transfer measurements, and chronopotentiometry) were conducted
under conditionswhere the gravitational convectionwas suppressed
(the membrane under study was in horizontal position and the
lighter depleted diffusion layer was under the membrane), the
co-ion transfer is negligible andwater splitting has not increased after
membrane treatment under current, we can assert that the main
reason for enhancement of mass transfer and reducing the effective
DBL thickness, δ, eq 4, can only be electroconvection.93,44,15

Once this statement is accepted, the question arises: why
electroconvection increases with the time of the membrane
treatment in overlimiting current mode?
The first explanation is the increase in hydrophobicity of the

membrane surface (Table 2). As it was mentioned in section 2,
the increase in surface hydrophobicity reduces the forces of
attraction between water molecules and the solid surface. Water,
driven by the counterions located in the extended SCR near the
membrane, slips much easier along a hydrophobic surface. In our
paper15 we have presented several examples showing strong
correlation between the degree of surface hydrophobicity
(characterized by the contact angle) and the overlimiting transfer
rate. There are other studies, which indirectly evidence the effect
of membrane surface hydrophobicity on their electrochemical
behavior under intensive current regimes. Berezina and
collaborators94,95 have shown that coating the surface of MK-
40 and MA-41 ion-exchange membranes with some organic
compounds such as camphor entails an increase in the limiting
current density found from CVC, as well as activation of
microconvective flows near the surface detected by laser inter-
ferometry. Apparently, these effects may be explained by the fact
that camphor molecules are hydrophobic that facilitates electro-
convective slip of solution near the surface.

Balster et al.13 note that the plateau length in the CVC of an
experimental S-PEEK membrane depends on whether the mem-
brane surface exposed to the current was addressed to air
atmosphere or to glass during the polymerization. The plateau
length is longer for freshly preparedmembranes, if the exposed to
the current surface was addressed to glass. Moreover, the plateau
becomes longer with increasing degree of sulfonation and with
increasing time of keeping the membrane in water solutions. The
authors13 explain the observed effects by different surface
heterogeneity of the membranes prepared in different condi-
tions. However, the role of hydrophobicity may also be impor-
tant in the considered cases. Really, additional sulfonation and
the contact with water increase the surface hydrophilicity; the
latter is due to reorientation of the polymer chains and the
tendency of fixed ions to reach water solution. Higher hydro-
philicity of the surface results in higher voltage needed for arising
electroconvection, consequently, this leads to stretching out the
plateau length.
However, the explanation of the growth of overlimiting

transfer through the treated CMX membrane, which is based
only on the role of surface hydrophobicity, is not sufficient
because the contact angle increases only during few tens of hours
(Table 2), whereas the growth of overlimiting transfer rate
continues at least during 150 h of the operation. Apparently, it
is the effect of surface morphology variation, which is also
important.11,13

The effect of surface roughness on the flow generation by an
electric field is an important factor for developing microfluidic
devices.96 However, the situation is not sufficiently clear, and
opposing experimental results have been obtained. Bonaccurso
et al.97 reported that roughness generates extremely large slip,
whereas Granick et al.98 wrote that it decreases the degree of
slippage. From the theoretical point of view, to better understand
the phenomenon, it is necessary to apply models with a slip
condition on the wall like that presented by eq 10.99,96

The cavities, which make the surface undulated, might be
responsible for the overlimiting transfer growth after reaching
certain constant degree of surface hydrophobicity. Indeed, as the
SEM visualization of the surface shows, the number of cavities
per unit surface and their size increase with the time ofmembrane
treatment under current. As for the role of the cavities in the mass
transfer enhancement, a possible mechanism is shown in Fig-
ure 12. As we have mentioned in section 2.3, if the geometry of
conducting surface is so that a tangential electric field is applied
upon an extended SCR at a sloping surface, the electroconvective
transfer is much stronger than near a flat surface.44,11,100,48,13

Paired vortices within a cavity enhance the delivery of “fresh”
solution from the bulk. Due to viscous friction, these vortices may
give rise to other pairs of vortices at the flat part of the surface as
shown in Figure 12. The rising of the vortices at the “elevated
plane” is easier when the surface is more hydrophobic. Appar-
ently, the vortices rotating within the cavity not only enhance the
mass transfer but facilitate also the removal of the products of
polymer destruction from the cavity and contributes to increas-
ing the cavity’s width and depth.
Another important point is concerned with earlier onset of

electroconvection. As the bottom of a cavity is at certain distance
from the elevated plane, the electrolyte concentration and, hence,
the local limiting current density here is lower than at the plane.
As a consequence, the conditions sufficient for the onset of
electroconvection of the second kind are attained in the cavity at
a lower voltage in comparison with the elevated plane having flat

Table 3. Na+ Mass Transfer Coefficient across a CMX
Membrane, Normalized to the Theoretical Limiting Mass
Transfer Coefficient, klim

theor

inlet NaCl

concentration, M

time of treatment

under current, h kNa+/klim
theor

0.75 Va 1.5 Va 3 Va

0.02 10 1.3 ( 0.1 1.8 ( 0.1 2.6 ( 0.1

0.02 100 1.9 ( 0.2 2.7 ( 0.2 4.2 ( 0.3

0.005 10 1.6 ( 0.1 2.3 ( 0.2 3.0 ( 0.2

0.005 100 2.3 ( 0.2 3.1 ( 0.2 5.0 ( 0.3
aThe value of pd between Luggin’s capillaries set as shown in Figure 1.
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surface. In other words, electroconvection in a cavity arises at
lower voltage than that corresponding to the beginning of regime
II11 near the flat elevated surface. The cavity-inside vortices
enhance the electrolyte delivery to the flat regions of the surface
that is equivalent to a decrease in δ and an increase in ilim when
the system globally remains in regime I (Figure 9). In this way, it
is possible to explain the growth in limiting current density
corresponding to the passage from regime I to regime II
according to the theory by Rubinstein and Zaltzman.11 As well
the passage from regime II to regime III appears to be shifted to
higher currents.
The mechanism of increasing overlimiting transfer presented

above finds some support in the variation of the shape of ChP
curves with the time of CMX operation under current
(Figure 13). In the case of a little-used membrane (CMXt=5hrs),
the transition state where the electrolyte concentration ap-
proaches zero at a rather high current density (i = 3 ilim

theor) is
attained nearly simultaneously over all the surface. The pd
increases rapidly with time, and the transition time is close to
that calculated according to the Sand equation deduced for a
semi-infinite 1D diffusion

τ ¼ πD
4

� �
C0
i ziF

Ti � ti

 !2
1
i2

ð15Þ

If the membrane was operated under current and a number of
cavities formed on the surface (CMX t=150 h), the beginning of
the curve is close to that of CMXt=5 h. However, the transition
state of CMXt=150 h is found to be stretched in time. This is
apparently due to the formation of vortices enhancing electrolyte
delivery to the surface and reducing pd. The formation of vortices
needs time; their rotation slows down the growth of concentra-
tion polarization. As a result, the time for attaining a stationary
state in the system is significantly higher. The situation is similar
to that occurring in the case of heterogeneousMK-40membrane,
investigated earlier58 (Figure 13). The surface of this membrane

is mainly covered with nonconducting polyethylene (which is
used as a strengthening filler), and about 25% of the surface is
occupied with conducting cation-exchange particles of 20�30
μm in diameter.12,58 It can be expected that these particles play

Figure 12. Possible mechanism of occurring paired electroconvective vortices on the surface of ion-exchange membrane under an electric current
directed normally to the membrane surface. Streamlines and electric current lines are shown schematically.

Figure 13. Chronopotentiograms of a homogeneous CMX and a
heterogeneous MK-40 membranes, obtained at current densities equal
(a) to 6.7 mA/cm2 (3 ilim

theor) and (b) to 2.6 mA/cm2 (1.2 ilim
theor). Before

the experiment the samples of CMX membrane were treated under
current i = 3ilim

theor during 5 h (CMX t=5 h) or 150 h (CMX t=150 h).Δj0 is
the reduced pd according to eq 12.
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the role similar to that of the cavities on the CMX surface: just
near these particles electroconvective vortices arise since the
current lines condense here (funneling effect57,101,58) causing
formation of expanded SCR. There is however a difference: as the
surface covered by polyethylene is not conducting, the local
current density through the ion-exchange particles is several
times higher than that through the CMX cavities, under the same
average current density. This results in higher concentration
polarization, hence, higher pd. Besides, the presence of poly-
ethylene gives rise to tangential diffusion, which increases the
transition time and makes the ChP curve more diffuse.101,58 The
occurrence of nonstationary electroconvection at CMX t=150 h

and MK-40 membranes is evidenced by the pd oscillations quite
similar in both cases. However, the higher concentration polar-
ization of the MK-40 membrane caused by too small fraction of
its conducting surface results in higher pd exceeding also that of
CMXt=5 h .
It is also of interest to compare the ChP curves of CMXt=5 h

and CMXt=150 h at a current density slightly (by 20%) surpassing
ilim
theor (Figure 13b). In this case, the ChP curves of CMX5 has an
inflection point indicating the passage through limiting current
density. The ChP curves of CMXt=150 h has not this point. Hence,
the electroconvective vortices under this current density arise at
so low pd that the limiting current regime on the elevated plane
remains rather far. However, small oscillations in the ChP curve
of CMXt=150 h at times higher than 10 s (which is lower than the
transition time for an ideal flat surface, according to the Sand
equation) indicate the presence of electroconvection.

5. CONCLUSIONS

We have found that the overlimiting mass-transfer rate
through a CMX membrane increases after its operation in over-
limiting current mode in a dilute (equal or less than 0.02 M)
NaCl solutions. The main mechanism of overlimiting transfer in
the conditions of experiments is electroconvection. The increase
of overlimiting mass-transfer is apparently caused by growing
surface hydrophobicity and by appearing cavities of micrometer
scale. The both variations in surface properties are due to
degradation, under the action of intensive current density, of
cation-exchange polymer (sulfonated styrene-divinylbenzene)
making a continuous phase of the CMX. The erosion of this
hydrophilic phase causes increasing presence on the surface of
another membrane component, which is relatively hydrophobic
PVC in the form of small (about 100 nm) particles. More
hydrophobic surface facilitates the electroosmotic slip of water.
Washing-out of PVC particles gives rise to formation of cavities.
Tangential electric force applied to the extended space charge
region at sloping walls of a cavity generates paired electrocon-
vective vortices, which bring inmotion the liquid inside the cavity
and near the flat elevated surface around the cavity. On the other
hand, these vortices accelerate the surface erosion increasing the
number and the size of cavities.

Since the space inside a cavity is less available for the “fresh”
solution, the concentration polarization of its bottom and walls is
higher than that of the elevated flat surface. As a consequence, an
extended SCR and, hence, electroconvection arise in a cavity
when the current density on the elevated flat surface is lower than
ilim. This explain the increase of globally underlimiting regime I
(if using the terminology according to the theory of Rubinstein
and Zaltzman11), and the rise of the limiting current density
separating regimes I and II in the I�V curve. Moreover, all three

characteristic regimes in the I�V curve are observed shifted to
higher currents. We have found that ilim through the CMX has
increased in about 2 times after 150 h of overlimiting current
operation, while ilim is quite close to ilim

theor (calculated according
to the L�evêque equation) for an unused CMX membrane. At
higher voltages (3 V over a membrane, which corresponds to
regime III in the I�V curve) the Na+ mass transfer coefficient
through the CMX after 150 h of current operation was found
5 times higher than the theoretical limiting value calculated with
the use of the L�evêque equation.
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’ABBREVIATIONS
CA: contact angle
ChP: chronopotentiometric curve
CVC: current�voltage curve
DBL: diffusion boundary layer
DC: desalination channel
ED: electrodialysis
EDL: electric double layer
FTIR: Fourier transform infrared spectroscopy
IEM: ion-exchange membrane
pd: potential difference
PVC: polyvinylchloride
SCR: space charge region
SEM: scanning electron microscopy
XFS: X-ray fluorescence spectroscopy
XPS: X-ray photoelectron spectroscopy

Symbols
b: slip length
C: electrolyte concentration
ΔC: concentration difference
D: electrolyte diffusion coefficient
F: Faraday constant
fc: surface fraction of conducting area
g: free-fall acceleration
Gr: Grashof number
h: spacing between the membranes
i: electric current density
iav: average current density
Ji: flux density of ion i
k1: mass transfer coefficient
L: length of desalination channel
Ra: Rayleigh number
Racr: critical Rayleigh number
Ref: differential resistance of the membrane system
S: polarized membrane surface area
Sc: Schmidt number
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t: time
T1 effective transport number of the counterion in themembrane
t1: transport number of the counterion in solution
t1: transport number in the membrane
uslip: fluid tangential velocity at the surface
V: flow velocity
Vsol: volume of solution in the desalting stream
X0: characteristic distance

Greek Symbols
δ: thickness of the Nernst diffusion boundary layer
ν: kinematic viscosity
F: solution density
Δj0: reduced value of potential drop
Δjohm: ohmic resistance of the nonpolarized membrane system
Δjtot: total potential drop

Indexes: Subscripts
0: related to the solution bulk
1: salt counterion
i: ion number
Lev: value, calculated according to L�evêque equation
lim: related to the limiting current
loc: local value
s: related to the surface
w: related to water splitting

Indexes: Superscripts
A: anion-exchange membrane
C: cation-exchange membrane
exp: experimental data
theor: theoretical data
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