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Abstract: Fouling generally occurs above the so-called ‘‘critical flux,’’ below
which steady-state membrane permeability is assumed to be attainable. Operation
at sub-critical fluxes can thus be used to minimize membrane fouling. However,
rejection behavior may be affected as a consequence of operating within this
sub-critical mode that sustains the desirable permeate flux. In this study, the
effluent from a synthetic activated sludge production process was used in the
assessment of the performance of membrane microfiltration, as a pretreatment
in desalination for wastewater reuse. The critical flux was identified using the
step-by-step technique. Different operating regimes i.e. above and below the cri-
tical flux were used to assess the relationship between solute rejection and mem-
brane fouling. When operating at sub critical mode, rejection was constant even
under increasing transmembrane pressure (TMP). This arises mainly from the
back transport of particles in the absence of cake formation. Beyond the critical
regime, cake formation occurred and rejection increased with increasing TMP. At
the critical regime, a decline in rejection was obtained. This rejection behavior was
consistent over the three pore sizes that were investigated. Increasing the pore size
appears to decrease the rejection at both regimes. This is because larger pore size
allows the transmission of smaller particles and a less compact cake formation
under and above the critical flux regime respectively. It appears from this study
that one may be able to use rejection behavior to confirm and determine the
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critical flux and adds to the confidence of using the step-by-step method to
determine the critical flux.

Keywords: Critical flux, membrane performance, microfiltration, organic feed,
rejection

INTRODUCTION

Membrane microfiltration is widely used in various wastewater treatment
applications encompassing sewage effluent disinfection, decontamination
of industrial effluents containing organic=inorganic pollutants, and as
a pretreatment prior to reverse osmosis (RO) in wastewater reuse (1,2).
Between using conventional biological treatment processes and mem-
brane technology, the latter is the favored pre-treatment operation for
RO due to their abilities to

1. produce high product water quality (free of bacteria and substantially
reduced virus content)

2. reduce the chemicals use and
3. small footprint requirement (3).

Most importantly, the absolute retention of all microorganisms and
particles (larger than the membrane’s pore size) by a membrane signifi-
cantly reduces the RO fouling susceptibility with suspended solids (SS),
colloidal material, organics, bacteria, or scale from dissolved ions in
the raw water. Earlier studies show that microfiltration pretreatment
are more cost effective than conventional treatment methods and it
enhances the RO permeate flux (4,5).

However, membrane fouling is still considered the ‘‘Achilles’ heel’ ’’
of membranes technology and presents a major obstacle for efficient
membrane operation. Fouling results in several deleterious effects includ-
ing an increase in applied pressure required for a constant rate of water
production, a decrease in water production due to declining permeate
flux making frequent membrane replacement and cleaning necessary, a
gradual membrane degradation which results in a shorter membrane life,
and a decrease in permeate quality. A direct consequence of these is the
increase in maintenance and operating costs. Reducing fouling is thus
becoming a key issue in optimizing the separation process and can be
achieved by operating microfiltration below the critical flux also known
as the non-fouling regime. The concept of critical flux, Jcrit, is defined as
the balance between the forces linked to filtration pressure which
maintains composites in the region of the membrane and shearing forces
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which conversely hold them at a distance from it (6). The characteristic of
operating in the sub critical regime is the absence of cake layer formation
on the membrane surface. However, this property may affect the mem-
brane surface characteristics such as rejection. Rejection depends on
many parameters including the cake layer which is formed on the
membrane surface or in the membrane matrix. Through fouling, the
membrane properties i.e. the effective pore size distribution, through
the blockage or partial blockage of the pores are modified and an added
resistance to solute permeation by the cake layer on the membrane
surface.

Most of the rejection studies undertaken relate to fouling with little
information available on the impact of working below and above the
critical flux regime on solute rejection. To this end, this work sets out
to study the effect of operating regimes i.e. above Jcrit and under Jcrit

on rejection using membranes of various pore sizes. The absence of
fouling and the effect of this phenomenon, together with other characteri-
stics such as back diffusion, are combined to explain the results.

EXPERIMENTAL

Membrane Feed

The membrane feed was the effluent of a synthetic activated sludge
production system that uses the ‘‘Porous Pot’’ method as proposed by
the Organization for Economic Coordination and Development (OECD)
guidelines 302A and 303A (7), having a composition as shown in Table 1
following Nyholm et al. (8). These authors note that this composition of

Table 1. Composition of synthetic wastewater feed to the poros pot

Substance
Amount=

(g l�1)
Molar concentration=

(10�3 M)

Meat Extract (International
Diagnostics Group plc, UK)

11.0 0.6

Urea (Sigma Aldrich, UK) 3.0 47.9
Peptone(International Diagnostics

Group plc, UK)
16.0 1.4

CaCl2 � 2H2O (BDH Chemicals Ltd, UK) 0.4 2.7
Mg2 SO4 � 7H2O (Fisons Scientific, UK) 0.2 0.7
K2HPO4 (Sigma Aldrich, UK) 2.8 16.1
NaCl (Sigma Aldrich, UK) 0.7 12.0
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synthetic sewage medium achieved realistic sludge loading whilst the
increased concentration of a phosphate buffer aid in avoiding pH drift.

Using the effluent from a well defined and stable synthetic sludge
ensures that the experiments are reproducible and allowed work with a
suspension that closely resembles effluent from an activated sludge based
wastewater treatment plant (9). The present effluent was obtained from a
stable bioreactor that had been running continually for more than 250
days (10). Although the pH of the effluent during the experimental period
fluctuated slightly from pH 8.4 to pH 7.0, the results reported in this
study are those obtained when the natural pH was at pH 7.5. No pH
adjustments were carried out. The temperature of the sludge and suspen-
sions were kept within the recommended range (7) of 20–25�C using a
water bath thermostat.

The suspensions were characterized in terms of the chemical oxygen
demand (COD), suspended solids (SS), total suspended solids (TSS), and
total dissolved solids (TDS). COD was analyzed in accordance with
method 508 C of standard methods (10). The particle size of the suspen-
sion was quantified with a laboratory particle size analyser (HYDRO
2000SM, Malvern Instruments, UK) which gives a distribution in terms
of particle numbers. TSS and SS were determined in accordance with
method 209 of standard methods (11). Table 2 presents the main biologi-
cal characteristics of the effluent used as feed for membrane filtration for
this study.

Membrane Filtration Unit

Ceramic membranes (Fairey Industrial Ceramics Ltd, England) with
nominal pore diameter of 0.2, 0.35, 0.5 mm and seven star shaped flow
channels used in this work were characterized and the results were
detailed in previous work (12). The membrane and support were reported
to be made of alumina and thicknesses of 60 and 8000 mm (obtained from
SEM micrographs of fractured surfaces) respectively. These membranes

Table 2. Characteristics of membrane feed of the pre-
sent study

pH 7.5
Total COD=(mg l�1) 67.7
SS content=(mg l�1) 313.1
TDS content=(mg l�1) 580.4
TS content=(mg l�1) 893.5
Zeta potential of particles=(mV) �10.9
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having a filtration area of 0.03 m2 and an equivalent hydraulic diameter
of 2.3 mm were vertically mounted in a crossflow filtration module.
Further details on the dimensions of the star shaped channels can be
found in previous studies (13). A schematic diagram of the membrane
filtration system used in the present study is shown in Fig. 1.

A crossflow velocity of 1.6 ms�1 corresponding to the Reynolds num-
ber of 3700 was employed and achieved by using a recirculation peristal-
tic pump (Watson Marlow 603 S, UK). The Reynolds number was
calculated using its equivalent hydraulic diameter. A previous study indi-
cated that it was necessary for the filtration process to operate in the tur-
bulent regime in order to optimize the flux performance of these
membranes (14). The transmembrane pressure (TMP) was monitored
using two pressure gauges (RS Components, UK) at either ends of the
membrane module and controlled by closing the valve A to generate
the backpressure.

Experimental Procedure

The step by step technique (14) was used to determine Jcrit in this study.
The transmembrane pressure was increased stepwise at fixed time inter-
vals of 30 minutes prior to the onset of non-linearity in the increase in
permeate flux, which was indicative of Jcrit, thereafter 15 minutes time
steps were used. The critical flux is the average between the last time
independent flux step and the first time dependent step (see Fig. 2).

Figure 1. Schematic flow diagram of embrane filtration process.
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The pressure corresponding to the identified Jcrit in the plot of permeate
flux as a function of transmembrane pressure (TMP) is termed as the
critical pressure, DPcrit. A maximum TMP of 1.0 bars was used in the
determination of the critical fluxes.

Following Jcrit and DPcrit determination, steady state crossflow filtra-
tions were carried out over a range of TMP i.e. from the TMP below the
DPcrit to that above the DPcrit. Additional analyses on the membranes
after the filtration experiments employing TMP>DPcrit were carried
out using scanning electron microscopy, SEM (FEI QUANTA 200,
Purge, Czech Republic) to understand the nature of the process of cake
formation.

After each run, the system was cleaned by circulating (highest setting
of the motor) 0.1% w=v NaOH solution and 0.1% v=v nitric acid solution
(BDH Chemicals Ltd, UK) at 40�C for 2 hours per solution. The rig was
then rinsed with distilled water until the pH returned to 7. In order to
ensure that the experiments had good reproducibility, the permeate flux
was measured using distilled water after every cleaning operation. In the
course of the study, changes in the distilled water flux through cleaned
membranes were insignificant (<1%). Each Jcrit and filtration measure-
ment was repeated several times and the average value is reported here.
All measurements show good reproducibility as the errors never exceed
5% in critical flux, steady state filtration and rejection characteristics.

Figure 2. Determination of Jcrit and DPcrit and at different pore sizes at pH 7.5
and cross flow velocity of 1.6 m s�1, D: 0.2 mm, �: 0.35 mm &: 0.5 mm.
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RESULTS AND DISCUSSION

Critical Flux Evaluation

Figure 2 shows the permeate flux as a function of transmembrane pres-
sure at a flow velocity of 1.6 m s�1. The weak form of Jcrit is observed
for all the three pore sizes as the slopes of the linear relationships differ
from that of the pure-water fluxes. Note that the straight lines in Fig. 2
are not pure water fluxes of the membranes but just the tangents drawn
to illustrate the method of critical flux determination. The pure water
fluxes through the 0.2, 0.35, and 0.5 mm membranes were approximately
80, 100, and 170 l m�2h�1 respectively at the TMP of 0.2 bars and cross-
flow velocity of 1.6 ms�1. This weak Jcrit observation is in agreement with
several workers (15,16) who attribute the weak form to adsorption and
internal fouling changing the apparent membrane resistance. This charac-
teristic is prevalent in most raw waters and also in secondary treated was-
tewater in which colloids and soluble organic are ubiquitous making
clean water fluxes rarely attainable. The critical flux in this study is thus
defined as the flux which characterized operation without formation of
deposit on the membrane and if the TMP were increased above this cri-
tical value, the conventional behavior corresponding to the fouling phe-
nomena and=or particle deposit will be observed up to the point where a
plateau was reached as the filtration performance becomes substantially
restricted (16). The critical pressure is identified to be 0.28 bars for all
three pores. Although this method of determining Jcrit has been reported
to be subjective (17), the rejection behavior results shown and discussed
later seem to support the obtained Jcrit. Furthermore, care was taken
to ensure that the step sizes used in this study was small enough for an
accurate determination.

Effect of Flow Regime on Rejection

The retention was calculated by comparing the concentration of the sub-
stance in the permeate and that in the concentrate as follows:

R ¼ 1� Cp

Cf

� �
ð1Þ

where R, Cp, and Cf are the retention, concentration in permeate and the
concentration in feed respectively.

Figure 3 shows the rejection behavior of three pore size membranes
as a function of the transmembrane pressure. At DPcrit< 0.28 bars, a
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constant rejection was observed. Subsequently, when DPcrit¼ 0.28 bars,
rejection declines to a minimum and as DPcrit> 0.28 bars, rejection
increased with increasing TMP.

When operating steady state filtration at TMP<DPcrit, filtration is
thought to be operating under the non-fouling regime. The observed
retention at this transient filtration stage is directly linked to the back
transport of particles through diffusivity and lateral migration; in this
case the particles remained in the retentate. Although increasing TMP
within this regime would cause increased force on the particles towards
the membrane, the rejection results seem to suggest that this force is
insufficient to result in deposition which would inevitably change the
retention characteristic of the surface. The observed retention is constant
suggesting no additional resistance to the membrane permeation flux
through surface modifications i.e. fouling. This implies that the rejection
at this point is mainly due to the sieving mechanism of the membrane. An
additional contributing factor to non-fouling arises from the electrical
repulsions between the membrane and the particles. The isoelectric point
of these membranes was reported to be pH 5.6 (12) and therefore under
the current operating pH, the membrane would be negatively charged so
is that of the suspension (Table 2). The repulsion prevents particles from
depositing on the membrane.

Figure 3. COD rejection at TMPs above and below DPcrit of 0.28 bars at different
pore sizes at pH 7.5 and cross flow velocity of 1.6 m s�1, ^: 0.2 mm, &: 0.35mm,
D: 0.5 mm.
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When steady state filtration was carried out around the transition
between the fouling and the non-fouling regime, a minimum rejection
was observed and has been observed elsewhere (18). The results suggest
that the stagnant layer of the retained compounds enhances polarization
of the transmitted compounds despite the increase in filtration resistance.
This falls within the first situation reported by van Oers et al. (19) who
state that when the membrane rejects solutes better than the deposited
layer, hindered back diffusion of solutes by the fouling layer results in
solute accumulation near the membrane surface. This enhanced concen-
tration polarization results in a steeper concentration gradient across the
membrane and, hence, a decrease in solute rejection. This seems plausible
as a partially developed deposit layer at or around Jcrit is expected to
form since it demarcates the transition of the fouling and the non-fouling
regions. Although this behavior is reported mostly in NF and RO mem-
branes (20), and in some instances UF membranes (18,19), this is highly
applicable since the initial adsorption and internal pore blocking
occurred to the membranes, a trait of the weak form of Jcrit, would cause
the MF membranes to act as a UF membrane.

The rejection increases with increasing TMP when filtration was car-
ried out above DPcrit i.e. the fouling regime. In this regime, an improve-
ment in the COD rejection occurs, when operating above Jcrit than below
Jcrit, and may arise from the fully developed cake deposition as opposed
to that at Jcrit. This behavior falls into the second case reviewed by van
Oers et al. (19) who state that when the solutes are rejected better by
the deposited layer than by the membrane, the fouling layer controls
the solute rejection and consequently improves it. Further, when TMP
is increased, COD rejection increases. This implies that the increase in
pressure differential reduces the COD transmission through an increase
in the resistance of the fouling layer to permeation. This increase in resis-
tance is likely to be due to an increase in fouling layer thickness coupled
with a decrease in fouling layer voidage, both of which are expected to
occur as a result of increasing the transmembrane pressure. Under this
operation, it seems that hydrodynamics might play a more significant
role in fouling since electrostatic repulsion between the membrane and
the particles would still exist.

The explanations for the observed rejection trends are further sup-
ported by turbidity results (not shown here). Permeate turbidity has been
often used as a measure of the quantity of macroscopical and the colloi-
dal matter retained within the system. At DPcrit< 0.28 bars, the permeate
turbidity drops from 5.9 NTU to an almost constant 4.9 NTU. A further
reduction of 0.8 NTU in the permeate turbidity was obtained at
DPcrit> 0.28 bars. This is suggestive that the initial constant turbidity
was brought about through the sieving mechanism of the membrane
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and as fouling occurs, additional rejection of colloidal matter by the cake
on the membrane surface led to the increased clarity of the permeate. At
DPcrit¼ 0.28 bars, turbidity rose to 5.3 NTU. This suggests that an
increased transmission of colloidal matters leading to a higher presence
in the permeate and is in agreement with the explanation given above.

Effect of Pore Size on Rejection

Although the three pore size membranes show the same rejection trend,
the level of retention seems to be dependant on the pore size (Fig. 3).
Operating at subcritical fluxes, the idea that sieving mechanism of the
pores through size exclusion being the main factor of the rejection beha-
vior is reinforced as the rejection differences did not change significantly
for all the pore sizes. An increase in the pore size led to a decrease in
COD removal. This implies that the smaller pores allow for a lower trans-
mission of chemically oxidizing compounds with the highest transmission
occurring through the 0.5 mm pore sized membranes. This probably
explains the increase in critical flux with pore sizes as shown in Fig. 2.

Above Jcrit, higher rejection coefficients of both 0.2 and 0.35 mm are
achieved compared to 0.5 mm. This observation is in agreement with that
of other workers (21) and seems to suggest the presence of different resis-
tances to permeate flow. It is known that fouling depends on the pore size
and that fouling mechanisms occurring in larger pores are different from
those occurring in smaller pores which would in turn affect the rejection
behavior (22). Schäfer et al. (23) investigated the fouling effects on rejec-
tion for membranes on the microfiltration to nanofiltration scale and
report an increase in rejection with fouling as a function of the pore size.
In the present study, the SEM photographs of the fouled membranes
seem to suggest that the main mechanisms for fouling are the same for
each of the three pore-sizes i.e. both internal and external blocking
(Fig. 4).

A plausible reason for this behavior is that the minimum particle size
in the bimodal distribution of the feed is smaller than the three nominal
pore sizes of the membranes employed (Fig. 5). This bimodal distribution
is typically associated with wastewater containing bacteria and other
microorganisms and is attributed to cell growth and the production of
by–products arising from substrate metabolism and biomass decay dur-
ing the complete mineralization of simple substrates (24). However, the
extent of the internal blockage can be assumed to be different for each
pore size. The smallest pore size of 0.2 mm may experience complete pore
blockage compared to partial blockage in the largest pore size since the
size of the smaller peak in the particle size distribution corresponds to
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Figure 5. Particle size distribution of effluent from the Porous Pot system.

Figure 4. SEM micrograph of fouled membranes of different pore sizes from the
side view. (a) 0.2mm fouled membrane; (b) 0.35mm fouled membrane; (c) 0.5mm
fouled membrane.
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0.12 mm which is similar to the smallest pore size. The different reductions
in pore size arising from internal blocking are reflected in the rejection
behavior (Fig. 3) since smaller pores may experience a greater retention
of particles.

Another contribution to the differences in the rejection behavior may
arise from the difference in resistance which in turns arises from the dif-
ferences in the cake structures for the three pores (Fig. 6). Figure 6 shows
the formation of a more porous cake at larger pore sizes. In contrast, the
foulant layer for the smallest pore seems to be very compact with little
porosity. From the selective particle deposition point of view (25), the cri-
tical cut diameter of the deposited particles in the cross-flow filtration
depends on the filtrate flux under the same cross-flow velocity. Larger
pores result in a larger initial flux which encourages larger particles to
be deposited (Fig. 5).

In addition, specific cake resistance calculations show increasing
resistances with decreasing pore size (Table 3) with the smallest pore

Figure 6. SEM micrographs of clean and fouled membranes of different pore sizes
using 10mm scale from the top view. (a) 0.2 mm clean membrane, (b) 0.2 mm fouled
membrane, (c) 0.35mm fouled membrane, (d) 0.5mm fouled membrane.
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producing the highest rejection over the range of TMP studied. This
supports the surface observations (Fig. 6) that larger pores result in the
formation of a larger porosity cake. These are in agreement with other
workers (26) who attribute the increasing cake resistance to the retention
of finer particles by membranes having smaller pores. The difference in
cake resistance is known to be directly linked to the differences in rejec-
tion (27,28). This higher cake resistance seems to be associated with
greater rejection as observed in the current work.

Another possibility, which is an extension of the above argument, is
that all pores are not the nominal size and that there is a distribution of
pore sizes. This is especially true in most commercial ceramic microfiltra-
tion membranes which could have a wider distribution than the particles
(29–31). In addition to this, pores do not necessarily have a uniform dia-
meter axially. An analogous effect to that occurring in deep bed filtration
may result from the pore size distribution and narrowing in larger pores
(32,33). This would allow material to build up in wide pores that are not
continuous at the large diameter. Thus it is only when some fouling has
occurred blocking these larger pores that the membranes, having a wider
initial pore size, achieve the observed rejection as shown in Table 4.

Although this mechanism could explain the paradox of efficient
rejection when large pores are present (see Table 4 for rejection data

Table 3. Specific cake resistance calculations from
the flux time data

Pore size=(mm)
Specific cake

resistance=(m�1)

0.2 10� 106

0.35 8.0� 106

0.5 4.0� 106

Table 4. Solid retention in terms SS, TS, and TDS at cross-flow velocity¼
1.6 m s�1; pH 7.5; DP¼ 0.8 bars for steady state filtration

Permeate, Cp (rejection coefficient, R)

Pore size (mm) 0.2 0.35 0.5

SS (mg l�1) 0.9 (1.0) 1.6 (0.99) 26.8 (0.91)
TS (mg l�1) 13.4 (0.99) 38.4 (0.96) 83.5 (0.91)
TDS (mg l�1) 12.5 (0.98) 36.8 (0.94) 56.7 (0.90)

3838 T. Y. Chiu et al.
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for 0.5 mm pores) it only occurs when the pores are tapered. However, in
order to validate this fouling mechanism, fully characterized model sus-
pensions of known particle size would have to be used.

CONCLUSIONS

The effects of operating under different regimes i.e. above and below the
critical flux on the rejection behavior of ceramic membranes of different
pore sizes using a secondary effluent as a possible pretreatment step for
reverse osmosis are evaluated. Rejection characteristics are shown to be
dependant on hydrodynamics and membrane characteristics. Effluent
microfiltration carried out under the different regimes led to three rejec-
tion characteristics. Below the critical regime, constant rejection is
obtained. This is attributed to the natural sieving mechanism of the mem-
branes. At the critical flux, a sudden increment of transmission is
observed and may be the result of an enhanced polarisation effect. Above
the critical flux, transmission decreased as TMP increased and is due to
the formation of a cake layer which acts as an additional barrier. Rejec-
tion analysis of the transient filtration stage within the subcritical mode
shows a higher initial transmission in larger pores which accounts for
the higher critical flux achieved. Rejection performance of the mem-
branes, in terms of COD removal, SS, and TDS, were better at smaller
pore sizes. Different fouling mechanisms together with different cake
structures could change the pore size distribution and could account
for the observed differences in rejection. Finally, it appears from this
study that one may be able to use rejection behavior to confirm and
determine the critical flux and adds to the confidence of using the step-
by-step method in determining Jcrit.
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23. Schäfer, A.I.; Fane, A.G.; Waite, T.D. (2000) Fouling effects on rejection in
the membrane filtration of natural waters. Desalination, 31: 215–224.

24. Noguera, D.R.; Araki, N.; Rittmann, B.E. (1994) Soluble microbial products
(SMP) in anaerobic chemostats. Biotechnology and Bioengineering, 44:
1040–1047.

25. Lu, W.M.; Ju, S.C. (1989) Selective particle deposition in cross-flow filtra-
tion. Separation Science Technology, 24: 517–540.

26. Zhao, Y.; Zhong, J.; Li, H.; Xu, N.; Shi, J. (2002) Fouling and regeneration
of ceramic microfiltration membranes in processing acid wastewater contain-
ing fine TiO2 particles. Journal of Membrane Science, 208: 331–341.

27. Chang, I.S.; Bag, S.O.; Lee, C.H. (2001) Effects of membrane fouling
on solute rejection during membrane filtration of activated sludge. Process
Biochemistry, 36: 855–860.

28. Yildiz, E.; Nuhoglu, A.; Keskinler, B.; Akay, G.; Farizoglu, B. (2003) Water
softening in a crossflow membrane reactor. Desalination, 159: 139–152.

29. Marshall, A.D.; Munro, P.A.; Tragardh, G. (1993) The effect of protein foul-
ing in microfiltration and ultrafiltration on permeate flux, protein retention
and selectivity: A literature review. Desalination, 91: 65–108.

30. Persson, K.M.; Capannelli, G.; Bottino, A.; Trägårdh, G. (1993) Porosity and
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