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Abstract

A three-electrode electrochemical cell has been designed to test the cleaning e�ciency of applying potentials or
currents to 0:2 lm pore size silver membranes fouled with bovine serum albumin and phosphate under low cross-
¯ow velocities. It was found that with the improved electrochemical e�ciency of the three-electrode design
(compared to two-electrode cells) only relatively small current densities (about ÿ40 lA cmÿ2) needed to be applied
in order to charge the membranes su�ciently to cause the reduction of water. The best results for electrochemically
cleaning fouled membranes were obtained when negative currents were applied to membranes in a moderate
strength acid environment. It was found that the interfacial pH changes associated with the reduction of water were
important in cleaning the membranes in addition to the agitation action of bubbles of hydrogen gas.

1. Introduction

Membranes are often used during the processing of
biological (e.g., dairy) ¯uids as a size discriminatory
method of separating or concentrating individual
components in the ®lter stream. However, due to the
complex nature of the ¯uid medium, the membranes
frequently become fouled resulting in a decrease in the
¯ow rate of solution through the membrane (the
permeate ¯ux) and a loss of selectivity. Eventually,
the ¯ux diminishes to such an extent that the process-
ing cycle must be stopped, resulting in a plant
downtime where a cleaning cycle is initiated. Therefore,
there is considerable interest from the processing
industry in ways of preventing fouling from occurring
and improving the cleaning processes to lower the
overall downtime and decrease the quantity of cleaning
chemicals. It is with these points in mind that we have
investigated whether electrochemistry can be used as a
method of cleaning membranes fouled with protein and
inorganic material (bovine serum albumin (BSA) and
potassium orthophosphate) in a cross-¯ow ®ltration
cell. The cross-¯ow ®ltration technique involves the
feed stream being pumped at a relatively high velocity
parallel to a membrane surface (Figure 1). This helps
to reduce the concentration polarization by thinning
the boundary layer thickness and by assisting in
sweeping away the ®lter cake or gel layer ®lm (®lter

cake refers to colloidal particles and gel layer to
macromolecules) [1].
In milk, fouling is thought to be initiated by the

deposition of organic thermally unstable components
such as the denatured whey proteins and caseins and the
deposition of inorganic calcium phosphates [2, 3]. To
clean the fouled surfaces a two stage procedure is
required. The addition of a strong base causes the
protein material to swell which is then removed by the
application of a shearing force. The residual mineral
scale that is left is subsequently removed by an acid
cleaning procedure. Single stage cleaners use a com-
plexing agent such as ethylenediaminetetraacetic acid to
solvate the inorganic metal ions, thus breaking up the
mineral deposits. However, the complexing agents may
cause problems by solvating harmful metal ions which
may otherwise precipitate out of solution. Most plants
use a combination of a two stage cleaning process,
although the order of acid and base treatments vary
depending on the conditions. For example, scaling with
a high mineral content may undergo acid treatment
followed by treatment with base, whereas fouling caused
by high levels of protein material usually undergoes
treatment with base ®rst. In general the faster the ¯uid
velocity and the hotter the cleaning chemicals, the faster
the cleaning rate. There is an optimal alkali cleaning
level of 0.5% NaOH for minimising the cleaning time
for protein based deposits. A low concentration of base

Journal of Applied Electrochemistry 30: 915±924, 2000. 915Ó 2000 Kluwer Academic Publishers. Printed in the Netherlands.



does not e�ectively clean the deposits whilst too high a
concentration of base causes the protein to gel on the
surface. Bio®lms also cause fouling of membranes in
dairy ¯uids but will not be discussed further in this
paper.
There have been numerous literature reports where

electrochemical techniques have been developed to assist
membrane processes; in a preventative role by stopping
membranes from becoming fouled [4±11], in a restor-
ative role by assisting in cleaning of membranes that are
already fouled [12±14], or by enabling the selective
separation of species based on charge and size [15±20].
Notably, the most successful applications of applied
electric ®elds in preventing fouling have been in the
presence of inorganic feeds, such as TiO2, and not in
complex biological feeds such as milk. Most of the
preventative fouling studies [4±10] have used the appli-
cation of a d.c. ®eld across two electrode plates
(although there has also been a report of the use of
a.c. ®elds [11]), with a nonconducting membrane posi-
tioned between the plates. An applied electric ®eld is
established between the electrodes of the appropriate
polarity (usually so that the membrane is in proximity to
a negative ®eld since most particles of interest in
aqueous solution are negatively charged, particularly
for colloidal solutions). It has been found that the
application of the electric ®eld in pulses has several
advantages over applying an electric ®eld continuously;
that is, a lower energy requirement, lower heat produc-
tion and less time for undesirable chemical changes in
the process stream due to electrochemical reactions [12].
Traditionally, membranes were most commonly com-

posed of insulating polymeric materials such as cellu-
lose, polysulphone or polyamide, though ceramic
materials are becoming extensively used [1]. The rela-
tively recent development of microporous sintered
stainless steels has enabled ®ltration and electrochemical
cleaning studies to be performed with the stainless steel
serving as both the membrane and the working electrode
with the electrochemical circuit completed with a
counter electrode composed of platinised titanium mesh
[13, 14]. The application of a su�ciently large potential
di�erence between two electrodes results in bubbles of
hydrogen gas being formed at the negative electrode due
to the reduction of water whilst at the positive electrode
bubbles of oxygen are formed due to the oxidation of
water (Equations 1 and 2, respectively).
The formation of hydrogen gas is thought to be

important in in situ intermittent electrolytic cleaning

(IIEMC) [13, 14] due to the agitation action of the
bubbles. Localised interfacial changes in pH also occur
at the electrodes due to the formation of hydroxide or
hydrogen ions which may assist or be detrimental to
cleaning. Another signi®cant electrochemical reaction
that may occur at negative potentials is the reduction of
dissolved molecular oxygen (Equation 3), which pro-
duces hydroxide ions [21].

2 H2O� 2 eÿ ! H2 � 2 OHÿ �1�

6 H2O! O2 � 4 H3O
� � 4 eÿ �2�

2 O2 � 2 eÿ �H2O! O2 �HOÿ2 �OHÿ �3�

Several studies have reported obtaining improved ¯ux
during the ®ltration of BSA solutions [9, 10, 12] using
polymeric membranes (pore size > 0:1 lm) suspended
in electric ®elds. One study [12] reported that good
results were obtained by the pulsed electrophoretic ®lter-
cake release in dead-end membrane ®ltration of BSA.
Another study reported [10] that in high conductivity
solutions, at a constant applied potential of 100 V,
degradation of the protein occurs which results in
almost total loss of permeate ¯ux. The reason for the
degradation was assigned to localised heating of the
membrane surface, but it can also equally be envisioned
that pH changes associated with Equations 1±3 also
occur which could result in either precipitation or
denaturing of the protein. BSA is more soluble above
and below its isoelectric point of 4.6 but at high and low
pH values can denature [22, 23]. A recent ellipsometry
study [24] has reported that adsorption of BSA on solid
electrodes (stainless steel and gold) always occurs with
applied potentials (positive and negative). It has also
been reported that the application of positive or
negative potentials to stainless steel surfaces in contact
with solutions containing milk proteins and inorganic
material often makes fouling much worse [25].
Studies on micro®ltration of proteins have shown that

considerable deposition of material occurs within the
pores of the membrane and very little on the surface as a
gel [26, 27] (this is in contrast to ultra®ltration where gel
layers invariably form due to the small pore size relative
to the size of the macromolecule), and the decrease in
permeability occurs at a faster rate at higher pressures.
The conclusion that there was little concentration
polarization in the micro®ltration of BSA came from
the observation that stirring the solutions during ®ltra-
tion had little e�ect on the permeation rate [26] and that
the decrease in permeation rate could be quanti®ed
based on the decrease in pore volume due to deposition
of protein on the walls of the pores. In this paper, data
obtained from electrochemical cleaning experiments
using 0:2 lm pore size silver membranes as the working
electrode are discussed. As far as we are aware, the other
electrochemical cleaning studies where the membrane is
also the electrode have been restricted to more porous
membranes (pore size > 1 lm) [13, 14].

Fig. 1. Schematic diagram of cross-¯ow ®ltration technique. The

tangential velocity of the solution passing over the membrane aids in

preventing concentration polarization (see text).
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2. Experimental details

2.1. Design of electrochemical cross-¯ow ®ltration cell

All of the reported literature on cross-¯ow micro®ltra-
tion cells that use applied currents to clean membranes
are based on a two-electrode cell design (working and
counter electrodes). In order to improve the electro-
chemical e�ciency of the cross-¯ow electro®ltration cell
and to obtain better potential control, we have designed
a three-electrode (working, auxiliary [28, 29] and refer-
ence) electrochemical cross-¯ow ®ltration cell where the
applied potential/current is controlled through a poten-
tiostat/galvanostat.
A cross-section through the electrochemical cross-

¯ow cell is given in Figure 2. The solution ¯owed into
the cell in the direction given in Figure 2, passing over
the membrane surface and either exiting the cell at the
opposite end to the entrance to be recirculated into the
feed stream (retentate), or to pass through the mem-
brane where it was collected as the permeate. The inlet
tube on the cell was connected via polymer tubing to a
peristaltic pump. Two 250 kPa pressure gauges were
attached to the tubing lines, one just before the solution
entered the cell and the other on the retentate outlet side
(Figure 3). A Ho�man clamp (Figure 3) was used to
increase the pressure di�erence across the membrane.
The cell was constructed of an acrylic that was

resistant to moderate strength acids and bases and
designed to hold a rectangular membrane of 24 mm�
6 mm that was supported on a perforated Te¯on sheet.
A sheet of platinum foil served as the auxiliary electrode
and a 0:2 lm pore size silver membrane served as both
the working electrode and the ®lter separating the
retentate and permeate solutions. The distance between
the membrane and the platinum foil auxiliary electrode
was 4 mm. In order for the cell to remain water tight,

the reference electrode simply consisted of a stainless
steel screw that was threaded into the acrylic. Although
stainless steel is not traditionally used as a reference
electrode material, even for pseudo reference electrodes,
it was found that it functioned adequately for the
purpose of lowering the potential drop (Equation 4)
between the working and auxiliary electrodes.

E � IRs �4�

(Rs is the solution resistance, I is the current and E is the
potential drop). Accurately maintaining a known stable
thermodynamic potential to the nearest millivolt was of
lesser importance to this study since in most instances all
that was necessary was that the potential or current was
su�ciently negative to form bubbles of hydrogen gas
during the reduction of water. The auxiliary electrode
could be positioned in one of two positions (Figure 2,
auxiliary electrode (a) or (b)) on either side of the silver
membrane and, depending on the chosen position of the
auxiliary electrode, the reference electrode could also be
positioned either side of the silver membrane working
electrode (Figure 2, reference electrode (a) or (b)).
Theoretically, the lowest potential drop between the
working and auxiliary electrodes should occur when the
reference electrode is positioned on the same side of
the membrane as the auxiliary electrode [30], that is,
reference electrodes (a) and (b) were used in conjunction
with auxiliary electrodes (a) and (b), respectively. The
electrical contacts to the working and auxiliary elec-
trodes were made through stainless steel screws.

2.2. Experimental method

The general procedure involved circulating a solution
through the cross-¯ow cell while controlling the pressure
through the membrane with the use of the Ho�man
clamp (Figure 3). The pressures at gauges 1 and 2 were
adjusted to 10 kPa and 20 kPa, respectively, and during
the course of the experiments the Ho�man clamp was
adjusted to keep the pressure constant at these set
values. The cross¯ow rate was 1� 10ÿ2 m sÿ1 and the
permeate ¯ow was calculated by measuring the weight

Fig. 2. Cross section through the electrochemical cross-¯ow ®ltration

cell showing position of the working (membrane), auxiliary and

reference electrodes. Reference electrodes (a) and (b) were used in

conjunction with auxiliary electrodes (a) and (b), respectively.

Fig. 3. Schematic diagram of system used for cross-¯ow ®ltration

experiments.
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or volume of ¯uid exiting the permeate line as a function
of time. The solution compositions were changed by
¯ushing the entire system to a waste reservoir with the
new solution for 2±3 min before allowing the solution to
return to the retentate for recycling.

2.3. Chemicals and equipment

The potential or current were controlled using a PAR
(model 273) potentiostat/galvanostat interfaced to an
IBM compatible computer using the PAR software,
SoftCorr. 0:2 lm pore size silver membranes (50 lm
thickness) were obtained from Osmonics, Poretics Prod-
ucts, Livermore, CA, USA (the manufacturing proce-
dure yields high precision pore size and uniformity).
BSA (>99%) was obtained from Sigma chemicals and
all other chemicals were analytical grade. Distilled water
was used for all experiments. 0.1% BSA solutions were
pre®ltered through a 0:2 lm ®lter to remove particulate
material before cross-¯ow ®ltration experiments were
commenced. Scanning electron microscopy (SEM)
micrographs were obtained on a Cambridge Stereoscan
250 Mk 2. Solutions used were; 0.1 M NaClO4 (pH 6.5),
0.1% BSA (pH 6.5), 0.05 M K2HPO4 (pH 9.4), 0.1%
BSA and 0.05 M K2HPO4 (pH 8.8), 0.5% NaOH
(pH 12.5) 0.1% BSA and 0.1 M Na2SO4 (pH 6.3) and
0.01 M HCl (pH 2.1).

3. Results and discussion

3.1. Electrochemical performance of cross-¯ow
micro®ltration cell

Figure 4 shows voltammetric potential sweep data
obtained at several permeate ¯uxes at the silver mem-
brane working electrode with the auxiliary and reference
electrodes in position (a) in the diagram shown
in Figure 2. The data in Figure 4 illustrate that as
the potential is increased from about 0 to ÿ1:2 V

(vs. stainless steel) an increase in negative current is
observed up to an almost plateaux region around ÿ1 V.
The increase in current can be attributed to the
reduction of dissolved molecular oxygen (Equation 3).
As the ¯ow rate in the cell increases, the limiting current
also increases which suggests that the current associated
with the reduction process is controlled by the transfer
of O2 to the electrode surface via a convective±di�usive
mechanism. The sigmoidal shaped voltammogram
shown in Figure 4 is analogous to the voltammetry
observed under other hydrodynamic conditions such as
at rotating disk or channel ¯ow cell electrodes [31, 32],
albeit somewhat more drawn out than would be
expected for a simple electron transfer process. Applying
potentials more negative than ÿ1:2 V resulted in a sharp
increase in negative current due to the reduction of
water, indicating that the potential control in the cell is
similar to what would be expected from a normal three
electrode electrochemical cell and showing that only
relatively small overpotentials need to be applied to
obtain the desired electrochemical result (i.e., the reduc-
tion of water).

3.2. Chemical cleaning of membranes fouled
with BSA and phosphate

Several `chemical only' cleaning experiments were per-
formed as a basis with which to compare data obtained
from electrochemical/chemical cleaning experiments.
Figure 5(a) shows typical permeate ¯ux against time
data for solutions of (s) 0.1% BSA, (,) 0.05 M

K2HPO4 and (n) 0.1% BSA with 0.05 M K2HPO4.
The BSA solution was chosen as a representative protein
component of milk and the K2HPO4 as an inorganic
phosphate. BSA itself has a size of �17 nm� 3:4 nm
(assuming a prolate ellipsoid) [22±24] and so should
readily pass through the membrane. The reason for the
decreasing permeate ¯ux with time for the solution of
BSA shown in Figure 5(a) is likely due to a process
involving deposition within the membrane rather than

Fig. 4. Linear sweep voltammogram showing the reduction of molecular oxygen, obtained at a scan rate of 2 mV sÿ1 at a 0:2 lm pore size silver

membrane in water (0.1 M NaClO4) at several permeate ¯uxes. Reference and auxiliary electrodes in position (a) (refer to Figure 2). Permeate

¯ux: (ÐÐ) 0.24, (� � � � � �) 0.31 and (- - - - -) 0:42 L sÿ1 mÿ2.
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gel/cake ®lm formation on the membrane surface. SEM
micrographs (Figure 6(a) and (b)) of the surface of the
membranes and energy dispersive X-ray (EDX) analysis
failed to detect any difference between the surfaces of
the fouled and clean (unused) membranes, which is
supportive of the decrease in ¯ux being due to adsorp-
tion occurring within the membrane and is in agreement
with previous reports on the micro®ltration of BSA
solutions [26, 27]. The ¯ux decline observed in K2HPO4

solutions (Figure 5(a)) implies that very small ions can
also cause blockage of the membranes. Furthermore, it
was observed that ®ltration of dilute solutions (�1 mM)
of small water soluble organic molecules such as

ascorbic acid decreased the permeate ¯ux indicating
that adsorption processes can occur within the 0:2 lm
pore size membranes in addition to the aggregation (and
possible denaturing) of protein macromolecules.
Figure 5(b) shows the e�ect on permeate ¯ux on

cleaning a membrane fouled with BSA/phosphate with
distilled water. A small increase in ¯ux was observed
upon changing the BSA/phosphate (pH �9) solution to
distilled water (pH �5±6 depending on concentration of
dissolved CO2). Figure 5(c) shows the ¯ux results when
a membrane fouled with BSA/phosphate was cleaned
®rst with NaOH, then with distilled water. Only a small
increase in ¯ux was observed when 0.5% NaOH

Fig. 5. Plot of permeate ¯ux through a silver membrane as a function of time for, (a) (s) 0.1% BSA, (,) 0.05 M K2HPO4 and (n) 0.1% BSA

with 0.05 M K2HPO4, (b) a membrane fouled with BSA/K2HPO4 and cleaned with distilled water, and (c) a membrane fouled with BSA/K2HPO4

and cleaned with 0.5% NaOH then distilled water.
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(pH �12.5) was passed through the membrane. How-
ever, when the NaOH cleaning was followed by distilled
water a greater increase in ¯ux was observed than when
the membrane was cleaned with only distilled water
(compare `distilled water' region in Figure 5(b) and (c)).
The data in Figure 5(b) and (c) show that cleaning a

membrane fouled with BSA/K2HPO4 with 0.5% NaOH
then distilled water resulted in a better ¯ux recovery
than cleaning the membrane with either NaOH or
distilled water alone. An explanation for this phenom-
enon can be deduced by assuming that the deposits
fouling the membrane are composed of intercalated
protein and phosphates. This is a reasonable assumption
since the data in Figure 5(a) show that both BSA and
K2HPO4 foul the membrane. Distilled water has a pH of
�5±6 and it is unlikely that cleaning with pure water will
assist in removing the BSA as generally more basic
conditions are used to swell proteins to assist in their
removal. However, any adsorbed phosphates are likely
to be more soluble in the slightly acidic environment of

distilled water than the strongly basic 0.5% NaOH
solution. Therefore, it is possible that the addition of
NaOH causes the protein layers to swell enabling the
distilled water to dissolve the intercalated inorganic
deposits further enabling breakdown of the fouled layers
and leading to an increase in ¯ux.

3.3. In situ electrochemical cleaning of membranes
fouled with BSA or phosphate

It was found that applying small positive (not enough to
cause the oxidation of silver) and negative potentials
(not enough to create bubbles of H2) made no detectable
di�erence to the ¯ux, suggesting that small applied ®elds
were not in¯uencing the gross fouling processes within
the membrane (data not shown). With an electrolyte
concentration of 0.05±0.1 M, the application of ÿ10 to
ÿ25 mA was suf®cient to cause the visible appearance of
bubbles of hydrogen gas according to Equation 1.
Applying current pulses greater than ÿ25 mA did not
notably increase the ¯ux recovery. The value of ÿ25 mA
is not signi®cant when comparing results with other
workers because the applied current necessary to form
bubbles of hydrogen gas will vary depending on the
electrolyte concentration, the cell design and the elec-
trode area. The current density is dif®cult to accurately
determine as the exact surface area of the membrane is
not known. A simpli®ed calculation based on the pore
size and volume porosity of the membrane allowed the
active area of the membrane to be estimated to be
600 cm2 [33]. Therefore, for an applied current of
ÿ25 mA, the average current density is ÿ40 lA cmÿ2.
However, it is likely that the current density will vary
through the membrane with the portions of the mem-
brane closest to the auxiliary electrode carrying the
highest charge.
Figure 7 shows how the potential at the membrane

typically changed with time as ÿ25 mA was applied for
60 s intervals at a 0:01 m sÿ1 cross-¯ow for a solution of
BSA and Na2SO4. The solid and dashed lines in
Figure 7 are the ®rst and second current pulses respec-
tively. For the ®rst current pulse, the potential began at
a relatively low value and increased to more negative
potentials, especially in the ®rst 15 s. The change in
potential can be rationalised by considering an adsorp-
tion process where the adsorption of nonconducting or
poorly conducting material forces the potential to shift
to more negative potentials in order to achieve the
desired current. With the second current pulse the steady
state potential is reached at a faster rate, possibly
because most of the metal±surface based adsorption has
already occurred in the ®rst few seconds of the ®rst
current pulse. This is in agreement with the ellipsometry
study by Beaglehole et al. [24] who found adsorption
always occurred when a potential was applied to a
surface of gold or stainless steel (see also Introduction).
However, the occurrence of a potential dependant
adsorption process suggested by the electrochemical
data (Figure 7) is unlikely to be as problematic to

Fig. 6. Scanning electron microscopy micrographs of 0:2lm pore size

silver membranes, (a) clean and unused and (b) fouled with 0.1% BSA

in the cross-¯ow ®ltration cell followed by a distilled water rinse for

3 min.
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fouling as the protein deposition within the pores of the
membrane which takes place over longer periods of time
(see Figure 5 and references [26, 27]).
Figure 8(a) shows data obtained from experiments

conducted to determine the e�ect of in situ electrochem-
ical cleaning membranes in the presence of BSA. (In
the following discussion the term in situ refers to the
situation where the protein/electrolyte solution is the
same as the cleaning solution. The term ex situ refers to

the situation where the protein/inorganic solution has
been replaced with a cleaning solution (usually, acid,
base or water) for the purpose of cleaning the mem-
brane. Both in situ and ex situ experiments involve
operation of the membrane within the cross-¯ow ®ltra-
tion cell).
The ®rst experiments were conducted by replacing

K2HPO4 with the less basic electrolyte, 0.1 M Na2SO4.
It was found that the best results (larger increases in ¯ux

Fig. 7. Change in potential against time when ÿ25mA was applied to a silver membrane in the presence of 0.1% BSA and 0.1 M Na2SO4 at a

cross-¯ow of 0:01m sÿ1, (ÐÐ) ®rst current pulse, (- - - - -) second current pulse.

Fig. 8. (a) Plot of permeate ¯ux through a silver membrane as a function of time for (a) a membrane fouled with BSA/Na2SO4 and cleaned with

electrochemical pulses of ÿ10 and ÿ25mA, (b) a membrane fouled with K2HPO4 and cleaned with distilled water then electrochemical pulses of

ÿ25mA with HCl as the electrolyte.
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upon applied potential) were obtained by having the
auxiliary and reference electrode on the retentate side of
the membrane (Figure 2, auxiliary and reference elec-
trode (a)) rather than on the permeate side. The data in
Figure 8(a) show that providing a suf®ciently negative
current is applied (i.e., ÿ10 mA), an increase in ¯ux is
observed on application of the current. However, the
¯ux recovery is only temporary and the ¯ow rate returns
to its initial value in several minutes. Repeatedly
applying negative current pulses resulted in an increase
in ¯ux, but by a diminishing amount each time, for
example, Figure 8(a) shows that by the time the fourth
consecutive current pulse of ÿ25 mA was applied, the
¯ux recovery had decreased to approximately 15% of its
initial value.
Figure 8(b) shows data obtained for the electrochem-

ical cleaning of a solution of potassium orthophosphate.
Because K2HPO4 is itself an electrolyte, Na2SO4 was
not needed for these experiments. Similar results were
obtained upon application of applied current as for the
BSA/Na2SO4 solution, that is, an increase in ¯ux was
observed that diminished with repetitive pulsing. (Note
that there is a sixfold di�erence in ¯ux and time-scale,
between the data in Figures 8(a) and 8(b)). Changing
the solution composition to water and then 0.01 M HCl
(pH �2) and applying short current pulses did not
notably improve the ¯ux recovery.

The data in Figure 8(a) and (b) show that applying
electrochemical pulses of ÿ25 mA is partially e�ective in
increasing the ¯ux through membranes fouled with BSA
and K2HPO4. A possible reason for the stepwise
decrease in ¯ux recovery as the number of pulses
increases is that the pH change associated with the
formation of AOH may also result in the denaturing of
the protein or cause the deposition of some insoluble
material, thus partially blocking the membrane. The
current pulsing technique appears to be more e�ective at
increasing the ¯ux for a solution of K2HPO4 than for
0.1% BSA with 0.1 M Na2SO4 (compare the ¯ux axis
scales in Figure 8(a) and (b)). Due to the diminishing
¯ux recovery with multiple pulses it appears that the
in situ electrochemical cleaning technique will be unsuc-
cessful in completely unblocking the membrane to allow
reasonable permeate ¯uxes.

3.4. Ex situ electrochemical cleaning of membranes
fouled with BSA/phosphate in the presence of
acid or base

Figure 9(a) shows data that were obtained by ®rst
fouling a membrane with a solution of BSA and
K2HPO4, rinsing the membrane with water then NaOH
and ®nally electrochemically cleaning the membrane in
the presence of 0.5% NaOH. The data are generally very

Fig. 9. Plot of permeate ¯ux through a silver membrane as a function of time for a membrane fouled with BSA/K2HPO4 and cleaned with

electrochemical pulses of ÿ25mA with (a) NaOH and (b) HCl as the electrolyte.
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similar to that obtained when electrochemically cleaning
a membrane fouled with BSA with Na2SO4 as the
electrolyte (Figure 8(a)). A large increase in ¯ux was
observed when a current pulse was applied for the ®rst
time, however, the increase in ¯ux decreased rapidly
(within a few minutes) and the ¯ux rate could not be
sustained with multiple pulses (Figure 9(a)). Applying
an extended current in the range ÿ25 to ÿ50 mA for
several minutes did not improve the ¯ux (data not
shown). Rinsing the membrane with distilled water at
the completion of the electrochemical cleaning did
increase the ¯ux through the membrane (Figure 9(a)).
Figure 9(b) shows data obtained by cleaning a mem-

brane fouled with BSA/K2HPO4 with current pulses
applied under acidic conditions (pH �2). The data in
Figure 9(b) di�ers in two major ways from the data in
Figure 9(a). First, the initial application of ÿ25 mA for
30 s had very little e�ect on the permeate ¯ux under
acidic conditions (Figure 9(b)) compared to under basic
conditions (Figure 9(a)). Second, the application of
several constant current pulses under acidic conditions
resulted in a sustained improvement in the permeate
¯ux. The longer the constant current was applied under
acidic conditions the better the ¯ux recovery.
Electrochemical cleaning with an acid as an electrolyte

(Figure 9(b)), when the current was applied for at least
several minutes, resulted in a sustained increase in ¯ux.
The reason for the increase in ¯ux when electrochemical
cleaning is performed in the presence of acid is possibly
due to the fact that the applied current causes hydroxide
ions to form (according to Equation 1). Therefore, the
application of a negative current in the presence of an
acid results in a combined acid/base cleaning regime
(providing the acid is not so concentrated to neutralize
all of the base). This mimics traditional cleaning
techniques where a base treatment is used to cause the
proteins to swell and be more easily removed by the
cross-¯ow, while the acid cleaning is used to dissolve
inorganic material.

4. Conclusions

The ¯ux through 0:2 lm pore size silver membranes
decreases continually in the presence of solutions of
both BSA and K2HPO4 which is indicative of adsorp-
tion±deposition processes occurring within the mem-
brane pores. The adsorption occurs more rapidly for
solutions of BSA than for solutions of K2HPO4. In situ
electrochemical cleaning where the protein/electrolyte
solution is the same as the cleaning solution is relatively
ine�ectual at cleaning membranes. Applying negative
current pulses to the membrane does produce a transi-
tory increase in ¯ux, but the ¯ux recovery diminishes
with repeated current pulses. Ex situ electrochemically
cleaning membranes where the protein/phosphate solu-
tion was replaced with an acid or base resulted in an
improved ¯ux. Prolonged negative current pulses with
an acid as the electrolyte are particularly e�ective at

cleaning membranes fouled with BSA/K2HPO4. A likely
explanation for this phenomenon is that the application
of a negative potential in the presence of an acid results
in a combined acid/base cleaning regime (providing the
acid is not so concentrated to neutralise all of the base
that is formed electrochemically). SEM and electro-
chemical evidence suggest that in solutions of BSA/
phosphate much of the fouling occurs within the
membranes rather than on the surface as a gel layer
(at least for the particular membrane and cell design
used in this study).
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