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A B S T R AC T

Two sintered stainless steel (SSS) microfi ltration membranes (5 μm and 25 μm pore size respec-
tively) were used for separating Alamin particles found in dairy processing. An external elec-
tric fi eld was applied upon the membrane to provide a combination of rejective coulomb force, 
fl uid shearing force and the bubbling rejection to the foulant. The electric fi eld can be applied in 
two ways: 1) to mitigate the fouling deposit, and/or 2) to clean the fouled fi ltering surface. The 
divergence of pH in the retentate and permeate was studied.
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1. Introduction

Since most fi ne particulate substances (colloids) 
acquire a surface electric charge when in contact with 
a polar medium (e.g., water), resulting in an electric 
double layer (EDL) [1] in the vicinity around the particle 
surface. Electro-fi ltration makes use of an electric fi eld to 
increase the rate of fi ltration by providing an additional 
electrostatic rejection force to the particles to mitigate 
fouling [2–8]. When the fi eld is applied to microfi ltration 
(MF), the process is called electromicrofi ltration (EMF). 
This has raised interest in the fi eld of membrane separa-
tion, especially in bioseparation in recent years [9–12].

Sintered Stainless Steel (SSS) membrane has unique 
advantage in strength and chemical inertness, it can 
withstand harsh chemical and physical cleaning as well 
as high pressure back-fl ushing [13–15]. It is also electro 
conductive, thus an electric fi eld can be applied upon the 
membrane module. By taking the advantage of electric 
rejection, electrofi ltration has great potential to enhance 
the existing fi ltration processes (e.g., by increasing the 
throughput in existing plants or by reducing production 

cost), to develop new fractionated products based on 
differences in molecular charge, or to remove foulant.

2. Apparatus and materials

The experimental apparatus of this study com-
prised a cross-fl ow microfi ltration membrane module, 
a 30 l feed tank, a 0.75 kw gear pump, a tubular heat-
exchanger (which maintained a constant solution tem-
perature), 5 valves, a pair of pressure transducers (P in 
and Pout, 0~4 bar), which measured the trans-membrane 
pressure (TMP) and a XTRAVERT® AC motor speed 
controller (mode X302, PDL Electronic LTD, Napier, NZ) 
to adjust the pump speed. A typical arrangement of the 
system is shown in Fig. 1.

Two SSS membranes were used in this work. They 
were supplied by Industrial Research Limited (NZ). The 
module construction, as shown in Fig. 2, makes it highly 
resistant to organic and inorganic solvents, and can be 
used at high pressure (15~40 bar) and high temperature 
(>200°C) [16]. The difference between the membranes 
was their mean pore size: 5 μm nominal pore size of the 
smaller one and 25 μm for the other. The tubular mem-
brane and the central bar (also stainless steel) composed 
a pair of electrodes when they were electrically charged. 
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The perspex jacket collected the permeate and returned 
it back to the feed tank. Key dimensions of the mem-
brane are shown in Table 1.

As the membrane was electrically charged, water 
was electrolysed with the formation of gas bubbles. The 
impacts of electrochemical reactions on the membrane 
and solution cannot be ignored. Thus the electric cur-
rent density on the membrane also needed to be care-
fully controlled. This was done by pre-setting the output 
current and voltage of the DC power supply (0~50 V, 
0~3 A). A pair of plastic fi ttings was used at the inlet and 
outlet of the module as the electric insulator.

Two kinds of fi ne particles, Alamin and calcite, were 
used in this study. The former was a by-product of the 
dairy industry separated from whey. It is a complex sub-
stance mainly composed of calcium phosphate. The lat-
ter was prepared by chemical deposition. Their particle 
morphologies are similar. The major focus was on the 
behaviour of the Alamin suspension, and the calcite was 
used as comparison.

3. Experimental method

The suspensions were prepared and stored in a 
cylindrical tank, and pumped to feed the tubular mem-
brane module as shown in Fig. 1. The concentration of 
particles (Alamin or calcite) was 0.07%~1%(w/v). The 
retentate recycled back to the tank. A by-pass stream 
was maintained with valve XB to achieve dual functions: 
to agitate the suspension in the tank and to adjust the 
feed pressure (coupling with the adjustment of pump 
speed and the opening of the valve, XR). The pressure 
of the feed stream (Pin) and retentate stream (Pout) were 
measured with an inlet and an outlet transducer. The 
permeate pressure (Pper) was measured with a pressure 
gauge. A fl owmeter was used to measure the permeate 
fl ow before it returned to the tank.

The membrane can be positively or negatively 
charged. However, since the fi ne particles in most of 
the actual colloidal system generally appear as negative 
zeta potential in a neutral pH range, thus a negatively 
charged membrane is repulsive to the deposit particles. 
Moreover, the cathode current on the membrane pro-
vide an electrochemical protection to the membrane 
from being electrochemically corroded as well. A heat 
exchanger was employed to maintain a constant tem-
perature of 20°C, and a gas-release channel (via valve 
VA) was used to minimize the gas-bubble disturbance to 
the fl owmeter readings.

4. Results and discussions

4.1. Membrane polarity and properties

The electrode current varying with the applied volt-
age is shown in Fig. 3, where the SSS membrane worked 
as an anode in curve 1, but as a cathode in curve 2, 3 
and 4. The calcite concentration for curve 1 and 2 was 
0.7% (wt), for curve 3 was 0.07% (wt), for curve 4 was zero.

Experiments showed that i) the electrode current 
was approximately proportional to the voltage applied 
and the particle content in the suspension; ii) when the 
membrane was negatively charged and worked as a 
cathode, the membrane current was twice as large as the 
case when it was positively charged at the same voltage. 

Fig. 1. Schematic diagram of the system arrangement.

Fig. 2. The SSS membrane module. 1) feed inlet. 2) retentate 
outlet. 3) permeate outlet. 4) Perspex jacket. 5) backing hull 
of the tubular membrane. 6) SSS membrane.

Table 1
Dimensions of two membrane modules

Membrane tube 
inner diameter

j13.5 mm

Effective length 380 mm
Central bar 
diameter

j8 mm

Nominal pore 
size

5 μm for the small pore size membrane and
25 μm for the large pore size membrane

Filtration area 0.019 m2
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Since the membrane surface area was twice the central 
bar of the module, implying that the electrolytic cur-
rent was proportional to the cathode area. This can be 
explained by the fact that the hydrogen ion, a proton 
(H+), was the fastest electrophoretic ion amongst all the 
ions and, it was the only ion undergone the electrode 
reduction on the cathode in this system. Thus a larger 
cathode area would allow more protons to be converted 
to hydrogen gas in a unit time resulting in a higher elec-
trode current.

4.1.1. EMF with a negatively charged membrane

The application of EMF for separating Alamin par-
ticles with a negatively charged membrane is shown in 
Fig. 4, in which an electric fi eld was applied at the 40th 
min after the fi ltration started. The observed permeate 
fl ux increased almost immediately when the fi eld was 
applied. Nevertheless, the permeate fl ux declined grad-
ually after reaching the maximum. Its pH was measured 
as well, which increased from 7 to 11. The initial fl ux 
gain (ΔJ) was about 25 l·m−2·h−1. The dashed line under 
the peak represents the possible trend of the permeate 
fl ux if the membrane was not charged. Further study 
revealed that the rapid increase of permeate reading 
was attributed to the generation of hydrogen gas on the 
cathode membrane, as such, the permeate alkalization 
was due to protons (H+) consumption on the cathodic 
membrane.

A manually controlled pulsatile application of EMF 
with negatively charged membrane is shown in Fig. 5. 
The voltage was 50 V(DC), i.e., at about 180 V·cm−1 elec-
tric fi eld strength, and the electric charge time was 2 min. 

The membrane current was 1.2 A, giving a current den-
sity of 63 A·m−2.

It was observed that the gas bubbles that were 
formed on the cathode and carried by the permeate dis-
turbed the fl owmeter’s reading and gave a false higher 
apparent permeate fl ux right after the power was 
switched on. The reason for emphasizing the bubble 
effect is that this seems not to be mentioned and taken 
into consideration by some earlier researchers [2,7,8,17].
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Fig. 3. Dependence of the electrode current on the voltage 
applied.
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 To distinguish the bubble infl uence from the true 
permeate fl ux, a measuring cylinder and stopwatch 
were used to measure the fl ow rate and the result was 
then compared with the result of the fl owmeter, these 
are shown in Fig. 6. The permeate fl ux gain measured 
with the fl owmeter was about 50% higher than that 
measured with cylinder and stopwatch. Note that the 
gas-releasing channel was closed in this run to force the 
gas bubbles to pass through the fl owmeter.

The permeate fl ux gain (ΔJ), shown in Fig. 6, was 
measured at the steady state: a low transmembrane 
pressure (3.5 kPa) was maintained stably under which 
the permeate fl ux was lower than the critical fl ux and 
no obvious fl ux decline was observed for a long time 
[18,19]. After the electric fi eld was applied, the permeate 
fl ux gradually increased and reached a maximum value 
in about 5~10 min. The higher the voltage, the greater 
the electric current, and the larger the fl ux gain. After 
the fl ux reached to the maximum, it gradually decreased 
again no matter whether the electric fi eld maintained or 
not, thus the variation of the fl ux produced a peak. The 
fl ux difference between the peak and the original level 
is defi ned as the permeate fl ux gain, as shown in Fig. 6.

As the permeate was found alkalizing when the SSS 
membrane worked as a cathode, a further experiment 
was carried out to trace the pH change of the perme-
ate, retentate and bulk suspension in the storage tank, 
during which the permeate and retentate were both 
returned to the storage tank and mixed. Samples were 
collected every 10 min and measured with a pH meter. 
The result is shown in Fig. 7. The permeate pH increased 

as usual but the retentate pH decreased in the fi rst 
20 min, and then increased as well. The whole suspen-
sion in the storage tank was pH 7.7–7.8 at the end of the 
experiment, slightly increased from the original pH 7.2.

4.1.2. EMF with a positively charged membrane

The results of EMF experiments using a positively 
charged membrane are shown in Fig. 8. In contrast to the 
negatively charged operation, the permeate pH reached 
a lower point (e.g., pH≈3.5), and the permeate fl ux at 
150 mins was 65% higher than that of the uncharged 
membrane and was about 300% higher than the nega-
tively charged membrane. The generation of hydrogen 
ions (H+) on the anode (membrane) was the reason for 
permeate acidifi cation. This in turn resulted in the dis-
solving of calcium salt foulant and reduced membrane 
fouling. Despite the electrical attraction of the nega-
tively charged particles by the membrane, the overall 
effect was that the permeate fl ux increased compared to 
the experiment without using an electric fi eld.
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However, when the SSS membrane was positively 
charged, it was subject to the risk of anodic etching. 
Though the suspensions used in this study were all pre-
pared with deionized water, we still found the electro 
conductivity of the suspension was much greater than 
the deionized water itself, indicating that the Alamin 
and calcite particles used in this study contained a little 
amount of soluble salts as impurities. The electro oxidation-
reduction of acid radicals (e.g., Cl−1 at equation (4)) on 
the anodic membrane might cause corrosion. So the 
number of trials and the time using the membrane as an 
anode were all limited in this study to avoid damaging 
the membrane.

During the EMF, when the Alamin suspension was 
alkalized by the cathode reaction, newly-formed tiny 
particles of calcium salt would appear in the solution. 
Since the solubility of calcium salt is very low compared 
to the solid content of the suspension (e.g., the solubility 
of calcium carbonate is 1.53 × 10−3 g/ per 100 g H2O at 
room temperature [20], but the solid content in the sus-
pension for this study was ~0.7 g per 100 g H2O), these 
newborn particles will not alter the total solid content of 

the suspension obviously. However, the newborn par-
ticles (new phase) would have a higher surface energy, 
this makes them easier to be adsorbed on the membrane 
surface. Moreover, it is on the membrane surface that 
the suspension is subject to greatest pH change (alka-
lised). The newborn particles are mainly form close to 
the cathodic membrane, this will induce more fouling 
of Alamin.

4.1.3. Electro cleaning in back fl ushing

The sintered stainless steel membrane is particularly 
suitable to restore its fi lterability by using the back fl ush-
ing because of its mechanical strength. The gas bubbles 
formed underneath the foulant is effective in removing 
the foulant layer on the membrane surface outside the 
pore canal. However it is less effective for cleaning the 
inside pore fouling.

This explains the experimental results shown in Fig. 9, 
where the fi lterability, expressed in water fl ux (LMH). 
In the fi rst group of experiments, the water fl ux was 
restored only 66% by back-fl ushing the 25 μm mem-
brane (Fig. 9C). To restore more than 90% of the fi lter-
ability, acid wash must be used (Fig. 9E). The external 
electric fi eld showed improving the cleaning when it 
was applied during the back fl ush, but the water fl ux 
was not satisfactorily restored (Fig. 9D).

As for the cleaning of the 5 μm membrane shown 
by the second group of experiments in Fig. 9F~J, back 
fl ush restored 75% fi lterability, and achieved 85% if the 
external electric fi eld was applied, indicating the electric 
fi eld was working more effective for the small pore size 
membrane. On the other hand, since the particle size 
was 5 μm in this study, the above results can further be 
interpreted as there was more inside pore fouling in the 
25 μm membrane than that in the 5 μm membrane; the 
electric fi eld cleaned the external fouling better.
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 5. Conclusion

The application of electro-microfi ltration for sepa-
rating Alamin and/or calcite particles from the suspen-
sions resulted in an improvement in the permeate fl ux 
after a 180 Vcm−1 fi eld strength of the static electric fi eld 
was applied, in which the membrane was recommended 
working as a cathode to avoid being electro etched. The 
imposed static electric fi eld was found functioning in 
the following ways:

1. The Alamin and calcite particles were subject to rejec-
tive coulomb force from the membranes, which was 
opposite the driving force of the fi ltration.

2. Electrolysis diverged the pH of the permeate and 
retentate. The permeate became alkaline but the 
retentate became acidic when the membrane worked 
as a cathode. If the ionic strength in dispersing solu-
tion is high, Electrochemical corrosion can not be 
ignored.

3. Newly formed tiny gas bubbles on the membrane 
surface underneath the foulant layer produced a dis-
lodging effect that helped to detach the fouling. This 
effect was found particularly useful when (fresh) 
water was used for back fl ushing.

4. When the pulsatile electric fi eld is used for electrofi l-
tration, a DC power supply with an adjustable pulse 
output is recommended. The amplitude and period 
of the pulses should be determined in accordance 
with the change of the physical-chemical proper-
ties of the suspensions. The typical parameter used 
in this study is 0–50 V pulse height, 0–5 min pulse 
width and 0.05 A·cm−2 current density.

Special caution should be taken to avoid electro-
chemical corrosion when the stainless steel membrane 
works as an anode. Low ionic strength in the dispersing 
solution and a mild electric fi eld should be used.
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