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A B S T R A C T

The mechanism of electroconvection at a permselective surface presents a high interest for electrodialysis
separation processes as well as for microfluidics and other applications. We have studied a commercial
Neosepta AMX-Sb anion-exchange membrane and its three modifications differing in the surface charge and, as
a consequence, in the degree of hydrophobicity. The zeta-potential and the contact angle were measured; the
membranes were characterized by chronopotentiometry and voltammetry. It is shown that at the current
densities slightly lower or equal to the limiting current density, the mass transfer rate is mainly affected by the
membrane surface charge. However, at the higher current densities, the main factor is the degree of
hydrophobicity: the samples with a weakly charged highly hydrophobic surface show lower voltage under the
same current density. This peculiarity is explained by the fact that the mechanism of electroconvection (EC)
depends on the current density. At underlimiting currents and low voltages, EC occurs as electroosmosis of the
first kind; the surface charge determines the parameters of the (quasi)equilibrium electric double layer (EDL),
playing the main role in the phenomenon. At overlimiting currents and high voltages, it is the extended space
charge region (much thicker than the EDL), which controls EC occurring apparently as electroosmosis of the
second kind (nonequilibium EC). Then the contribution of the EDL is less important, while the impact of
hydrophobicity increases. It is shown that the equilibrium EC may be quite strong at the AMX-Sb membrane
having a highly developed surface roughness of different scales. In the range of 0.03–0.06 V there is an
“anomaly”: with increasing current density the potential drop over the AMX-Sb is decreasing instead of
increasing.

1. Introduction

Electrodialysis is widely used for production of potable water from
brackish water sources, as well as for production of high quality
industrial process water or treatment of certain industrial effluents
[1]. Its broader employment is hindered by the low mass transport rate
when treating the dilute solutions [2], mainly due to the decrease of
electrolyte concentration at ion exchange membrane/solution bound-
ary caused by the passage of electric current [3]. Under condition that
electrodiffusion is the only mechanism of mass transfer, the formation
of such a concentration gradient (known as concentration polarization)
leads to the phenomenon of limiting current (ilim), which is attained
when the concentration gradient reaches its maximum value. This state
relates to the nearly vanishing electrolyte concentration at the surface.

However, the limiting current may be exceeded if additional mass
transfer mechanisms, such as gravitational convection or electrocon-
vection [4,5], arise, or new charge carriers are produced by water
splitting [6,7] or ampholyte dissociation. In dilute solutions, EC, which
is caused by the action of electric force on space charge in the depleted
solution near the ion selective surface, is of major importance.

EC aids to mix the solution near the ion exchange surface, which
enhances the mass transfer rate in electrodialysis. Along with electro-
dialysis, this phenomenon is important, and even makes the basis of
functioning, for micro- and nanofluidic devices, such as electrokinetic
micropumps, nanomixers [8] and other [9]. It is significant in
analytical chemistry for solution pre-concentration [10], in the pro-
cesses of electro-sedimentation [11], electrophoresis and others.

Generally, space charge region (SCR) at ion-exchange membrane
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(IEM) surface involves equilibrium electric double layer (EDL), which
occurs at the surface even in the absence of electric current, and
extended SCR, which forms when the current density exceeds ilim [4].
When a current flows across an ion-exchange membrane, electrolyte
interfacial concentration, Cs, decreases (in the depleting solution). The
(quasi)equilibrium EDL thickness, λ, increases being proportional to
(Cs)

–1/2, but its structure remains unchanged. The extended SCR is
essentially non-equilibrium, it appears when Cs «C0 (C0 is the
electrolyte concentration in the bulk solution). While λ is of the order
of nanometer, the thickness of the extended SCR can be a few μm [12].
Depending on what part of the SCR the electric force is applied,
electroconvection may be equilibrium or nonequilibrium [13]. Usually,
equilibrium EC is considered as the classical electroosmosis (EO), i.e. a
fluid slip along the surface induced by the tangential component of
applied electric force. When an electric force is applied to a SCR
involving its extended part, two situations are possible. If the electric
force contains its tangential component, EC can occur in EO mode (as a
slip). Dukhin and Mishchuk [14–16] call this mechanism “EO of the
second kind” (keeping term “EO of the first kind” to the classical EO,
where no extended SCR appears). EO of the second time may be stable
or instable, when a certain voltage threshold is overcome. According to
Mishchuk et al., [17], to produce this kind of EC, two sufficiently high
components of electric field are needed. The normal one is to form an
extended SCR, and a tangential one, to yield the fluid slip.

However, even in the condition where no tangential field is applied,
intensive EC is possible due to electro-osmotic instability discovered by
Rubinstein and Zaltzman [18]. This kind of electroconvection arises,
when a small perturbation of concentration or electric or fluid velocity
fields does not decay with time, but induces higher deviations from the
steady state. In this case, oscillations of potential (when the current is
fixed) or current (when the potential is fixed) are observed in
simulations [18–22], as well as in experiments [23–25]. In particular,
tangential component of electric field arises changing its magnitude
and direction with time.

Since EDL is always present at charged surfaces of ion exchange
membranes, equilibrium EC occurs in no threshold mode. At the same
time, unstable non-equilibrium electroconvection (both the
Rubinstein-Zaltzman or Dukhin-Mishchuk modes) requires some
threshold value of potential drop to be reached. At small excesses of
overlimiting current density (at potential drops about 0.3 V across one
membrane) the extended SCR is formed, but EC can be stable [20]. At
further increase of potential drop (to about 1 V), the transition to
regime of electrokinetic instability occurs [18,26].

Until recently it was thought [26] that only the non-equilibrium EC
can cause oscillations of potential drop under a constant current.
Zholkovskij et al. [27] have shown theoretically that equilibrium EO
near a perfectly perm-selective surface cannot yield instability.
However, in their recent work [13], Rubinstein and Zaltzman have
predicted theoretically that the oscillations of current caused by
equilibrium EC can arise, if the membrane is not ideally selective. In
Refs. [28,29], it was found experimentally that, really, in some cases
(undulated membrane surface, alternation of well and poorly conduc-
tive regions on the membrane surface, its high hydrophobicity) these
oscillations are observed in transition regime at small potential drops
and at times significantly lower than the transition time.

The velocity of electroosmotic slip, u, caused by equilibrium EO, is a
strong function of the surface charge. According to Rubinstein and
Zaltzman [13,26], u increases with zeta potential ζ as:
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where C is the electrolyte concentration, T is the absolute temperature,
η is the dynamic viscosity of solution, F =96485 C mol−1 is the Faraday
constant, R =8.314 J mol−1 K−1 is the gas constant, ε is the relative

permittivity of solution, ε0 =8.85 10–12 F·m−1 is the vacuum permit-
tivity. ζ is defined as the potential drop between the slip plate and the
outer border of EDL, its value increases with surface charge, σ,
according to the Grahame equation [30]:
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Eq. (1) is a generalization of the Smoluchowski equation deduced
when accounting for polarization of the EDL by the applied tangential
electric field [13]. The relation between the surface charge and intensity
of EC was also theoretically discussed by Andersen et al. [31], who
connected the propensity to develop electroosmotic instability with the
membrane surface charge density, which can be a function of applied
current. When H+ and OH- ions are generated at the depleted surface
(water splitting), the surface charge can be reduced, e.g. due to
deprotonation of fixed amino groups (current-induced discharge [31]).

Generally, it is possible to change the value of surface charge (by
changing the concentration of the fixed ions on the surface of IEM or by
charging the surface of channels in microfluidic devices [32]). Hence, it
is important to study how ion transport and electroconvection respond
to the variation of membrane surface charge. However, as far as we
know, no such studies were carried out.

As it is follows from Eqs. (1) and (2), with increasing σ (ζ),
electroconvection should increase. However, there is another factor,
which affects EC. Really, when increasing surface charge, its hydro-
phobicity will decrease. Nevertheless, as it was shown experimentally
[33,34] and via simulation [20,35], increasing hydrophobicity leads to
increasing overlimiting transfer caused by a more intensive EC. This
effect is explained by easier fluid slip over the highly hydrophobic
regions [36]. Properties of water near a hydrophobic surface differ from
those of bulk water. There is local reduction of water density [37–39],
which is accompanied by a decrease in the viscosity [40] and in
dielectric permittivity [37], which in turn compresses the EDL. The
change in water properties affects the velocity of electroosmotic slip at
a hydrophobic surface [37,41–43].

There is a number of studies where the tangential streaming
potential/zeta potential was measured for ultrafiltration and reverse
osmosis membranes [44–48]. In particular, Szymczyk et al. [47] found
that a chemical modification of an UF membrane leads to a charge
reversal (from negative to positive) of the porous substructure of the
membrane, while the overall charge of the external surface remains
negative, although with diminished magnitude. However, only few of
papers reported the results of similar measurements for ion-exchange
membranes [49,50]. Lee et al. characterized the AEM fouling in terms
of zeta potential [51]. A new promising method for determening the
lateral electrical conductivity of ion-exchange membranes based on the
measurements of tangential streaming current and streaming potential
was developed by Sedkaoui et al. [50].

In this work we prepare a series of ion-exchange membranes with
similar properties, but differing in surface charge and, as a conse-
quence, in the degree of hydrophobicity. To evaluate the surface charge,
we measure the tangential streaming potential and then determine the
zeta potential and use Eq. (2) to find σ. By applying chronopotentio-
metry and voltammetry, we try to find out how the membrane surface
properties affect the development and mechanism of electroconvection
at low and high voltages.

2. Experimental

2.1. Membranes

We studied a Neosepta AMX-Sb homogeneous anion exchange
membrane (manufactured by Astom, Japan) and three its modifica-
tions. The AMX-Sb sample was prepared from a commercial mem-
brane subjected to standard salt pretreatment. Additionally, we stu-
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died: (1) AMX-Sbused produced from the commercial membrane after
30 h of its operation at direct current of 6 mA cm−2; (2) AMX-Sbmod1

and (3) AMX-Sbmod2 obtained by casting on the surface of AMX-Sb one
and two thin layers of MF-4SK from its 1% (weight) dispersion in
isopropyl alcohol, respectively. MF-4SK is a perfluorinated membrane
carrying sulfonic groups (an analogue of Nafion) manufactured by
Plastpolimer, Russia.

Visualization of AMX-Sb surface via optical interferometry realized
by Güler et al. [52] shows that reinforcing cloth embedded in the
membrane provides an undulated surface. There are “hills” separated
by “valleys” (Fig. 1). The distance between two neighboring hills is
about 350–400 µm, the difference between the highest and the lowest
points is equal to b =22 µm. There is also the undulation of smaller
scales, the arithmetic average of the absolute values of the visible
roughness profile ordinates is listed as Ra =3.1 µm.

Our optical micrographs (Fig. 2) show that the surface of swollen
AMX-Sb membrane possesses the repeating hills with period of about
480 µm and b=20 µm. Optical micrographs of cross section of the
modified membranes allow one to evaluate the thickness of the
modifying MF-4SK film as 5 µm maximum. However, this film is
uneven over the surface, it is concentrated mainly in “valleys” of the
membrane, there are areas where it is absent. The second layer (nearly
of the same thickness) is distributed more uniformly.

The main physico-chemical and electrochemical properties of
AMX-Sb membrane are present in Table 1.

It is known [55–58] that the operation of anion exchange mem-
branes at overlimiting currents leads to partial transformation of its
quaternary ammonium groups into secondary and tertiary amines,
which are uncharged at neutral pH [59]. Hence it could be expected
that the absolute value of charge and zeta potential of AMX-Sbused
sample would be lower than those of the commercial membrane.

As the MF-4SK carries sulfonic fixed groups with opposite charge
sign in relation to the quaternary ammonium groups of AMX-Sb, we
can expect that the surface charge of AMX-Sbmod1 and AMX-Sbmod2

will be less positive (or even negative) compared to the unmodified
membrane. The thickness of each casted layer is estimated as 5 µm,

while the thickness of AMX-Sb is 134 µm.

2.2. Electrokinetic characteristics

The gap cell used for measuring zeta potential of IEMs is described
in Ref. [60] and schematically shown in Fig. 3. It is similar to that
applied in the Anton Paar SurPass 3 electrokinetic analyzer. The latter
one was employed by Yaroshchuk and Luxbacher [44] for measuring
external and internal (inside membrane pores) zeta-potential, as well
as by Sedkaoui et al. [50], who developed a promising method for
determining the lateral conductivity of ion exchange membranes from
the measurements of the streaming current and streaming potential. In
our cell, two samples under study form a slit rectangular channel of
25 mm length, 2 mm width, and 70 µm height. The experiments were
conducted at 20 °C, using a 0.02 M NaCl solution pumped with a linear
velocity of 40–70 cm s−1.

Streaming potential was registered in the range of pressure drops
between 0.125 and 0.625 bar with help of two Ag/AgCl electrodes
(Fig. 3) using a GW Instek multimeter, connected through a U5-12
amplifier.

2.3. Electrochemical characteristics

Chronopotentiograms and current-voltage characteristics are ob-
tained for commercial and modified membranes using a flow-through
four-chamber cell previously described in [28].

To form one desalination chamber, one concentration chamber and
two electrode chambers, a membrane under study and two auxiliary
membranes, one AMX-Sb and one CMX (Astom, Japan) are used. The
all chambers are fed with the same solution, 0.02 M NaCl. The feature
of the cell is the special input and output devices, which ensure laminar
flow of the solutions between the membranes. The polarized membrane
area is S=2×2 cm2, the intermembrane distance is h=6.5 mm, the
average linear flow velocity is V=0.46 cm s−1, the measurements were
conducted at 25 °C. The “theoretical” limiting current ilim

theor is

Fig. 1. 3D images of AMX-Sb surface morphology obtained via optical interferometry.
Dimensions of the investigated sample were 1257×942 µm×µm. Reproduced with
permission from [52].

Fig. 2. Optical micrograph of cross section of a swollen AMX-Sb membrane. The threads
of reinforcing cloth are visible.

Table 1
Main properties of AMX-Sb membrane.

Manufacturer Astom, Japana

Type homogeneous, strong basea

Thickness (μm) 140a/134b

Conductivity in 0.02 M NaCl solution, S m−1 0.32b

Ion exchange capacity (meq g−1) 1.30 ± 0.05c

Water content (g H2O·(g dry membrane)−1) 0.10–0.14c

Membrane density (g cm−3) 1.10c

a Manufacturer data [53].
b Our measurements.
c [54].

Fig. 3. Scheme of the gap cell for measurement of streaming potential. 1 – pressure
gauge, 2 – studied samples, 3 – Ag/AgCl electrode, 4 – multimeter.
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calculated using the Leveque equation [61]:
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where C1 and z1 are the molar feed concentration and the charge
number of the counterion, respectively, D is the electrolyte diffusion
coefficient in solution, T1 and t1 are counterion transport numbers in
membrane and in solution, respectively, L is the length of desalination
path. For the experiment conditions, ilim

theor according to Eq. (3) is
3.12 mA cm−2, D is taken for the infinitely dilute solution,
D=1.61×10−9 m2 s−1. The corresponding value of the diffusion layer
thickness δ, found using the Peers equation [28] for
ilim=3.12 mA cm−2, is 250 µm.

A potentiostat/galvanostat AutoLab PGSTAT100 is used to apply
DC current and to record the current density and the potential drop.
The potential drop, Δφ, is measured between two Luggin capillaries
whose tips are installed at both sides of the studied membrane against
the geometrical center of its polarized area at a distance of about 1 mm
from its surface. Current-voltage characteristics are obtained by
sweeping the current in the range from 0 to 5.0 mA cm−2 (that is from
0 to 1.6 ilim

theor) with the rate 2.5×10−6 A cm−2 s−1.
Experimental chronopotentiograms are obtained in the range of

current densities from 1.5 to 7.0 mA cm−2 (from 0.48 to 2.24
ilim

theor).

2.3.1. Theory of tangential streaming current/potential
To express the zeta potential, ζ , from the measured tangential

streaming potential ΔE of membranes, most frequently [48,49,62,63]
the classical Helmholtz-Smoluchowski equation is applied:

ζ E
P

ηκ
εε

= ∆
∆

0

0 (4)

where κ0 is the conductivity of the solution feeding the gap cell, ΔP is
the pressure drop over the channel formed by the membranes.

However, this equation does not take into account the conduction
of the walls, i.e. the membrane body in our case. For the first time, this
account was made by Yaroshchuk and Ribitsch [64] and then applied
by Yaroshchuk and Luxbacher [44], Fievet et al. [45] and Szymczyk
et al. [44,50] for determination of zeta-potential and Sedkaoui et al.
[50] for finding membrane lateral conductivity.

Let us consider the system, which involves two membranes of
length L forming a slit channel of height h and width H filled with a
solution. A pressure difference between the two ends of the channel,
ΔP, drives the liquid through the channel. Since the fluid near the
membrane interfaces carries an excess of charge equal to σ, its motion
will produce an electric current known as streaming current, Is. The
local streaming current density is equal to the product of local
tangential fluid velocity, v(x), and local electric charge density, ρ(x).
The total streaming current is obtained by the integration over the
channel cross section:
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The line integral is taken along the curve following the membrane
surface cross section (Fig. 4). x is the normal to the membrane surface
coordinate, it varies from the slip plane (sp) [65] to the half channel (h/
2). Below we make the integration (sp≤x≤h/2) while assuming that the
membranes are identical.

Following Yaroshchuk and Ribitsch [64], we take into account that
ρ(x) satisfies the Poisson equation, φ“(x)=−ρ(x)/εε0, where φ(x) is the
local electrostatic potential. φ(x) is subject to the boundary conditions:
φ(sp)=ζ, φ(h/2)=φ‘(h/2) =0. The fluid velocity satisfies the Stokes
equation, ηv”(x)=ΔP/L, for steady laminar flow in a slit channel, with
the following boundary conditions: v(sp)=0 and v’(sp)=−(ΔP/L)(h/2η).

The last condition follows from the integration of the Stokes equation
from sp to h/2 when taking into account the symmetry of the velocity
profile imposing v’(h/2)=0. In this consideration we assume that the
deviation of the line following the slip plane at the surface from the
median straight line (Fig. 4) is small compared to h/2.

Substituting the Poisson equation into the internal integral in Eq.

(5) gives ∫εε v x φ x dx− ( ) ′′( )
sp

h

0

2
. After taking the last integral two times by

parts and applying the boundary conditions, we find:
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Zeta-potential appears in the last expression due to boundary
condition φ(sp)=ζ. The integral term in the right-hand side of Eq. (5)
in relatively wide channels (of the order of several tens of μm) is very
small [64], since φ(x) has essentially non-zero values only within the
EDL (of the order of several nm); it can be neglected. Substituting Eq.
(6) into Eq. (5) yields

I
εε γHh

η
P

L
ζ= ∆

s
0

(7)

where γ is the ratio of the true length of the membrane surface cross-
section line to its projection onto the z-axis.

The measurement of the streaming current is only possible if the
extremes of the channel are connected through a low-resistance
external circuit (short-circuit conditions) [64,65]. If the resistance of
the external measuring instrument is high (open circuit, a high-
impedance voltmeter used, Fig. 3), transport of ions by the streaming
current results in the accumulation of charges at the channel ends. This
separation of charges gives rise to a potential difference across the
channel length, the streaming-potential, ΔE. ΔE generates conduction
current, Ic, which is governed by the Ohm law:

I G E κ Hh κ Hd E
L

=− ∆ =−( + 2 )∆
c m m0 (8)

where G is the system conductance; dm and κm are the thickness and
specific conductance (conductivity) of the membrane, respectively. G is
calculated for a circuit, consisted of three resistances in parallel: the slit
solution channel and two membranes [45,64]. Here for expressing the
cross section available for ion transport in solution, we do not take into
account the membrane surface undulation, as the hills and the valleys
cancel each other regarding solution conductance.

In conditions of measurements of the streaming potential, the net
current vanishes. The streaming current, Is, which always occurs (as
breaking circuit does not disturb the normal distribution of concentra-
tions, ci(x) and the tangential velocity v(x)) is compensated by the
conduction current [65,66]. Summing Eqs. (7) and (8) with condition
I I+ =0s c yields:

Fig. 4. Scheme of the slit channel cross section in the gap cell for electrokinetic
measurements. H is channel width, γ is the ratio between the true length l of the
membrane surface cross-section line and its projection on z axis, h is the intermembrane
distance. The membrane surface is identified with the slip plane.

K.A. Nebavskaya et al. Journal of Membrane Science 523 (2017) 36–44

39



ζ E
P

ηκ
εε γ

κ d
κ h

= ∆
∆

1 + 2 m m0

0 0

⎛
⎝⎜

⎞
⎠⎟ (9)

An equation equivalent to Eq. (9) was first obtained by Yaroshchuk
and Ribitsch [64] in the case of a smooth membrane surface, i.e. when
γ=1. It was then used by Fievet et al. [45] for evaluation of zeta
potential of a ceramic membrane.

Note that when
κ d
κ h
m m

0
«1, Eq. (9) is reduced to the Helmholtz-

Smoluchowski equation, Eq. (4). The sense of parameter
κ d
κ h
m m

0
is similar

to that of the Dukhin number expressing the ratio of the surface
conductance to the solution bulk conductance [65]: Du = κ

κ h
σ
0

, where κσ

is the surface conductivity. When the surface conductance is taken
into account, the total system conductance will be
G κ Hh κ Hd κ H L= ( + 2 + 2 )/m m σ0 , and Eq. (9) can be generalized:
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However, as we mentioned above, the surface conductance is
negligible in the considered system, as the EDL thickness is 4 orders
of magnitude less than h: Du ≪ 1.

In our system (Fig. 3), an excessive pressure is applied in the left–
hand solution, hence, ΔP < 0. The solution flows from the left to the
right, v > 0, then the streaming current is negative, Is < 0, since it is
transferred by the negative charges dominating at the positively
charged surface of an anion-exchange membrane. When the circuit is
broken, the streaming current leads to accumulation of negative
charges at the right, and the positive ones, at the left. This separation
of charges generates a positive electric field and a negative streaming
potential, ΔE < 0. The conduction current is positive, Ic > 0. The zeta-
potential near a positively charged surface is positive, ζ > 0.

3. Results and discussion

A typical chronopotentiogram, i.e. potential difference as a function
of time, obtained using the procedure described above, and its
derivative, d(Δφ)/dt, are shown in Fig. 5. An important characteristic
of the chronopotentiograms measured at an overlimiting current is the
transition time, τ. It corresponds to the change in ion transport
mechanism: from electrodiffusion to a more complex mechanism,
where current-induced convection and water splitting make their
contribution. This change results in decreasing rate of the interfacial
concentration, Cs, decline with time, and, as a consequence, to slowing
down Δφ(t) growth. The experimental transition time, τexp, is deter-
mined by the inflection point of chronopotentiogram relating to the
maximum of the derivative d(Δφ)/dt.

The transition time may be calculated using the Sand equation [68]
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deduced from the Nernst-Planck equation when assuming a stagnant
diffusion layer of infinite thickness near the membrane / electrode. Eq.
(11) gives generally underestimated values of τ, as ignores convective
contribution to the ion transport (due to the forced or natural
convection). However, if the current density is sufficiently high,
electrolyte interfacial concentration vanishes so rapidly that the devel-
oping concentration profile does not attain the distance where the
convective ion transport towards the membrane is significant [69].
According to simulations [69,70], the Sand equation may be applied at
i > 2ilim.

When a finite-length diffusion boundary layer is considered, the
contribution of the convective ion transport is implicitly taken into
account. We have used the non-stationary three-layer model described
in [67] to calculate the “theoretical” chronopotentiograms. In this
model, an ideally selective membrane (non-permeable for co-ions) and

two adjacent diffusion layers of thickness δ are considered. The fluxes
are described by the Nernst-Planck equations under the assumption of
local electroneutrality. The transition time in this model, like as in the
Sand model, is found as the time corresponding to zero interfacial
concentration, hence, to infinitely high potential drop (Fig. 5). As Fig. 5
shows, really, τtheor is higher than τSand, but remains lower than
τexp. Below we discuss the obtained results.

As Figs. 5 and 6 show, there is a monotonous increase of (reduced)
potential drop, Δφ′, with time, t, when t is small, and the experimental
chronopotentiograms match well the theoretical one. However, the
divergence of curves appears after some threshold time is reached. At
time tm, which is smaller than the transition time, a delay of potential
growth occurs in experimental chronopotentiogram, leading (in this
case) to formation of a local maximum. However, after a few of
seconds, Δφ′ restarts to grow. Similar behavior of chronopotentio-

Fig. 5. Chronopotentiogram obtained for an AMX-Sb membrane in a 0.02 M NaCl
solution at i=4.5 mA cm−2 (i/ilim

theor=1.44) and its derivative; the both are shown with
solid lines. The chronopotentiogram calculated numerically according to a three-layer
model [67] is presented by the dotted line. τexp, τSand, and τtheor relate to three
different values of the transition time: the experimental value (found by the inflection
point), the value calculated using the Sand equation, and the “theoretical” value (found
using model [67]), respectively. tm shows the time of appearance of the first oscillation of
potential drop. Δφ‘ is the potential drop reduced by the Ohmic potential drop, ΔφOhm,
determined by the resistance of the non-polarized membrane system [68]. ΔφOhm value
is found by the extrapolation of chronopotentiogram in Δφ – t0.5 coordinates to time t=0
(the moment of switching on the current) [29].

Fig. 6. Initial portions of chronopotentiograms of studied membranes (solid lines) and
the chronopotentiogram calculated using the three-layer model (dashed line) obtained
for i=4.5 mA cm−2. The samples are denoted as follows: AMX-Sb (I), AMX-Sbused (II),
AMX-Sbmod1 (III), AMX-Sbmod2 (IV).
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grams of AMX-Sb membrane was observed in [28] and was interpreted
as a superposition of the monotonous growth of the potential drop,
caused by globally increasing concentration polarization, and an
oscillation of potential due to early appearing electroconvection. The
difference in Δφ′ between the local maximum and the local minimum is
denoted as Δφosc.

In case of AMX-Sb membrane, the delay of potential growth in
chronopotentiogram is observed at i≥2.3 mA cm−2 (i/ilim

theor ≥0.74)
(Fig. 6). For all other samples this delay is found starting from
3.0 mA cm−2 (i/ilim

theor=0.96). For AMX-Sb, AMX-Sbused and
AMX-Sbmod2 the delay is sufficiently high and leads to formation of
local maximum of Δφ′(t). The difference Δφosc between the local
maximum of Δφ′ and the following minimum registered for the AMX-
Sb is the biggest among the studied samples (Figs. 6, 7). In case of
AMX-Sbmod1, the delay is also detectable, but it is too small for the
formation of local extremum.

The parameters of oscillations in potential drop on the chronopo-
tentiograms obtained at i=4.5 mA cm−2 (i/ilim

theor=1.44) and the
results of the contact angle and zeta potential measurements are given
in Table 2.

The evaluation of γ made basing on micrographs shown in Figs. 1
and 2, when the relief is approximated with semiellipses, gives 1.2 and
1.1, respectively. For calculation ζ with Eq. (9), we take γ=1.15, the
value of κm is presented in Table 1and measured value of κ0 was
0.131 S m−1, h=70 µm, dm=134 µm, Du=0.

The effective surface charge density found when applying Eq. (2)
from the value of ζ calculated using the Helmholtz-Smoluchowski

equation, Eq. (4), is essentially lower than the surface charge density
evaluated from the exchange capacity, Q, which is about 1.45 meq cm−3

[54]. When assuming the distribution of the fixed charges in the nodes
of a cubic lattice, we find the distance M between two neighboring
charges as M=(e·Q−1F)1/3≈1 nm, where e is the charge of an electron
(1.6·10−9 C). Then the surface charge density is σ=e·M−2≈14 µC cm−2.
The value of ζ can be evaluated through the Donnan potential drop at

the membrane surface: Δφ = ( )lnD
RT
F

Q
c0

⎛
⎝⎜

⎞
⎠⎟ ≈110 mV. The above evalua-

tions of ζ and σ are essentially higher than the values found using Eqs.
(2) and (4) (Table 2). However, the values of ζ and σ found when
applying Eqs. (2) and (9) seem too high. This may be explained by the
underestimated roughness of surface expressed by parameter γ. Along
with the undulations presented in Fig. 3 (“hills” and “valleys” of the
scale of several tens of micron), which are taken into account when
founding γ=1.15, there is finer relief at micrometer scale seen in Fig. 2.
Nevertheless this and even more finer scales of roughness is difficult to
evaluate. In this study, important is the relative variation of ζ and σ
when passing from one sample to another.

The fact that the initial portion of the chronopotentiograms
obtained for the AMX-Sb, AMX-Sbused and AMX-Sbmod2 samples
matches well the theoretical curve evidences that for these membranes,
the concentration profile is formed in a similar way and this process is
described by planar diffusion across a finite-length diffusion layer.
However, in the case of AMX-Sbmod1 membrane the rate of potential
increase is higher at the beginning of chronopotentiogram; the value of
transition time is the smallest one among the studied cases. This
behavior may be explained by the fact that a thin (estimated as a few of
μm) layer casted from a MF-4SK solution could cover only partly the
AMX-Sb surface: the regions where the layer of MF-4SK is present
alternate with the regions where this layer is absent or too thin. Then
the surface gets electrically heterogeneous. As it was shown experi-
mentally by Volodina [71] and theoretically by Mareev [72], due to the
funneling effect [73] (accumulation of current lines within the well
conducting areas of the surface, and the curvature of current lines), the
potential drop increases more rapidly and the transition time is lower
than in the case of electrically homogeneous membranes.

After initial monotonous growth of Δφ′, there is a delay in the rate
of this growth, expressed even by a lowering of Δφ′ for three
membranes from four studied. Note that the depth of the first decrease
of potential drop (Δφosc) diminishes with decreasing the absolute
value of zeta-potential (Table 2): AMX-Sb > AMX-Sbused > AMX-
Sbmod2 > AMX-Sbmod1. That allows one to assume that the main cause
of potential drop decrease is the classical electroosmosis and the main
factor affected EC is the absolute value of the surface charge.

When the transition time is passed, the rate of potential growth
decreases for all membranes, in all cases the systems approaches a
steady state. The steady-state value of Δφ′ increases in the following
order: AMX-Sb < AMX-Sbmod1 < AMX-Sbmod2 < AMX-Sbused. We can
see that the AMX-Sb membrane is always the best one. However, the

Fig. 7. The depth of potential decrease in the first oscillation, Δφosc, vs. the ratio of the
current density to its limiting value. The data are for AMX-Sb (I), AMX-Sbused (II) and
AMX-Sbmod2 (IV).

Table 2
Electrochemical (obtained at i=4.5 mA cm−2 (i/ilim

theor=1.44)) and surface properties of studied membranes.

Sample IAMX-Sb IIAMX-Sbused IIIAMX-Sbmod1 IVAMX-Sbmod2

Contact angle, degrees 63 74 117 85
Streaming potential coefficient, mV bar−1 15.1 4.1 −0.4 −0.8
Zeta potential, mV, Eq.(4) 27.5 7.4 −0.7 −1.5
Surface charge, μC cm−2, Eqs.(4) and (2) 0.95 0.24 −0.02 −0.05
Zeta potential, mV, Eq.(9) 247.5 66.7 −6.1 −13.9
Surface charge, μC cm−2, Eqs.(9) and (2) 111.6 2.9 0.2 0.46
Experimental transition timea, τexp, s 18.1 18.5 15.4 15.5
Potential drop at steady state, mV 640 1390 960 1180
Time of the first local maximum of Δφ′, tm, s 6.4 7.2 6.0 5.5
Value of Δφ′ at the first local maximum, mV 43 39 64 36
Depth of Δφ′ decrease in the first oscillation, Δφosc, mV 14 3 – 1

a The transition time given by the Sand equation, Eq. (11), τSand =14.8 s
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AMX-Sbused membrane, which is the second after the AMX-Sb in the
initial portion of the chronopotentiogram, shows the biggest potential
drop in the steady state. The AMX-Sbmod1 membrane, which is the
most hydrophobic and which produces the biggest potential drop in the
initial portion, shows the second result after the AMX-Sb in steady
state. It makes us think that the main factor determining the intensity
of electroconvection in the steady state is the surface hydrophobicity, as
it was concluded earlier [33,34].

Similar conclusions follow from the analysis of the current-voltage
characteristics (Fig. 8). At small currents, i«ilim

theor, the I-V curves of
all membranes are monotonous and the difference between them is
negligible. When approaching the limiting current, Δφ′ being in the
range 0.03–0.06 V, the deviations from linearity are observed. Note
that in the case of AMX-Sb and AMX-Sbused, Δφ′ decreases with
increasing current density in the range between 1.7 and 2.5 mA cm−2

(0.54 < ilim
theor < 0.80). This behavior correlates well with that ob-

served in chronopotentiograms, and the range of Δφ′ where a decrease
in potential is observed is the same. The value of current density under
a given Δφ′ in current-voltage characteristics decreases in the same
order in which Δφosc decreases in chronopotentiograms: AMX-Sb >
AMX-Sbused > AMX-Sbmod2 > AMX-Sbmod1. Keep in mind that this
order also relates to decreasing the absolute value of the surface charge.

At relatively high values of overlimiting current (i > 3.5 mA cm−2
, i/

ilim
theor > 1.12) the quasi-steady-state values of potential drop in the

I-V curves increase in the same order as the steady-state potential
drops found in chronopotentiometric measurements: AMX-Sb < AMX-
Sbmod1 < AMX-Sbmod2 < AMX-Sbused.

As it was found earlier when studying the behavior of other
membranes [28], the main mechanism responsible for the earlier
oscillations of potential drop is equilibrium EC. It was shown that at
the salt concentration and intermembrane distance used in this work,
the contribution of gravitational convection [5] to mass transfer is
negligible. The absence of another possible mechanism of overlimiting
current increase, generation of H+ and OH- ions at the depleted
membrane/solution interface, is proven by the control of pH difference
between the entrance and the exit of desalination channel.

The time when the first oscillation in chronopotentiogram occurs is
far smaller than the transition time. Deviations of current-voltage
characteristics from monotonous course also appear before the limiting
current density is reached. The corresponding potential drops where
these “anomalies” occur (about 0.03–0.06 V) are too small for initiating
nonequilibrium EC (electroosmosis of the first kind), according to
simulations made in [20]. Thus we conclude that the only possible

mechanism of potential oscillations in chronopotentiograms and
“anomalous” course of current-voltage characteristics is equilibrium
EC. This conclusion is supported by the order in which the values of
oscillations increase for the studied membrane: it is the order of
increasing the absolute value of surface charge/zeta potential.

The changes in the order of the I-V curves and chronopotentio-
grams occurring after the transition to overlimiting currents are
apparently caused by the development of nonequilibrium EC (electro-
osmosis of the second kind). Here in the range of current densities
starting from ilim and up to about 1.2 ilim, the current-voltage
characteristics are smooth that relates to the stable EO of the
Dukhin-Mishchuk mode. At i > 1.2 ilim, oscillations may be observed
suggesting that the EC mode transfers to the Rubinstein-Zaltzman one.
As previously mentioned, the development of nonequilibrium EC is
mainly determined by the size of extended SCR, which becomes several
orders of magnitude bigger than the thickness of equilibrium EDL.
Hence the value of the surface space charge, which determines the
charge in the equilibrium EDL, plays in this case a secondary role. The
effect of surface hydrophobicity becomes more important [28,33], since
higher hydrophobicity reduces the impediment in the development of
vortices produced by water cling to the surface. This is the reason why
in the order describing EC intensity at high currents, the AMX-Sbmod1

and AMX-Sbmod2 samples stand before the AMX-Sbused: the AMX-
Sbmod1 membrane, which possesses the highest surface hydrophobicity
among the all studied samples, generates a more intensive none-
quilibrium EC compared to the AMX-Sbused and AMX-Sbmod2. When
comparing the properties of AMX-Sb and all other samples, we may
assume that the significantly higher surface charge of this membrane
remains the decisive factor, which allows generation more intensive EC
at high currents despite its lesser hydrophobicity. Another factor,
which may affect EC, is the surface undulation, which is lower after
casting MF-4SK on the AMX-Sb surface.

4. Conclusion

We have studied, for the first time, the impact of ion-exchange
membrane surface charge on the intensity and the mode of EC. Four
samples of anion-exchange membranes with the same surface geome-
try and differing in the surface charge and the degree of hydrophobicity
were studied. It is found that the changes in the surface charge,
evaluated through the zeta-potential, and in the degree of surface
hydrophobicity, evaluated by the contact angle, affect the shape of
chronopotentiograms and current-voltage characteristics. The value of
the surface charge has the crucial importance for the development of
oscillations in the chronopotentiograms occurring at i > ilim and low
voltages before the transition time is reached. It also affects the shape
of the current-voltage characteristics in the range between 1.7 and
2.5 mA cm−2 (0.54 < i/ilim < 0.80). In this range, for the membranes
with a high surface charge, an anomaly occurs: with increasing current
density the steady-state potential drop is decreasing instead of
increasing. The corresponding potential drops in all cases, where the
impact of surface charge is dominant, lay in the range of 0.03–0.06 V,
which suggests that the reason for the changes of chronopotentiograms
and current-voltage characteristics is the equilibrium EC developed by
the mechanism of electroosmosis of the first kind. In this mode, the
(quasi)equilibrium EDL, whose parameters are determined by the
surface charge, plays the main role in the development of EC. High
surface charge implies a hydrophilic surface.

The surface hydrophobicity has more influence on the chronopo-
tentiograms and current-voltage characteristics, when the potential
drop is higher than approximately 0.4 V that corresponds to the voltage
at which the limiting current density is reached in (quasi)steady state.
Then the extended SCR is formed and EC becomes nonequilibrium
occurring apparently as electroosmosis of the second kind. In this
mode, the (quasi)equilibrium EDL is less important; EC is governed by

Fig. 8. Current-voltage characteristics (solid lines) of AMX-Sb (I), AMX-Sbused (II),
AMX-Sbmod1 (III) and AMX-Sbmod2 (IV). The dashed line shows the limiting current
density calculated by Eq. (3). The dash-dot line shows the current density, at which the
chronopotentiograms in Fig. 5 were obtained.
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the extended SCR. Higher hydrophobicity reduces the impediment in
the development of vortices produced by water cling to the surface.
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