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An experimental study of the concentration polarization effects at the cation-ex-
change membrane — solution interface has been carried out by means of a rotating
diffusion cell. The set-up makes possible well-defined fluid mechanics. The effects
are discussed mainly in terms of the current—voltage curves obtained. Possible trans-
port mechanisms for over-limiting currents are also reviewed. The study of concen-
tration polarization involves many basic concepts of transport theory, and has a

number of technological implications.

The study of concentration polarization (CP) effects at the
cation-exchange membrane — solution interface poses an
interesting problem owing to both its academic background
and its importance in the technology of ion exchange and
desalination. CP develops in all membrane separation
processes, as well as in electrode surfaces. This phenom-
enon has been extensively studied during recent decades in
order to establish the factors which determine it and to
solve the problems that polarization implies in particular
technical applications. For example, one of the shortcom-
ings preventing the widespread commercial use of electro-
dialysis has been membrane polarization.! Thus an under-
standing of the early stages of polarization is necessary in
order to develop methods by which it may be reduced.

The problem that arises when studying polarization in
electrodialysis stacks is the complex hydrodynamics in-
volved. Theoretical studies are commonly based on the
so-called Nernst layer or modifications of this model.? The
relevant parameter in this approach is the thickness of the
unstirred layer, which can be determined from the hydro-
dynamics in the cell. However, since this parameter is
usually unknown, it is not possible to compare theoretical
and observed values of the limiting current density.

In this work, a rotating diffusion cell has been used to
overcome this problem, since it involves well-defined’ hy-
drodynamic conditions. Moreover, these conditions are ap-
propriate for our study because the fluid velocity normal to
the membrane is uniform in all planes parallel to the mem-
brane surface. In this case, the problem of considering the
thickness of the unstirred layer as a free parameter is elim-
inated, and the observed limiting values for the current

*To whom correspondence should be addressed.
"This fluid-mechanics problem has been solved by Levich.?
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density can be compared with those predicted from the
Nernst model. The cost we pay for using a rotating mem-
brane cell is that some of the conclusions obtained may not
be relevant to large-scale membrane processing.

In order to study CP processes in cation-exchange mem-
branes we have registered the current-voltage (i~V) char-
acteristics of these membranes, because their measurement
is relatively easy and they contain much valuable informa-
tion.

According to the classical CP theory,>? the i~V curve
should be linear for low applied voltages, then increase
slowly and finally reach a limiting value. In practice no such
limiting value is observed, and the current density, after
passing through a region of slow variation with potential, or
simply through a point of inflection, continues to grow for
high applied voltages. This implies that the limiting current
density is an ill-defined parameter and must be obtained
from indirect methods such as Cowan plots.* The Cowan
plot method will be used here to define the limiting current.
Currents above the limiting one will be referred to as
“over-limiting”.

In the first studies of this problem it was considered that
the observed behaviour was only due to the contribution of
ions coming from water dissociation. However, some more
recent work has shown that these ions could contribute to
this transport but never so as to explain the high current
densities observed in cation-exchange membranes.®

This marked the beginning of a period in which research-
ers have been looking for a transport mechanism able to
explain the i—V characteristics. Nowadays some of the pro-
posed mechanisms have been ruled out, but there is no
complete quantitative explanation for the problem. This
fact is not surprising if we take into account that at high
electric currents many of the hypotheses firmly rooted in
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the classical theory of transport in ion-exchange mem-
branes become doubtful. We will return to this question in
the Discussion section.

Fundamentals

The theoretical basis of the rotating diffusion cell is the
same as that for a rotating disc electrode.” The normal
component of the fluid velocity (in cm s™') is given by eqn.
(1), where w is the rotation speed (in rad s7'), v is the

v. = 0.51 @2y 12 2 (1)

kinematic viscosity (in cm? s™!) and z is the distance from
the surface (in cm).

The thickness of the hydrodynamic boundary layer, §,, is
defined by considering that the tangential component of
the fluid velocity, v, is reduced at z = §,to 5 % of its value
at the disc surface, z = 0. Then, eqn. (2) is obtained.

8, = 3.6 (viw)"”? (2)

The concentration profile obtained from the solution of the
convective diffusion equation leads to a diffusion layer
thickness (in cm) given by eqn. (3),> where D is the salt

8 = 1.612 D' v =12 = (.05 §, 3)

diffusion coefficient (in cm? s7!). The theoretical limiting
current density, i, (A cm™2), is given by eqn. (4), where

iy = 2FD .,/ &, “

D, is the counterion diffusion coefficient in the solution
phase, ¢, is the bulk solution concentration and a uni-
univalent electrolyte has been considered.

There is one important point that has not been consid-
ered. The mathematical solution to the convective diffusion
equation has been obtained with the boundary condition of
zero solvent flow through the disc surface, as occurs in the
case of a disc electrode; however, in the present situation
we have a solvent flow through the membrane, i.e. electro-
osmotic flow. This should lead to a modification of the
profiles of the velocity components; however, preliminary
calculations showed that such a modification is only minor,
since the flux through the membrane is not high enough to
produce a significant effect.

Experimental

Cell design. An Oxford Electrodes rotating diffusion cell
was used, with small improvements made to allow for the
exchange of the ion-exchange membranes and to the study
different electrolyte solutions. The rotating cell was not
employed as a diffusion cell, but as an electrolytic cell.
Usually, the membrane is glued to the rotating cylinder
and then part of the membrane surface is collapsed to
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Fig. 1. Sketch of the rotating cell.

produce a well-defined active area. However, this is not
possible with ion-exchange membranes (Ionics). Instead
the membrane was directly mounted onto a bevelled annu-
lus that was screwed to the rotating cylinder (Fig. 1).

Another problem with the previous design was the loca-
tion of the electrodes (two silver strips of some 20 cm’
surface area coated with silver chloride as current feed
electrodes and two silver/silver chloride wires as reference
electrodes). In the original diffusion cell there was insuffi-
cient room for these electrodes, so the reference electrodes
were connected to the solutions near the membrane surface
via Luggin capillaries. The conducting wires of the current
feed electrodes were coated with PTFE. Details are shown
in Fig. 2. .

Finally, there were some problems with electrical noise
owing to the small distance between the rotating cell and its
driving motor. This noise was not easily avoidable, and we
were only able to reduce the external noise by inserting the
cell into a Faraday cage.

Matertals and equipment. Solutions were prepared from
Merck pro analysis grade chemicals (without further puri-
fication) and Milli-Q water. Ionics AZL cation-exchange
membranes were used.

A PPR1 HI-TEK Instruments waveform generator and a
PAR 173 potentiostat/galvanostat were used to pass current
through the current electrodes. This current was measured
through a resistance with a differential amplifier and rec-
orded on a YEW X-Y recorder. A Haake D8-L thermostat
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Fig. 2. Sketch of the electrode system.
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Fig. 3. Schematic diagram of the system used to obtain the i~V
curves.

with a circulating pump and an Oxford Electrodes rotating
diffusion cell were also employed.

Measurement of i~V curves. These curves are obtained
either by applying a potential difference to the system and
waiting for the current to reach a steady value or by impos-
ing a current through the system and measuring the poten-
tial difference between the reference electrodes in the
steady state. However, since the steady state is established
in a few seconds, a slow continuous current sweep can be
applied to the system by using a ramp generator and the
time variation of the potential difference between the refer-
ence electrodes recorded. It is obvious that the last method
is considerably faster and more practical; however, the
sweep rate must be experimentally chosen so as to give
virtually steady-state behaviour.

The membranes were soaked in concentrated solutions
of the corresponding alkali chloride for several days before
each experiment. Preceding each run, the membrane used
was equilibrated for several hours with the solution em-
ployed in the experiment. This treatment was essential in
order to eliminate water-splitting.®

All the runs were made in a thermostatted cell at 25.0°C.
Fig. 3 shows a schematic diagram of the whole experi-
mental set-up.

Results

Aqueous solutions of the sodium, lithium and potassium
chlorides at three different concentrations, 30, 3 and 0.3
mM, were studied. i~V curves for these nine solutions were
recorded in the stable (for which the upper working elec-
trode is the negative electrode and the cation moves up-
wards through the horizontal membrane) and unstable (for
which the cation moves downwards and instability may
result) configurations.” For each of these systems, the rota-
tion frequency, v, of the membrane was varied in the range
1-10 Hz.

A typical i~V curve is presented in Fig. 4. This curve was
obtained for a 3 mM potassium chloride solution with 1 Hz
rotation frequency and the current going upwards (stable
configuration). The higher the rotation speed, the smaller
the diffusion boundary layer (DBL) thickness and the
higher the limiting current.? The i~V curve showed small
changes when varying the bulk concentration, the current
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Fig. 4. Current vs. voltage curve obtained for 3 mM KCI, v = 1
Hz and current going upwards. The discontinuous line indicates
the limiting current according to the Cowan plot.

plateau being more pronounced for higher concentrations.
Experimental evidence shows that the limiting current is
proportional to the bulk solution concentration, as ex-
pected from theory. No distinctive features were observed
when using other electrolyte solutions.

The limiting currents® have been determined by trans-
forming the i~V curves into Cowan plots.* This procedure
consists of drawing tangents to the Cowan plot at the low
current limit and in the first region of increasing resistance
(development of a depleted layer near the membrane sur-
face) and taking the limiting current as the current corre-
sponding to the point of intersection of these two lines. A
Cowan plot corresponding to the curve in Fig. 4 is pre-
sented in Fig. S.

A comparison with Levich’s results for the limiting cur-
rent density at the electrode surface has been made by
plotting the limiting current against the square root of the
rotation speed.? The curves obtained in these plots (a typ-
ical one is shown in Fig. 6) were to a good approximation
straight lines, although account should be taken of the
relatively large errors involved in determining the limiting
current. However, the slopes of the lines were different
from those predicted by Levich’s calculations. We always
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Fig. 5. Cowan plot corresponding to Fig. 4.
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Fig. 6. Limiting current vs. square root of rotation speed [sqrt
(w)] for 3 mM KCI; +, /-d = 0.459 sqrt (w); X, f-u = 0.442 sqrt
(w).d denotes current going downwards and u, current going
upwards.

obtained difusion-layer thicknesses larger than those given
by eqn. (3). Very good agreement would have been ob-
tained between the theoretical and observed limiting cur-
rents if the constant appearing in this equation were about
2 instead of 1.612.

This discrepancy between the observed value for the
constant in eqn. (3) and the theoretical one has also been
noted by Makai and Turner,® although not so markedly.
They refer to a paper by Gregory and Riddiford® in which
the latter showed that the constant depends upon the
Schmidt number, being 1.612 for an infinitely large
Schmidt number and slightly higher for realistic values of
the Schmidt number. Nevertheless, it also seems possible
to attribute this difference to an effective membrane sur-
face effect. Note that we are evaluating the current density
by dividing the current by the geometrical membrane area
(1 cm?).

The differences between the slopes of the lines in Fig. 6
when the current is passing upwards or downwards do not
seem to be relevant, which is a surprising (see Discussion).
The discrepancies observed in these values are much
smaller than the experimental errors. In any case, it seems
evident that diffusion control is always present, at least up
to the limiting current density, otherwise the plots in Fig. 6
would not be linear.?

The i~V curves showed noise having the same frequency
as the disc rotation frequency. This noise was quite uniform
in the stable configuration but much more variable in am-
plitude in the unstable case. The relative amplitude of the
noise was approximately 5 %.

Finally, it is interesting to note that we did not observe
pH changes during the runs. In fact, we chose the cation-
exchange membranes and performed the soaking treatment
so as to eliminate water-splitting.® On the other hand, one
can see that ca. 107* M of the ions arising from dissociation
of water (H*, OH™) would be necessary if over-limiting
currents were to be transported by these ions.
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Discussion: transport mechanisms for over-limiting
currents

So far special attention has been paid to the so-called
“limiting current™. Many concepts from transport theory in
charged membranes have been directly borrowed from the
theory of electrolytic cells,> and this is the case for the
limiting current. Strictly speaking, limiting currents do not
exist in ion-exchange membranes (Fig. 4).

Despite the fact that many mechanisms have been pro-
posed to explain the origin of the over-limiting currents
during the last forty years, it is clear that a complete quanti-
tative theory accounting for the whole i~V curve is still
lacking. This situation is not surprising, since for currents
beyond the limiting one a set of well-known hypotheses
firmly established in the classical theory of membrane
transport may become questionable (local electroneutral-
ity, local equilibrium, negligible water-splitting, hydrody-
namic stability etc.). We aim here to review briefly some of
these hypotheses.

Co-ion leakage has sometimes been invoked as the origin
of over-limiting currents. Although some earlier studies
reported non-zero co-ion transport, the permselectivity of
most commercial ion-exchange membranes in dilute salt
solutions is around 90-100 %, so that most measurements
of co-ion transport numbers'’ have shown the co-ion cur-
rent to be a negligible contribution to the over-limiting
current (at least as far as the stability of the fixed charge
density on the membrane may be assured).

Since most studies on polarization are based on the
Nernst model for the boundary layers, little attention has
been paid to the role of electro-osmotic convection in the
i-V curves. In practice, the flux equations considered do
not normally contain a convective term. Although experi-
mental® and numerical simulation" studies have shown the
electro-osmotic water transport to be negligible, it should
be noted that some mechanisms of convection other than
that of electro-osmotic origin can appear at high current
densities. We will discuss this question later.

Another mechanism for over-limiting currents is that of
water-splitting. It has been observed that when in the de-
pleted layer the electrolyte concentration falls to extremely
low values under the passage of high currents, H* and OH™
ions take part in the charge transport across the mem-
brane'” and pH changes appear in the layers adjacent to it.
In practice, because of the high mobilities of these ions,
their contribution to the total current becomes noticeable
much earlier than the point at which their concentration in
the boundary layer becomes locally comparable with that
of the salt.”” Two conclusions can be drawn from water-
splitting studies in ion-exchange membranes: first, the ex-
perimental evidence that this effect is much more common
in anion-exchange membranes than in cation-exchange
membranes;*'" secondly, the well-known result that ordi-
nary, equilibrium water dissociation taking place in the
membrane-solution boundary layer cannot be responsible
for the high over-limiting currents observed in anion-ex-



change membranes.'*" The strong electric fields generated
at the membrane—solution interface can give rise to water-
splitting through the second Wien effect or, more probably,
through specific chemical reactions related to the fixed
charge groups in the membrane.'>!®

Theoretical models predict that the introduction of the
local equilibrium assumption for the membrane-solution
interface would be justified only in the limit of small
fluxes.'” The state of this interface during ion transport is
not known with certainty, although some theoretical'’-'*
and experimental®?' studies have analyzed the question.
Departures from local equilibrium seem to be small in the
case of film control," being larger for co-ion than for coun-
terion transport, and showing a decrease as the selectivity
of the membrane increases.!” Although the above condi-
tions seem to support the local equilibrium assumption in
ion-exchange membranes, it is clear that this question de-
serves more attention. Indeed, according to the classical
theory of membrane electrochemistry,’ we have a region
(the interface), that is very small in size when compared to
the membrane, and this in itself invites us to neglect it. This
intuitive reasoning, together with more rigorous studies,”
has originated the frequent omission of a detailed study of
the membrane-solution interface in the ion-exchange liter-
ature. This situation seems to be changing now,” 4151720
although the fundamental interfacial electrochemistry of
the electric double layer at the polymer—water interface® is
not so well understood as the double layers at the metal —
aqueous electrolyte and liquid-liquid interfaces.

The classical theory of CP? assumed local electroneutral-
ity in the diffusion boundary layers and was self-consistent
at currents lower than the limiting one, i.e. the charge
density evaluated via the Poisson equation was negligible
for small currents. However, a considerable amount of
space charge would appear at the electrode-solution in-
terface if the limiting current were reached. Levich? used
this argument to establish that over-limiting currents could
not be observed through a metal-solution interface.

This question is not so clear when dealing with mem-
brane—solution interfaces. Thus, Rubinstein et al.>**" have
considered the formation of a region of space charge near
the membrane as a conductance mechanism which would
account for over-limiting currents. Although this formula-
tion of the problem is interesting, the theoretical treatment
leads to extremely high charge densities over large, macro-
scopic regions.?*? This result arises from the boundary
condition ¢,(8+) = X, where c,(8+) is the local counter-
ion concentration just within the membrane and ¥ is the
fixed-charge concentration in the membrane. (Here x = &
denotes the point at which the membrane-solution inter-
face is located, so that 8+ stands for the membrane (inner)
part of the interface and d— for the solution (outer) part of
this interface). Note that this boundary condition, corre-
sponding to the inner part of the membrane-solution in-
terface, is being imposed on the solution of a set of equa-
tions written down to describe the transport within the
DBL far away from the interface.? It is just this boundary
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condition which causes the space-charge density to reach
extremely high values and spread out from the membrane-
solution interface to the macroscopic DBL (e.g. Fig. 4,
Ref. 24). Again, as in the case of the local equilibrium
assumption, we are facing the problem of describing trans-
port through a region (the interface) whose small size has
“justified” the omission of a detailed study in many practi-
cal cases.

However, the study of deviations from local electro-
neutrality at high CP has a clear, intuitive motivation:
different experimental analyses®'2?*?* have shown that un-
der a high electric current the local salt concentration in the
zone of the DBL just outside the membrane (x = &—) can
drop to the order of 107°-10~* M. Taking this into account,
it can be shown that the local electroneutrality condition
breaks down for i=i,. Indeed, a direct calculation based on
the Nernst-Planck equation for the ion fluxes and the Pois-
son equation (replacing the local electroneutrality condi-
tion) for the space charge leads to eqn. (5) for the local
concentration “just outside” the membrane interface,

c,(6=) + c_(6-) B

«(d-) = >

i €
C (1 - ;) + p(E(d-)-E 0)) (5)

where ¢ is the solution dielectric constant, ¢, the bulk
solution concentration, j is the limiting current density and
E is the local electric field at the points x = 0 and x = §—
delimiting the DBL. According to experiment,’'2%#% for
i=i, c¢(d—)=10"* M, and then E(6—)=(10°-10°) V m™".
Now, if we take the ratio between the local electrical Ug
and thermal U; volumetric energies at x = d—, we have

U je EN6-)
(UT) | RTem) = ©

eqn. (6). Then, a simple order-of-magnitude analysis shows
that the local electroneutrality condition seems to break
down just outside the membrane interface for i=i,, as sug-
gested by Levich and Rubinstein er al.

Although some results of Refs. 24-27 may be question-
able, the implicit idea that a careful study of the system
stability for high CP"? should be undertaken merits more
attention. Indeed, it has been mentioned that the rapid
current rise beyond the plateau in the high polarization
regime of the i~V curve cannot be ascribed to any defect of
permselectivity,® but to a violent convection being set up
near the membrane surface for i=ij. Convection at the
membrane surface might occur as a consequence of an
unknown hydrodynamic instability, and this effect has been
reported in many experimental studies™'****' and has
sometimes been ascribed either to a superposition of con-
centration and temperature gradients or to local mixing of
the DBL by electroconvection.” The noise spectra gener-
ated during ion transport across membranes have also been
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measured in a series of papers by Lifson er al.*' and by
Green and co-workers,” and contributions to the noise
from high current instabilities causing hydrodynamic turbu-
lence have been detected. However, a complete quantita-
tive theory accounting for all the observed phenomena is
still lacking. Note that convective motions produced in a
fluid when only one property affects the density are very
well understood, but the situation changes drastically when
gradients of more than one diffusion property are relevant.
In fact, a set of new phenomena can appear in this case,*
and extensions of the classical Nernst model to describe the
over-limiting current effects,” while of interest, may only
be valid for qualitative purposes.™

The basic idea seems to be that in the DBL the concen-
tration and temperature gradients* create a density gra-
dient which causes hydrodynamic convection currents. For
high enough currents this convection becomes turbulent. In
this regime, introduction of the simple Nernst-Planck
equation, together with extension of the Nernst model, is
an over-simplifying procedure.

It should be mentioned that a remarkable result for
over-limiting current is a characteristic low-frequency noise
of some 1-10 Hz.”*! This noise is attributed to turbulent
currents injecting salt into the depleted DBL. The turbu-
lent currents cause fluctuations in the electrical resistance
of this layer, and this leads to the observed noise in the i~V
curve.”* Note also that injection of this salt causes the
concentration term ¢(d—) to depart from zero, correspond-
ing to i,> thus allowing for the onset of over-limiting
currents.

If the latter interpretation of the low-frequency noise is
correct, it seems possible in principle to estimate the con-
centration ¢(d—) at currents near the limiting value. In-
deed, we can write eqn. (7), a simplified balance equation
for the DBL, where A is the effective membrane area,

Ad
c(d-)

noise

~ AilF ' @)

6 the DBL thickness and T, the characteristic time re-
quired for turbulent currents to renew the depleted salt
concentration in the layer. According to experimental data,
d=10"2cm, i=1mA cm?and 1,,,. =~ 10~"'s, which leads
to ¢(d—) =~ 107* M. This value is in agreement with the
experimental findings of Refs. 12, 28 and 29.

It is well known that far from equilibrium, bifurcations
and multiple steady states can appear, especially in bio-
physical systems.” Negative fluctuations can destroy a giv-
en steady state and lead to a new one. Rubinstein* has
recently initiated the study of i~V curves for the case of
multiple steady states in one-dimensional electrodiffusion

* A concentration gradient within the diffusion boundary layer
establishes a gradient in the electrical resistance through this
layer. Thus, non-uniform heating effects may appear under pas-
sage of an electric current.
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with local electroneutrality. This may provide a new proce-
dure for examining the problem of over-limiting currents.
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