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The e�ect of pulsating ¯ow on the mass transfer in an annular electrodialysis cell has been studied in
terms of the limiting current. The results indicate that the limiting current is in¯uenced by the ¯uid
velocity, the pulsation amplitude and the pulsation frequency, giving an increase of 400% with
respect to the steady state. For a given amplitude, the dimensionless velocity, a0 (a0 � ax/v), can be
taken as a representative parameter of the pulsation e�ect on the mass transfer. The fractional
increase in the Sherwood number in pulsating ¯ow with respect to the steady state has been corre-
lated in terms of the dimensionless velocity, a0, and the Stokes number, a1 (a1 � Deq (x/m)1/2), giving
the correlation:

Shp ÿ Sh0

Sh0
� 0:192�a0a1�0:377

1. Introduction

Electrodialysis is one of the techniques that can be
used for the treatment of acid e�uents from industry.
Using this process, concentrated acid can be obtained
with anion exchange membranes showing a low per-
meability for protons. Electrodialysis has the ad-
vantage over other techniques that it can operate as a
continuous process, and does not need any re-
generation steps, which generally yield about the same
volume of liquid wastes as the solution treated [1, 2].

The recovery of acids by electrodialysis can be
performed with sulfuric acid [3±9], hydrochloric acid
[10±12], phosphoric acid [13] and chromic acid [14±
16]. With chromic acid, some studies have been car-

ried out to improve the electrodialysis e�ciency. For
this purpose, Catonne and Royon [14] studied the
application of electro-electrodialysis to the recovery
of chromic acid from rinsing baths in the electro-
plating industry. They took CrO3, with a concentra-
tion of 100 g dm)3, ready to use in the electroplating
bath, from a solution of 20 g dm)3 in CrO3 in the
rinsing bath. Cohen and Duclert [16], used ARA
anionic membranes produced by Morganeä for the
same purpose, obtaining a concentration of
323 g dm)3 CrO3 from an initial concentration of
8 g dm)3 CrO3.

Although ion exchange membrane electrodialysis
systems are better operated at high current densities,
the operational current density must be kept below

List of symbols

a pulsation amplitude (m)
C0 bulk concentration (mol m±3)
D di�usion coe�cient or di�usivity of chromate

ions (m2 s±1)
Deq equivalent diameter of electrodialysis cell (m)
F Faraday constant (96 500 C mol±1)
I current (A)
�I time averaged current (A)
I0 limiting current in steady ¯ow (A)
Ip limiting current in pulsating ¯ow (A)
Ilim limiting current (A)
kp mass transfer coe�cient in pulsating

¯ow (m s±1)
k0 mass transfer coe�cient in steady ¯ow (m s±1)
R1 radius of the inner cylinder (m)
R2 radius of the outer cylinder (m)
S membrane surface exchange area (m2)

Sh Sherwood number (Ilim Deq / S z F D C0)
Sh0 Sherwood number in steady ¯ow
Shp Sherwood number in pulsating ¯ow
U cell voltage (V)
v ¯uid velocity (m s±1)
z Electrochemical valence

Greek letters
a0 dimensionless velocity (a x / v)
a1 Stokes number Deq (x / m)1/2

D/ instantaneous voltage drop across the
membrane (V)

D �/ time averaged voltage drop across the
membrane (V)

k0 equivalent conductance at in®nite
dilution (cm2 s equiv±1)

m kinematic viscosity (m2 s±1)
q density (kg m±3)
x pulsation frequency (s±1)
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the limiting current density to avoid water electro-
lysis, pH changes in the solution, electrical noise and
increase in the electrical resistance of the cell. These
phenomena occur in the diluting compartment, since
it is in this compartment that mass transfer is taking
place. The limiting current densities increase as the
solution concentration, ¯ow rate, temperature, ion
mobility and di�usivity increase.

The e�ect of hydrodynamics, including laminar
and turbulent ¯ows, on ionic mass transfer by elec-
trodialysis has been studied by many researchers,
where the Sherwood number is correlated with the
Reynolds number, the Schmidt number and the di-
mensionless hydraulic equivalent diameter. In this
way, in laminar ¯ow, the Sherwood number varies
with the Reynolds number following a one third
power law, but in turbulent ¯ow the exponent is 0.8
[17±20].

One method of increasing mass transfer rates is to
superpose an oscillating ¯ow to the steady ¯ow. Gi-
bert and Angelino [21, 22] and GuinÄoÂn et al. [23]
studied the e�ect of pulsating ¯ow on mass transfer
between a sphere and a liquid. Krasuk and Smith
studied mass transfer in a pulsed column [24].
Mackley and Ni [25] and Harrison and Mackley [26]
studied the e�ect of pulsating ¯ow on mass transfer in
a pulsating ¯ow bioreactor. Finally, mass transfer in
a particle bed with oscillating ¯ow was studied by
Krasuk and Smith [27], Ratel et al. [28] and Coeuret
and Paulin [29]. From this work it can be concluded
that, in general, the pulsating ¯ow enhances mass
transfer.

This paper deals with the e�ect of pulsating ¯ow
on mass transfer in an annular pulsating electro-
dialysis cell, applied to the recovery of chromic acid
from the rinsing baths of eletroplating industries.
Mass transfer was studied in terms of the limiting
current which was determined by following the
Cowan and Brown method [30]. The e�ect of pulsa-
tion on the limiting current was investigated by
varying the frequency and amplitude of pulsations at
di�erent velocities. Finally, the relative variation of
mass transfer across the anionic membrane was cor-
related in terms of the dimensionless groups a0 and
a1, where a0 is the dimensionless velocity, and a1 is
the Stokes number:

a0 � ax=v �1�
a1 � Deq

��������
x=v

p
�2�

These dimensionless groups are representative of
the hydrodynamics in pulsating ¯ow and are obtained
from the theoretical solution of the momentum bal-
ance in pulsating ¯ow for di�erent geometries such as
circular pipes [31], annuli [32] and packed beds [33].
These dimensionless groups have been used in the
study of mass transfer in pulsating ¯ow in an empty
column [24] and in packed beds [27, 28].

The dimensionless velocity, a0, represents the ratio
of the amplitude of the velocity in pulsating ¯ow to
the time-average velocity [24]. On the other hand, the

Stokes number, a1, is a measure of the intensity of the
¯ow oscillations [33].

2. Experimental details

The chemical system chosen for this work was a so-
lution of chromate ions from a bath whose con-
centration, C0, was 9.62 ´ 10)3

MM CrO3 and 0.05 MM

H2SO4. These concentrations are equivalent to those
of the rinsing baths in the electroplating industry. The
solution was prepared by dissolving ACS certi®ed
reagent grade chemicals in distilled water. The phy-
sical properties of the electrolyte at 25 °C were as
follows: density, q � 1000.8 kg m)3 and kinematic
viscosity, determined using a Cannon Fenske visco-
simeter, m � 1.13 ´ 10)6 m2 s)1. The di�usivity of
chromate ions, calculated from the equivalent con-
ductance at in®nite dilution, k0, by means of the
Nernst equation [34], was D � 11.34 ´ 10)10 m2 s)1.
The solution used was the same in the two sections of
the annular electrodialysis cell, in order to minimize
di�usion problems through the membrane owing to
concentration gradients on the two sides of the
membrane.

The experimental arrangement used in this work is
shown in Fig. 1. The electrodialysis cell consists of a
Plexiglas outer tube, 30 cm long with a 4 cm inner
radius R2, and a cylindrical PVC framework, 25 cm
long, with a 2 cm outer radius R1, to support the
anionic membrane. This assembly, framework±
membrane, separates the cell into two concentric cy-
linders. The outer cylinder, which acts as the cathodic
dilution compartment, is where concentration polar-
ization phenomena can occur. The inner cylinder acts
as the anodic compartment, or concentration com-
partment. The membrane used in this work was the
ARA 17±10 membrane produced by Morganeä. This
membrane is specially designed for the recovery of
acids by electrodialysis. The membrane area was
250 cm2.

Before utilization, the membranes were soaked in a
0.05 MM H2SO4 solution, and before the experiments,
the membranes were preconditioned for 24 h with the
same solution of CrO3 used in the experiments. The
membrane exchange capacity was 0.60 mequiv g)1 of
dry membrane [1].

The cathode was a 7 cm diameter and 20 cm high
AISI 316 stainless steel cylindrical grid. The anode
was a 20 cm high lead-antimony (10% Sb) bar.

Below the cell, a 15 cm high calming section ®lled
with 3 mm diameter glass spheres was provided. The
calming section was separated from the cell by a grid
to prevent any ¯uidization phenomena in the bed.

Pulsation was produced by means of deformable
PTFE membrane inside a tube with the same dia-
meter as the cell, which acted as a piston. The motor
rotation motion was transformed into translation
motion by a crankshaft system. To convert the cyclic
output of the transmission into a back-and-forth
movement of the piston, a coupling mechanism was
used. The pulsation amplitude was modi®ed by
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changing the length of the connecting rod. The pul-
sation frequency was modi®ed by changing the motor
rotation speed.

The major independent variables investigated were
¯uid velocity, v, pulsation frequency, x, and pulsa-
tion amplitude, a, which were varied in the following
ranges:

1:33� 10ÿ3m sÿ1 � v � 6:63� 10ÿ3m sÿ1

0 sÿ1 � x � 2p sÿ1

2� 10ÿ3m � a � 8� 10ÿ3m

The limiting current was determined using the Cowan
and Brown method [30]. This method consists of
plotting resistance, D//I, against the inverse of cur-
rent, 1/I, where D/ is the voltage drop across the
membrane and I is the current. The limiting current,
Ilim, corresponds to a minimum in this plot. The
variations of the limiting current are obtained with an
accuracy of about 8% due to the di�culty of de-

termining it. Data were occasionally erratic probably
because of changes on the membrane surface
throughout the experiments when the limiting current
is exceeded. To determine the values of the current
and the voltage drop across the membrane a constant
cell voltage, U, was applied using a regulated d.c.
power supply. Once the cell voltage was ®xed, and the
current established, the current and voltage drop
across the membrane were measured. The cell voltage
was then increased and the process repeated until the
number of measured points of I and D/ were su�-
cient to determine the limiting current.

The experimental arrangement used to measure
the voltage drop through the membrane and the
current is shown in Fig. 2. The voltage drop was
measured using two graphite probes near the two
membrane/solution interfaces. A data acquisition
system with a typical conversion time of 25 ls was
used to measure the variation of voltage drop
through the membrane and current with time. The

Fig. 1. Flow diagram of the experimental ar-
rangement. Key: (1) cathode, (2) anode, (3)
membrane, (4) power supply, (5) and (6) rota-
meters, (7) and (8) pumps, (9) storage tank, (10)
pulsation system and (11) calming section.

Fig. 2. Flow diagram of the experimental arrangement used
to determine the limiting current. Key: (1) potential regis-
ter, (2) current register, (3) resistance (0.1 W), (4) power
supply, (5) anode, (6) cathode, (7) membrane and (8) gra-
phite probes.
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cell voltage was ®xed using a Gossen Konstanter SSP
stabilized d.c. power supply.

3. Results

3.1. E�ect of pulsating ¯ow on the instantaneous
value of the current

The change in the instantaneous value of the shear
stress on the membrane surface due to pulsations,
corresponds to a change in the boundary layer
thickness, and as a consequence of this, the in-
stantaneous current I, changes with time, when op-
erating at constant cell voltage, U.

Figures 3 and 4 show the variation of the in-
stantaneous value of the current, I, with time for two

di�erent pulsation frequencies. From these ®gures, it
can be concluded that in the case of nonreversing
¯ow (Fig. 3.), the current, I, varies sinusoidally, with
the same frequency as the ¯uid pulsations, but, in
the case of reversing ¯ow (Fig. 4), the current
reaches two maxima and two minima in one pulsa-
tion cycle. Similar conclusions have been obtained
by GuinÄoÂn et al. in [21] and Ratel et al. [26],
studying the electrochemical reduction of copper in
pulsating ¯ow, at a sphere and in a packed bed
electrode, respectively.

3.2. E�ect of pulsating ¯ow on the limiting current

In the case of pulsating ¯ow, under certain hydro-
dynamic conditions, once the cell voltage is ®xed, the

Fig. 3. Experimental variation of the instantaneous
value of the current with time. Case of nonreversing
¯ow. a� 0.008 m, x� 0.123 s)1, v�98� 10ÿ3 m s)1.

Fig. 4. Experimental variation of the instantaneous
value of the current with time. Case of reversing
¯ow, a� 0.008 m, x� 0.79 s)1, v�1.33 ´ 10)3 m s)1.
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current changes with time, as discussed before (Figs 3
and 4), but after a few minutes a quasisteady state is
reached. Then, the instantaneous value of current,
varies with time, but its time averaged value remains
constant. These time averaged values of current, �I ,
and voltage drop, D �/, for several pulsation cycles
have been considered for the determination of the
limiting current in pulsating ¯ow, following the
Cowan and Brown method [30].

Figures 5 and 6 show the e�ect of pulsating ¯ow
on the D �//�I against 1/�I curves at di�erent ¯uid velo-
cities. It can be concluded that the limiting current
increases with pulsation frequency as the minimum
value of these plots, corresponding to the limiting
current, shifts to lower values of 1/�I with increase in
frequency. A further conclusion is that the resistance

at the membrane±¯uid interface decreases in pulsat-
ing ¯ow, as the ratio D �//�I decreases for a given value
of current.

To illustrate the e�ect of pulsating ¯ow on the
limiting current with respect to the steady state, the
variation of the ratio Ip/I0 with the pulsation para-
meters, frequency, x, and amplitude, a, and ¯uid
velocity, v, was studied, Ip being the limiting current
in pulsating ¯ow and I0, the limiting current in steady
state. Figures 7 and 8 show the variation of the ratio
Ip/I0 with respect to frequency for di�erent values of
the steady velocity and amplitude, respectively. For a
given amplitude, Fig. 7, the ratio Ip/I0 decreases with
velocity. This can be explained by the fact that the
current I0 increases with the velocity and, conse-
quently, the in¯uence of pulsation on the ¯ow

Fig. 5. E�ect of pulsating ¯ow on the curves D �//
�I against 1 / �I, for di�erent values of the pul-
sation frequency. a � 8 ´ 10)3 m, v � 6.63 ´
10)3 m s)1. Key: ( + ) x � 1.66 s)1, (à) x �
3.04 s)1, (h) x � 4.54 s)1 and (D) x � 6.30 s)1.

Fig. 6. E�ect of pulsating ¯ow on the curves D �/ /
�I against 1 / �I, against 1/ �I, for di�erent values of
the pulsation frequency. a � 8 ´ 10)3 m, v �
3.98 ´ 10)3 m s)1. Key: ( + ) x � 1.65 s)1, (à) x �
3.06 s)1, (h) x � 4.61 s)1 and (D) x � 6.45 s)1.
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structure decreases with an increase in velocity. On
the other hand, for a given value of velocity, Fig. 8,
Ip/I0 increases with amplitude. This behaviour can be
explained from the relative variation of the shear
stress in an annular duct in pulsating ¯ow, with re-
spect to the steady state, since it decreases with ve-
locity, and increases with frequency and amplitude,
as can be concluded from the theoretical work of
Perez-Herranz [32]. From these ®gures it can be
concluded that pulsating ¯ow can be used to obtain
improved operational conditions in electrodialysis
systems, as the limiting current increases with respect
to the steady state.

In pulsating ¯ow, reverse ¯ow can take place for
part of a cycle, when the dimensionless velocity
(Equation 1), a0 > 1. If a0 < 1, pulsation is not large
enough to cause reverse ¯ow. In this case, pulsations

have a negative e�ect on mass and heat transfer [23,
28, 35].

Figures 9 and 10 show the variation of Ip/I0 with
the dimensionless velocity, a0, in the case of reversing
¯ow (a0 > 1), for di�erent values of the steady velocity
and amplitude, respectively. Figure 9 shows that for a
given value of amplitude, the dimensionless velocity,
a0, can be taken as a representative parameter of the
pulsation e�ect on the limiting current, as the varia-
tion of Ip/I0, is independent of the ¯uid velocity. On
the other hand, as can be seen in Fig. 10, for a given
velocity, the ratio Ip/I0 decreases with amplitude. This
behaviour is di�erent from that found by GuinÄoÂn
et al. [23] for mass transfer between a sphere and a
liquid in pulsating ¯ow. These authors found that for
a given value of a0, the mass transfer between a
sphere and a liquid in pulsating ¯ow decreases when

Fig. 7. Variation of the ratio Ip/I0 with frequency
for di�erent values of the ¯uid velocity.
a � 0.002 m. Key: (h) v � 1.33 ´ 10)3 m s)1, (à);
v � 3.98 ´ 10)3 m s)1 and (D) v � 6.63 ´ 10)3 m s)1.

Fig. 8. Variation of the ratio Ip/I0 with frequency
for di�erent values of the pulsation amplitude.
v � 1.33 ´ 10)3 m s)1. Key: (à) a � 0.008 m and
( + ) a � 0.002 m.
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the steady velocity increases, and remains constant
with the pulsation amplitude.

However, the results shown in Figs 9 and 10 can be
explained from the theoretical variation of the wall
shear stress in an annular pulsating ¯ow studied by
PeÂrez-Herranz [32]. This author has found that for a
given value of a0, it is better to increase frequency
than to increase amplitude in order to get a higher
increase in the relative variation of the shear stress on
the inner wall of the annulus and so the e�ect of

frequency on the limiting current must be higher than
the e�ect of amplitude.

3.3. Relative variation of mass transfer
in pulsating ¯ow

It is usual to correlate the relative variation in mass
transfer in terms of the dimensionless groups char-
acterizing the pulsating ¯ow. These dimensionless
groups are the dimensionless velocity, a0, and the
Stokes number, a1, de®ned by Equations 1 and 2,
respectively. Krasuk and Smith [24] found theoreti-
cally that the e�ect of pulsating ¯ow on mass transfer
in a pulsed column can be correlated using an ex-
pression of the form:

Shp ÿ Sh0

Sh0
� A�a0a1�B �3�

where A and B are constants.
This expression was used by Krasuk and Smith [27]

and by Ratel et al. [28] in the experimental study of
mass transfer in packed beds in pulsating ¯ow, where
Shp is the time-averaged Sherwood number in pul-
sating ¯ow and Sh0 is the Sherwood number in steady
state. These Sherwood numbers are calculated from
the value of the limiting current using the expression:

Sh � IlimDeq

SzFDC0
�4�

where the symbols are as de®ned at the outset of this
paper.

Assuming that the e�ect of pulsating ¯ow on the
mass transfer for an annulus can be represented using
Expression 3, we obtained the following correlation
from the least squares ®t of the experimental data:

Fig. 9. Variation of Ip/I0 against the dimensionless velocity, a0, for
di�erent values of the ¯uid velocity. a � 8 ´ 10)3 m. Key: ( + )
v � 1.33 ´ 10)3 m s)1, (à) v � 3.98 ´ 10)3 m s±1 and (h) v = 6.63 ´
10)3 m s)1.

Fig. 10. Variation of Ip/I0 against the dimensionless velocity, a0, for di�erent values of amplitude. v � 1.33 ´ 10)3 m s±1. Key: ( + ) a � 0.002
m and (à) a � 0.008 m.
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Shp ÿ Sh0

Sh0
� 0:192�a0a1�0:377 �5�

Figure 11 shows the relative variation of the experi-
mental Sherwood number calculated from Equation
4 with the product of the pulsation parameters, a0

and a1, and the least squares ®t of the data in pul-
sating ¯ow given by Equation 5. This equation is si-
milar to that found by Krasuk and Smith [27] for
mass transfer in a packed bed in pulsating ¯ow:

kp ÿ k0

k0
� 0:24�a0a1�0:42 �6�

where kp is the time-averaged mass transfer coe�-
cient in pulsating ¯ow and k0 is the mass transfer
coe�cient in steady ¯ow. In Fig. 11 Equations 5 and
6 are compared, showing a good agreement. The
di�erence in the constants of the second terms in
Equations 5 and 6 are due to the additional con-
tribution of the packing to the hydrodynamics in the
work of Krasuk and Smith [27].
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