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ABSTRACT

Electrodialysis uses ion-exchange membranes to reduce the ionic content of electrolyte solu-
tions by means of an electric field. The flow of ions removed through this process is limited
by the effect of concentration polarization on the interfaces between the membranes and
adjacent solutions. This work provides a methodology applicable to a single electrodialytic
cell consisting of an anion membrane, a spacer of demineralizate, a cation membrane and a
spacer of concentrate, the whole system located between two metal plates containing two
electrodes (anode and cathode). All the items are commercially available and belong to a
pilot electrodialysis reversal (EDR) plant Aquamite I of Ionics. The experimental procedure is
based on the establishment of successive potential electric differences between the elec-
trodes in order to determine current intensities at different work pressures. Thus, the cur-
rent–voltage curves are drawn from where it follows the intensities of limiting current
intensity (Ilim) for each feed pressures applied to the cell and for a range of salinity pre-
pared with sodium chloride solution. The results allow the potential relationship between
the limiting current densities (ilim) and the product flow (Qp) to be established and extrapo-
lated to a complete pilot plant EDR.

Keywords: Ion-exchange membranes; Electrodialysis reversal; Optimization; Desalination;
Polarization; Hydrodynamic regime

1. Introduction

Ion-exchange membranes are used in electrodialy-
sis (ED) to desalinate aqueous electrolytic solutions
through a process of ion-selective migration, when a
potential difference between two electrodes at either
side of the membrane system is applied. The direction
and velocity of ion transport depends on the charge

and mobility of each ion, the conductivity of the ionic
solution, the relative concentrations of the ions, the
potential difference applied, etc. (Fig. 1(a)) [1,2]. The
performance of the process is limited by the effects of
concentration–polarization at the membrane-solutions
interfaces, in where the current initially grows linearly
with the electric voltage applied, before moderating its
growth to reach a “plateau” characterized by the limit-
ing current intensity (Ilim) (Fig. 1(b)) [3].
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The correct current–voltage characterization of an
electrodialysis reversal (EDR) plant is important and of
great interest for determining the limiting current
intensities for the complete membrane system (mem-
brane + diffusion boundary layer), as easily and accu-
rately as possible. Previously, [4,5] we studied certain
aspects related to EDR pilot plants, with determining
the most favourable experimental conditions for desali-
nation by using scanning voltage at different pressures.
The aim of this work is to ascertain the limiting current
densities (ilim) for an ED cell of an EDR pilot plant, at
different feed pressures (and therefore feed flow, Qa)
by drawing tangents in the “plateau” zone and the first
ascending section of the I–V curves. The results pro-
vide a characterization of the hydrodynamic regime of
the system, in the flow and salinity ranges considered.

2. Theory

2.1. Limiting current density

This phenomenon has been studied widely [6–10]
and is responsible for decreasing the concentration of
electrolyte on the side of the membrane in contact
with the diluate compartment, while increasing the
concentration on the other side in contact with the
concentrate compartment. The phenomenon is due to
the existence of a difference between the ionic mobil-
ity of the counterions at the membrane and solutions
in contact with it.

According to the classical theory of concentration–
polarization for ion-exchange membranes [11], the cur-
rent–voltage shows three sections in the steady-state
response [6]. For the first section, at low current inten-
sities, there is a linear dependence between the current
and the applied voltage [12]; in the second section, the
current varies very slowly with the applied voltage
reaching the “plateau” zone, which corresponds to the
so-called limiting current; in the third section, the cur-
rent intensity increases with the applied voltage again.

Basically, the system under consideration consists
of an exchange membrane separating two electrolyte
solutions (1:1) whose concentrations in the bulk solu-
tions are C0 and C0´, respectively, under the same pres-
sure and temperature conditions (Fig. 2). When an
electrical potential difference is applied, the electric
current through the membrane system increases the
motion of coions and counterions in the boundary dif-
fusion layers at both sides of the membrane, while
inside the membrane the current is mainly transported
by the counterions. The current lowers the concentra-
tion inside the electrolyte diffusion layers in contact
with the dilute compartment (C1), while increasing the
concentration in the diffusion layers in contact with
the concentrate compartment (C2). Both concentrations
C1 and C2 are related with concentrations at the mem-
brane interfaces (Fig. 2) in the case of current densities,
such as i < ilim, the concentrations C1 and C2 at the
membrane solution interfaces are given as a function
of bulk concentrations C0 and C0´ by [5]:
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Fig. 1. (a) Principle of ED. Scheme of an electrodyalizer with two cell pairs: the migration of ions is caused by the action
of an electric field; (b) Outline of a current–voltage curve corresponding to an ED cell operated at constant solution flow
velocities.
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C1 ¼ C0 1� i

ilim

� �
; C2 ¼ C0

0 1þ i

ilim

� �
(1)

In this way, the I–V curves show a less pro-
nounced slope. When this effect continues indefinitely,
a “plateau” is reached because the depletion layer
resistance tends to infinity, while the interfacial con-
centacion falls to zero.

In this situation, a concentration gradient through
the boundary layers of both sides of the membrane is
established. In these polarization layers, the electric
potential gradient leads anions and cations in opposite
directions, while the concentration gradient leads both
ion types in the same direction (diffusion). The limit-
ing current corresponds to the minimum electrolyte
concentration in one side of the membrane/solution
interface. When the current exceedes the limiting cur-
rent, the effect of concentration polarization increases
due to the combination of a number of effects, such as
the dissociation of water, the exaltation of ionic fluxes
[13–15] and gravitational convection (for a certain
range of salt concentrations). The gravitational effect
of convection and exaltation contribute to the
increased mass transfer. The exaltation of the ionic

fluxes is due to the electric field created by the H+

and OH� ions produced in the dissociation of water.
This phenomenon causes a change in the pH in the
channels of the concentrate and diluate solutions, the
pH increasing at the surface of the anion exchange
membrane and decreasing at the surface of the cation
exchange membrane, which may lead to the precipita-
tion of carbonates and calcium and magnesium sul-
phates. This is why it is important to determine the
limiting current intensity.

Depending on the design of an ED cell, and its
practical operating conditions providing product con-
centration in relation with flow and concentration
feed, it is necessary to minimize the polarization
effects, either by reducing the current density or by
diminishing the thickness of the boundary diffusion
layer. This thickness is determined by the
hydrodynamic conditions of fluid circulation, which
depends on spacers and the speed of circulation in the
hydraulic channels.

Theoretically, it is possible to obtain the limiting
current density for the condition of zero concentration
at the interface between the membrane surface and
boundary diffusion layer whose ionic concentration
has decreased, obtaining the following expression
[11,12,16,17]:

Fig. 2. Counterion concentration profile in the polarization layers in an ion-exchange membrane. d and δ are the thickness
of the membrane and layers, respectively. The arrows show the transport rate of different ions.
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ilim ¼ DsFC0

Dtjd
(2)

where δ denotes the boundary layers thickness and
Dtj ¼ �tj � tj the difference between the counterion
transport number in the membrane and free solution,
with tj ¼ JjF

�
i and �tj ¼ �JjF

.
i (univalent ions), i being

the current density and Jj (�Jj) the flux associated to
ions in the bulk solution and membrane, respectively.
Ds is the electrolyte diffusion coefficient.

Generally, the thickness of the diffusion boundary
layer of an ED cell is difficult to measure experimen-
tally, although it is related with the diffusion coeffi-
cient of the electrolyte through the mass transfer
coefficient k, defined as [18]:

k ¼ Ds

d
(3)

which is a function of the hydrodynamic conditions of
the ED cell, i.e. the fluid velocities in the channels of
the solution, the design geometry of the cell and
spacer and the diffusion coefficient of the salt. So
Eq. (2) gives:

ilim ¼ FC0

Dtj
k (4)

The limiting current density of an ED cell relates to
the average linear velocity of the solution flow in the
desalination channels parallel to the membrane sur-
face through equation [19–24]:

ilim ¼ aCvb (5)

where C is the electrolyte concentrations in the inlets
of the desalination channels and α and β are constants
to be determined experimentally. The parameter α
only depends on the desalination channel geometry
and membrane nature, while β depends on the hydro-
dynamic regime: β = 0.33 is the laminar regime; β =
0.4–0.5 is the transition regime and β = 0.7–1.0 corre-
sponds the turbulent regime [25,26].

2.2. Hydrodynamic

The hydrodynamic design of an ED system has
special relevance for calculating the cost of the prod-
uct because it is necessary to control the operating
current density and power consumption used to mix
and circulate the solution through the system. Both

aspects are related to mass transfer and the friction
characteristics of the ED system.

Any ED hydrodynamic design of a system employ-
ing turbulence promoters requires knowledge of its
geometry and of the velocity of the fluid circulating
through the channels.

For a given design, mass transfer can be related to
the Sherwood number (Sh) [27–31], expressed as a
function of the limiting current density and friction
factor (λ) [27,28], which is related to the pressure drop
(ΔP) in the channel through which fluid flows.
Regardless of size, the hydrodynamic performance of
a system is completely defined when these two
dimensionless parameters are related to the Reynolds
number (Re) [27,31].

For the ED system, we consider a model of a
hydraulic channel of length L (Fig. 3(a)), a cross flow
of ionic solution with a velocity v and a mean current
density i over the membrane area A, as a consequence
of an applied potential difference, V, across thickness
h (distance between membranes, i.e. channel width of
the product). The fluid stream is due to a pressure dif-
ference, ΔP, along the length L. For a suitable working
hydrodynamic system, the operating current density
(iop) should not exceed the limiting current density
and the pressure difference should not be excessive.

The limiting current density can be expressed as a
function of the Sherwood number according to
expression [27]:

Sh ¼ ilimh =DsFC (6)

where F is the Faraday constant, Ds is the diffusion
coefficient of the salt (which for simplicity, will be
assumed valid for both anions and cations) and C is
the average value of the ionic concentration at the
inlet and outlet of the product channel. For a system
with a given geometry, the Sherwood number
depends only on the number Re and the Schmidt
number (Sc), whose expressions are [27–31]:

Re ¼ vqh = l and Sc ¼ l = qDs (7)

ρ and μ being the fluid density and viscosity coeffi-
cient, respectively.

When the channels have turbulence promoters, the
Sherwood number will depend on the geometric
arrangement of the same (parameter ΔL/h, where ΔL
is the distance between the two strips of mesh spacers
of thickness h). When ΔL≪ h and the solution concen-
tration does not vary much along the hydrodynamic
channel, the mass transfer is fully controlled by turbu-
lence promoters. In this case, a relation between the
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Sherwood number and Reynolds number is obtained,
describing mass transport by convective–diffusion
(neglecting free convection), given by [32,33]:

Sh ¼ BðScÞcReb (8)

where B, γ and β are empirical constants. B is a con-
stant, whose value depends on the diffusion coeffi-
cient, viscosity and density near the membrane [32].
For a relatively thin channel, the value of exponent γ
is typically taken to be 1/3, based on hydrodynamic
theory, and so Eq. (8) reduces to:

Sh ¼ BðScÞ1=3Reb (9)

In this manner, a plot of the Sherwood number vs. the
Reynolds number will provide the parameters B and β.

The pressure difference (ΔP) can be expressed as a
function of the dimensionless parameter λ named fric-
tion factor and given by Darcy, whose expression is
[28,34]:

k ¼ DP
L
h � 12 qv2

(10)

If the flow is totally viscous and the channels are free
(with no turbulence promoters), the pressure differ-
ence is given by [35]:

DP ¼ 32vLl
h2

(11)

Substituting the last equation in Eq. (10) gives:

k ¼ 64 =Re (12)

When the turbulence promoters in the channels have
a given particular geometry, we can define a modified
friction factor, f, as a function of friction factor λ, and
the Reynolds number takes the form:

f ¼ ðkÞ1=3 Re ¼ ð64Þ1=3 Re2=3 (13)

In this way, both magnitudes the Sherwood number
and the friction factor (dependent on the Reynolds
number), can be related through a functional depen-
dence of Sh = m fn type, where m and n are dimen-
sionless parameters related to the characteristics of
the optimal operation of the hydrodynamic system
[27,28].

Let us consider an ED cell (Fig. 3(b)) and assume
that the two channels, diluate and concentrate, have
the same width h and length L, the same solution
velocity v, and feed solution concentration Ca and
product solution concentration Cp, respectively, corre-
sponding to the inlet and outlet of the diluted channel.
For each Faraday of current passing perpendicularly
through the channel, an equivalent of salt from the
solution of the channel is transported from the dilute
to concentrate, and if we assume there is no concen-
tration polarization, the average current density can
be expressed by [27]:

i ¼ rDV
h

(14)

where σ is the mean conductivity of the solution
between the electrodes and ΔV is the potential

Fig. 3. (a) Flow channel in ED half cell. i is the current density; (b) Flow channel in complete ED cell.
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difference established between them. Also, if the
conductivity is given in all cases by [27]:

r ¼ 2ZF2DsC

RT
(15)

with C = [(Ca + Cp)/2] and T being the absolute tem-
perature and R the universal perfect gas constant.
Substituting Eq. (14) into Eq. (15) we can obtain the
correlation between the current density and the
mean concentration of the solution in the diluted
channel.

Table 1
Specifications of the ED cell

Type Filter press Ionics® Aquamite I

ED Cell Number 1
Ion-exchange membranes 1 cell pair
Size of membranes 23.0 × 25.5 cm2

Spacer MK I Thickness (h): 1 mm
Flow path length: 348 cm

Effective area per membrane 230 cm2

Operating conditions Flow rate of water in cell 13–50 l/h
Current density (A/m2) 2.04–3.30
Pressure range 0.15–0.45 atm
Voltage range 0.5–5.0 V

Standard feed water Salt Sodium chloride
Concentration Low salinity: 1,060 mg/l
Temperature Inlet: 20˚C

Outlet: 20–25˚C

Fig. 4. Application SCADA for our ED cell.
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3. Experimental

In this paper, we have obtained the limiting cur-
rent density in a electrodialytic cell (anion membrane

AR204SZRA and cation membrane CR64LMR, both
0.5 mm thick) belonging to a reversible stack (EDR)
Aquamite I of Ionics, with MKI tortuous path spacers
(1 mm thick) where the solution flows along a narrow
channel with nine 180˚ turns between the inlet and
outlet of the compartment [36]. The spacers determine

Table 2
Results characterizing our ED cell (see list of symbols) at different pressures considered with effective membrane area of
(230 ± 2) cm2 with Cp = 1,060 ppm. The errors of different magnitudes ε are indicated

(P ± 0.01) (atm) 0.15 0.20 0.25 0.30 0.35 0.40 0.45
(Qp± 0.1) × 106 (m3/s) 3.6 5.5 7.2 8.9 10.5 12.2 13.9
v (m/s) 0.55 0.84 1.09 1.30 1.60 1.80 2.10
ε [v] (m/s) 0.07 0.11 0.13 0.20 0.21 0.22 0.24
(t ± 0.01) (s) 6.37 4.14 3.18 2.59 2.18 1.88 1.66
(V ± 0.01) (V) 1.90 2.16 2.37 2.57 2.80 3.00 3.16
ilim (A/m2) 2.04 2.26 2.48 2.69 2.91 3.13 3.30
ε [ilim] (A/m2) 0.06 0.06 0.06 0.07 0.07 0.07 0.07
Sh 240 290 320 350 380 400 420
ε [Sh] 30 30 40 40 50 50 50
Re 546 840 1,090 1,340 1,600 1850 2,100
ε [Re] 13 20 20 30 30 40 50
λ 0.12 0.08 0.06 0.05 0.04 0.03 0.03
ε [λ] 0.03 0.02 0.01 0.01 0.01 0.01 0.01
f 270 360 420 490 550 600 660
ε [f] 8 11 11 14 14 17 21
((ilim/Cp) ± 1) ((A m)/eq) 35 42 47 51 55 58 60
ln v −0.60 −0.17 0.09 0.26 0.47 0.59 0.74
ε [ln v] 0.08 0.02 0.01 0.04 0.06 0.07 0.08
ln ((ilim/Cp) ± 0.01) 3.56 3.74 3.85 3.93 4.00 4.05 4.10
k × 104 (m/s) 3.6 4.4 5.0 5.2 5.7 6.00 6.30
ε [k] (m/s) 0.8 1.0 1.1 1.2 1.3 1.3 1.4
η 0.43 0.55 0.64 0.73 0.81 0.89 0.96
%S 99.68 99.70 99.71 99.71 99.71 99.70 99.69
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I (
m

A
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Fig. 5. Current intensity vs. applied voltage at 0.3 atm. The
straight tangent lines corresponding to the two central sec-
tions, whose intersection gives the limiting current, are
drawn. The standard solution employed in our study was
a sodium chloride aqueous solution with a conductivity of
1,635 μS/cm (1,060 ppm).
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Fig. 6. Limiting current density as a function of product
flow. The curve was determined by fitting a power func-
tion of two parameters with a correlation coefficient of
0.999.
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an effective transfer area in the membrane of 230 cm2

and channel length of 348 cm. The set is placed
between two platinized titanium electrodes, with an
effective area of 550 cm2, and are continually rinsed
with feed water with a flow of 10 l/h. The character-
ization was carried out by applying the same pressure
input channels (P) to the ED cell and, for every value,
electric voltage (V) scans of between 0.5 and 5.0 V in
steps of 0.1 V. The gauge pressure varies between 0.15
and 0.45 atm, and the mean value of the current in the
cell is determined for each voltage and applied pres-
sure (Table 1).

The ED cell was characterized by desalting a
standard aqueous solution, prepared with degassed

deionised water and sodium chloride, with a conductiv-
ity of 1,635 μS/cm (1,060 ppm low concentration brack-
ish water type) and a pH of 6.0. The salt used was of
analytical grade. Typical values of an aqueous
salt solution (Ds = 1.5 × 10−9 m2/s; ρ = 103 kg/m3;
μ = 10−3 kg/m s) were taken for the fluid [27].

The process control and data acquisition is fully
automated using an Omron PLC, model CPM1
20CDR-A, and a National Instruments model NI USB-
6210 data acquisition card. A SCADA application was
designed with the LabVIEW development version 9.0.
The PLC is charged with operating the plant, control-
ling the feed pump, recirculation pump, inlet valves
to the stack, three-way battery output valves, applied

P (atm)
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
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Fig. 7. Limiting current intensity vs. feed pressure with fit-
ting a straight line by least-square analysis.
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Fig. 8. Limiting current intensity vs. mean velocity in the
flow channels (see Table 2). A straight line adjust by least-
square analysis are shown.
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ln v
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Fig. 9. Natural logarithm of (ilim/Cp) vs. natural logarithm
of v in the cell. The straight line corresponds to the suit-
able fitting by least-square analysis.
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Fig. 10. Sherwood number against Reynolds number in the
cell. The curve was determined by fitting a power function
of two parameters with a correlation coefficient of 0.999.
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electrical potential difference and changes in polarity
when working with recirculation cycles. With the data
acquisition card, the analogical data is converted into
a digital signal and sent to the SCADA application.
The data treated were inlet pressure, voltage and cur-
rents of the electrical stage, and the conductivities of
feed water, product water and wastewater. The SCA-
DA application provides a graphical interface (Fig. 4)
to control the PLC, allowing communication with the
card, reading and storage of the data collected.

For each pressure and applied voltage, three mea-
surements were taken and average values are reported.

4. Results and discussion

The current intensity in the ED cell for each
applied voltage and pressure drop was recorded, as

were the values of the feed flow, product flow and
waste flow rates with their respective conductivities.
In this way, the values of the Ilim and ilim for each feed
pressure were obtained (Table 2). As we can see in
Fig. 5, and given that commercial ED systems typically
operate at high Re numbers in contrast to laboratory
systems operating at low Re numbers, the “plateau”
does not appear; instead, a dramatic change in the I–V
curve slope is evident [28].

I–V curves were drawn for each pressure (Fig. 5)
and as product concentrations under the same condi-
tions were obtained. From these curves, limiting cur-
rent densities (ilim) were determined, and according to
their dependence on the flow rate product (Qp), rela-
tions (ilim/Cp) = aQp

β were obtained, with β ≈ (0.40
± 0.01) (s/m3) and a(5,200 ± 400) ((A m)/eq). The
results were similar to that described by Eq. (5)
(Fig. 7). On the other hand (ilim/Cp) = αvβ follows with
β ≈ (0.40 ± 0.01) (s/m) and α(45.15 ± 0.13) ((A m)/eq)
for the considered salinity.

With the velocity values obtained, the Reynolds
number was calculated, and the limiting current den-
sity provided the Sherwood number (Table 2). In this
way, the potential relationship that appears in Eq. (8)
was obtained (Fig. 10).

The limiting current intensity for each applied
pressure was determined from the intersection of tan-
gents corresponding to the portions of the curve at the
point where slope changes. Fig. 8 illustrates the values
of Ilim as a function of the feed pressure. Table 2 also
shows ilim vs. mean velocity in dilute channel, whose
values are represented in Fig. 9. The mean velocity
agreed with the manufacturer’s data [36] (see Table 1).

The electric current density in an electrodialytic cell
is related to the average fluid velocity in the channels (v)
by Eq. (3). Thus, (Fig. 6) ln(ilim/C)− ln(v) shows a linear
behaviour, which can be extrapolated to each one of the
electrical stages of an EDR pilot plant.

Substituting ilim of Eq. (4) in Eq. (6) gives the Sher-
wood number as a function of the mass transfer coeffi-
cient and the current density limit (Fig. 11). In
addition, a functional dependence between the Sher-
wood number and the modified friction factor f was
obtained (Fig. 12).

Table 2 illustrates all the values of the experimental
results obtained in this paper.

5. Conclusions

(1) An ED cell was characterized by obtaining the
current–voltage curves for each of the pres-
sures considered.

(ilim/Cp)
30 35 40 45 50 55 60 65

k
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Fig. 11. Mass transfer coefficient k vs. (ilim/Cp) in the cell.
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Fig. 12. Sherwood number against modified friction factor in
the cell. The curve was determined by fitting a power func-
tion of two parameters with a correlation coefficient of 0.999.
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(2) From these curves, the limiting current inten-
sity was determined, and subsequently, the
current limiting densities, which increased lin-
early with respect to the applied pressure.

(3) The limiting current densities were correlated
with the values of velocity and product flow
rate, allowing potential type relationships to
be established in both cases.

(4) The Sherwood and Reynolds numbers were
correlated over the laminar regime range,
showing a potential dependence with an iden-
tical exponent that corresponds to the limiting
current referred to in point (3). In the same
way, the Sherwood number correlated with
the modified friction factor in the ED cell,
which also shows a potential dependence.

(5) With respect to the experimental device, the
automated system allows data control and
management in real-time, enabling immediate
reconfiguration if necessary.

List of symbols

A — longitudinal section area of the hydraulic
channel (m2)

B — dimensionless constant
C0, C0´ — bulk electrolyte concentrations (eq/m3)
C1, C2 — electrolyte concentrations (eq/m3) on the

membrane (depletion and concentration
layers, respectively)

Ca — feed concentration (eq/m3)
Cp — product concentration (eq/m3)
d — thickness of the membrane (m)
Ds — electrolyte diffusion coefficient (m2/s)
F — Faraday constant, 96,490 (C/eq)
f — modified friction factor
h — width of the hydraulic channel (m)
ilim — limiting current density (A/m2)
Ilim — limiting current intensity in the ED cell (A)
k — coefficient of mass transfer (m/s)
L — flow path length in each spacer (m)
ΔL — separation between successive eddy

promoters (m)
ΔP — pressure drop in the flow direction (N/m2)
P — feed solution pressure (atm)
Qa — feed flow (m3/s)
Qp — product flow (m3/s)
R — universal gas constant, 8.31 (J/K mol)
Re — Reynolds number
Sc — Schmidt number
Sh — Sherwood number
Δtj — difference between the counterion transport

numbers in the membrane and free solutions

ti — counterion transport number in free solutions
�ti — counterion transport number in the

membrane
T — absolute temperature (K)
v — flow velocity (m/s)
V — applied electric voltage (V)
Z — ion charge number
δ — boundary layers thickness (m)
λ — friction factor
μ — solution viscosity (kg/m s)
ρ — solution density (kg/m3)
σ — electrical conductivity (S/m)
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