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A B S T R AC T

The effects of various operating conditions including transmembrane pressure, suspension 
concentration and crossfl ow velocities for the microfi ltration of micro-sized suspensions were 
experimentally investigated. The experiments were carried out with suspensions of bentonite 
particles with particle diameters of 0.5–100 μm using 0.1 μm tubular ceramic membranes. The 
step by step technique was used to determine the values of the critical fl ux and infl uence of the 
high frequency backfl ushing was analysed. It was found that the permeate fl ux is signifi cantly 
depend on the suspension concentration and crossfl ow velocity. High permeate fl uxes were 
obtained at low concentration 1 g.l−1 and/or at high velocity 2.2 ms−1.
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1. Introduction

Crossfl ow microfi ltration is a pressure driven pro-
cess widely used in many applications for particulate 
separation, purifying or concentrating the suspended 
particles from solution.

The decline of permeate fl ux with time depends on 
forming a cake layer on the membrane surface and/or 
by blocking the membrane pores (membrane fouling). 
Field et. al. [1] defi ned concept of the critical fl ux as a 
fl ux value below which there is no particle deposition 
on the membrane surface and above which the deposi-
tion is signifi cant during the fi ltration of suspensions. In 
practical application, the value of the critical fl ux is often 
determined by monitoring the transmembrane pressure 
in a fl ux stepping test [2].

The effi ciency of crossfl ow microfi ltration is primarily 
a function of the operating parameters such as pore size 
of the membrane, transmembrane pressure, crossfl ow 
velocity, temperature and concentration of suspended 

solids in the feed [3,4]. The infl uence of a variety of 
operating parameters on the permeate fl ux has been 
intensively investigated. It was found that with an 
increasing crossfl ow velocity the thickness of the cake 
layer is decreasing and the permeate fl ux is increasing 
[5]. Backfl using also has been successfully used in many 
membrane fi ltration processes to reduce fouling and 
maintain fl ux [6,7]. The membrane backfl ushing process 
is carried out by periodically reversing the direction of 
the permeate fl ow and backfl ush duration 5–20 s and 
pulses 3–10 times per hour are recommended [8].

The objectives of this study were to experimentally 
investigate the infl uence of different operating condi-
tions on microfi ltration of bentonite suspension.

2. Experimental

2.1. Materials and chemicals

Tests were carried out using Bentonite–a sorbent of 
generally impure clay consisting mostly of montmoril-
lonite (a minimum of 75% weight). The size distribution 
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of grinded particles swollen in water was measured 
by the MasterSizer (Malvern Instruments, UK) and is 
presented in Fig. 1. The suspensions were prepared by 
adding the appropriate amount of Bentonite particles to 
deionised water and then mixing by the magnetic mixer 
for 10 min. The zeta potential of the suspensions mea-
sured by the ZetaSizer instrument (Malvern Instrument 
Ltd., UK) was on average–29.83 mV at a pH 9.12.

The membrane used in the experiments was asym-
metric ceramic membrane Membralox (Pall) with an 
inner diameter of 0.7 mm, outer diameter 10 mm and a 
length of 0.25 m.

The mean pore size of the membrane active layer was 
0.1 μm and the effective area of the membrane 48.38 cm2. 
The active membrane layer was made of thin zirconia 
layer deposited on a durable porous α-Al2O3 support.

2.2. Equipment and methods

The membrane experimental unit used in this study 
was with a circulating loop and is shown in Fig. 2. The 
suspensions were pumped from the feed tank into the 
stainless steel microfi ltration module with a tubular 

ceramic membrane via a diaphragm pump with an 
adjustable fl ow rate. The values of the volumetric fl ow 
of suspension and output trans-membrane pressures 
(TMP) were measured by a fl ow meter and sensor, 
respectively. The velocity and pressure in the retentate 
loop were varied independently by means of pump con-
troller and an appropriate needle valve.

The permeate was collected in a reservoir on the elec-
tronic balance and in regular time intervals the actual 
weight accumulated volume, the temperature, the pres-
sure and the fl ow rate of suspension were logged into 
a computer. The retentate velocities was measured by 
fl ow meter and maintained constant. In the present 
study all retentate velocities suggestive a turbulent 
fl ow where Reynolds number (Re) was in the range of 
5480<Re<17225. The permeate product was periodically 
returned to the feed tank to prevent change in the feed 
concentration. After each run the system was cleaned 
by circulating deionised water and membrane was 
mechanically cleaned. All experiments were carried out 
at ambient temperature.

Before fi ltration experiments the clean membrane fl ux 
Jw was experimentally determined with low-conductivity 
deionised water. From this value the membrane resis-
tance Rm (1.53 × 1012 m−1) was calculated using the Eq. (1)
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where μp is the dynamic viscosity of the permeate, Jw 
is the permeate fl ux for deionised water and ΔP is the 
transmembrane pressure (TMP).

The critical fl ux Jcrit determinations were carried 
out using the step by step technique. For each velocity 
(u = 0.7, 1.1, 1.4, 1.8 and 2.2 ms−1) and concentration (2, 5 
and 10 gl−1), the permeate fl ux was measured by chang-
ing the transmembrane pressure.

The backfl ushing was provided by using permeate 
water stored in the piston of the backfl ushing system 
using an air driven piston mechanism. The backfl ush-
ing process for crossfl ow fi ltration is cyclic operation 
in which a period of forward fi ltration of duration tF is 
followed by period of backfl ushing of duration tB. The 
reverse fl ow removes particles reversibly deposited on 
or in the membrane and the foulants are swept away by 
the crossfl ow.

The net permeate fl ux during one period can be 
expressed by Eq. (2) [8,9]
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Fig. 1. Bentonite particle size distribution.
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Fig. 2. Scheme of fi ltration unit.
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where JF and JB are the forward and reverse fl uxes 
respectively and tF and tR are periods of fi ltration and 
backfl ushing processes, respectively.

3. Results and discussion

Fig. 3 depicts the effect of changing transmembrane 
pressure on the fl ux. The transmembrane pressure 
was fi rst increased at fi xed intervals (25 kPa) and then 
decreased in time steps of 10 min. It can be seen that the 
fl ux measured after an increase followed by a decrease 
of the pressure (50 kPa) is below the fl ux recorded at the 
same TMP before the increase. The decrease of the fl ux at 
the same TMP is caused by the membrane fouling which 
occurred at higher transmembrane pressures and cannot 
be removed by a change of the hydrodynamic conditions.

The velocity and concentration of suspension infl u-
enced the value of the critical fl ux. Fig. 4 a) and b) shows 
the critical fl ux Jcrit as a function of different concentra-
tions and retentate velocity, respectively. With increasing 
velocity, the critical fl ux increased for all concentration. 
The increase of the concentration from 1 to 10 g.l−1 was 
signifi cant and negative depending on the value of the 
critical fl ux. The results are consistent with other studies 
presenting that the value of critical fl ux decreases with 
increasing concentration [10,11].

The limiting fl ux was measured by changing the val-
ues of the transmembrane pressure and dependence of 
pressure on fl ux is shown in Fig. 5. Measurements were 
carried out for three different concentration (2, 5, 10 g.l−1) 
and velocity 1.8 m.s−1. The limiting fl ux for all concen-
trations was defi ned as the fl ux value which does not 
change with increasing transmembrane pressure. The 
transmembrane pressure was changed in steps of 10 kPa. 
Lower transmembrane pressure than 30 kPa could not be 
set up at given retentate velocity for technical limits of the 
fi ltration unit. The suspensions reached limiting fl uxes at 
pressure of 40 kPa and as expected the higher concentra-
tions of bentonite suspension gave lower values.

The steady-state permeate fl ux through the mem-
brane as a function of the time is shown in the Fig. 6. 
The long term experiment was carried out with the sus-
pension kept at 3 g.l−1. The crossfl ow velocity was fi xed 
at 1.8 ms−1 and transmembrane pressure at 50 kPa. In 
this test, the permeate product has not been periodically 
returned to the feed tank as the deionised water was 
continuously added there to prevent changes in the feed 
concentration. A quick fl ux decline has been observed 
after addition of a suspension into deionised water. This 
implies that no additional membrane fouling occurred Fig. 3. Permeate fl ux as a function of time (u=2.2 ms−1, c=2 g.l−1).

Fig. 4. Critical fl ux as a function of a) concentration and b) 
retentate velocity.

Fig. 5. Permeate fl ux as a function of pressure.
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after a short fi ltration time. This result is in contrast to 
that reported by Xu et. al. [12] with microfi ltration of 
alumina particles where the steady-state was achieved 
after 2 h, but on the other hand is similar as observed by 
Hwang et al. [13] during microfi ltration of dextran.

The backfl ushing test was performed at constant 
operating parameters, Δp=50 kPa; u=1.8 ms−1 with the 
suspension 5 g.l−1, tR=1 s with frequency equal to 5 min 
and the negative transmembrane pressure difference 
during the reverse fl ow was set to 400 kPa. The effect 
of backfl ushing on fl ux restoration is shown in Fig. 7. It 
can be seen that the fl ux has not been restored by back-
fl ushing under these fi ltration conditions, in addition it 
was decreased by backfl ush of permeate. The result is in 
contrast to that observed by Zhao et al. during microfi l-
tration of fi ne TiO2 particles with 1 μm pore-size mem-
brane, where backpulsing pressure was found to have 
signifi cant infl uence on the extent of fl ux restoration [14].

4. Conclusions

In this study, the critical fl uxes for Bentonite particle 
suspensions of different concentration were determined 
by changing the transmembrane pressure in defi ned 
time steps. Signifi cant increases in critical fl ux were 
recorded during fi ltration with high retentate velocity 
for all concentrations. The increase of concentration on 
the other hand caused a decrease of the critical fl uxes. 

The steady-state values were reached very quickly after 
adding of suspension to the deionised water. The infl u-
ences of backfl ushing duration and its frequency were 
not signifi cant thus backfl ushing is not a suitable method 
to the fl ux restoration for grinded particles of bentonite.
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Fig. 6. Permeate fl ux as a function of time (c= 3 g.l−1, u=1.8 
ms−1, Δp=50 kPa).
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Fig. 7. Backfl ush of bentonite suspension (c= 5 g.l−1, u=1.8 
ms−1, Δp=50 kPa).
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