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a b s t r a c t

In this study, polyethersulfone (PES) ultrafiltration membranes were casted and modified by dispersing
nano-sized alumina (Al2O3) particles uniformly in a PES solution (18% polymer weight). Membranes with
5 different weight ratios of Al2O3 to PES of 0.01, 0.03, 0.05, 0.1, and 0.2 were examined. Ultrafiltration
experiments compared water flux and molecular weight cut-offs (MWCO) for the wet membranes. The
eywords:
l2O3

anoparticles
embrane bioreactors

ouling
ctivated sludge

effects of the nanometer Al2O3-particles concentration in the polymer dope on the permeation prop-
erties, membrane strength, and anti-fouling performance were examined using activated sludge. The
membrane matrix was characterized using scanning electron microscope (SEM). Al2O3 entrapped mem-
branes showed lower flux decline compared to neat polymeric membranes. Fouling mitigation initially
increased with nanoparticle content and stabilized thereafter. The optimum load of Al2O3 immobilized
membranes for MBR application in terms of highest membrane permeability and lowest fouling rate was

Al2O
the 5% weight fraction of

. Introduction

The use of membrane bioreactors (MBRs), for wastewater
reatment has been rapidly increasing recently due to superior
erformance and significant reductions in membrane costs. How-
ver, membrane filtration performance inevitably decreases with
ltration time due to membrane fouling. More severe fouling is
xpected when hydrophobic membranes are used in the MBR.
he preparation of novel organic–inorganic composite membranes
ith controlled properties has been a point of considerable inter-

st over the last decade. The presence of finely dispersed inorganic
articles in the polymer matrix has proven very useful in the

mprovement of membrane performance for a wide spectrum of
rocesses, ranging from gas separation and pervaporation to nano-
nd ultrafiltration [1–5]. Moreover, by the way of blending, the
odified membrane can combine basic properties of organic and

norganic materials and offer specific advantages with respect to
eparation performances, thermal and chemical resistance, and
daptability to the harsh wastewater environments [6–8]. Several
ypes of inorganic materials have been blended with polyvinyli-
ene fluoride (PVDF) such as silica [9], zirconium dioxide (ZrO2)

10], Al2O3 [11] and some low molecular weight inorganic salts,
uch as lithium salts [12]. TiO2 nanoparticles have also been used
n water treatment membranes recently [6–8]. Molinari et al. [6–8]
eported on the promise of photocatalytic membrane reactors for

∗ Corresponding author. Tel.: +1 519 661 2111x85470; fax: +1 519 850 2921.
E-mail addresses: nmaximou@uwo.ca (N. Maximous), gnakhla@eng.uwo.ca

G. Nakhla), khwong@uwo.ca (K. Wong), wkwan@eng.uwo.ca (W. Wan).

383-5866/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.seppur.2010.04.016
3 with PES.
© 2010 Elsevier B.V. All rights reserved.

toxic organic removal using immobilized TiO2 nanoparticles on
flat polymeric ultrafiltration (UF) membranes. TiO2/polymer thin
film composite (TFC) reverse osmosis membranes have been inves-
tigated to mitigate biofouling by photobactericidal effect under
ultraviolet (UV) radiation [13,14]. Bae and Tak [15] investigated
the fouling mitigation effect of immobilized TiO2 UF membranes
during the activated sludge filtration. However, studies of blending
membranes with nanoparticles focused primarily on gas separation
[16,17] and pervaporation membranes [18,19] and have recently
been extended to porous membranes for ultrafiltration (especially
PVDF membranes) [9–12] and potential nanofiltration applica-
tions [20]. A search of SciFinder Scholar and Engineering Village
databases has revealed the lack of studies on the use of Al2O3 immo-
bilized membranes for activated sludge filtration despite previous
application to water treatment [11]. Since membrane fouling in
wastewater treatment systems is instigated by biologically medi-
ated processes that produce extracellular polymeric substances
(EPS) and soluble microbial products (SMP) that are drastically dif-
ferent from the natural organic matter impacting fouling in water
treatment. In our previous work [21], the concept of introducing
Al2O3 nanoparticles to PES polymer was evaluated. The effect of
polymer preparation conditions such as polymer concentrations,
solvent evaporation time and Al2O3 nanoparticles concentrations
(up to 0.05 Al2O3/PES weight ratio) in the casting solution on the
membrane permeation flux were studied. The membranes mor-

phology was characterized by SEM. Investigation of the fouling
mitigation effect of Al2O3 immobilized UF membranes during the
activated sludge filtration was also undertaken in the previous
study and revealed that Al2O3/PES membranes mitigated fouling
propensity of activated sludge. Thus, the objectives of this research

http://www.sciencedirect.com/science/journal/13835866
http://www.elsevier.com/locate/seppur
mailto:nmaximou@uwo.ca
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mailto:khwong@uwo.ca
mailto:wkwan@eng.uwo.ca
dx.doi.org/10.1016/j.seppur.2010.04.016


N. Maximous et al. / Separation and Purification Technology 73 (2010) 294–301 295

i
n
u

2

2

[
U
m
n
o
m
a
p
m
w
t
a
t
c
b
s

2

b
N
i
f
fl
t
1
b
m
w
f
t
w
2
t
m
e

%

w
c

Fig. 1. Schematic diagram of stirred batch cell system.

nclude the optimization of Al2O3 nanoparticles loading, determi-
ation of MWCO for different Al2O3/PES membrane and a deeper
nderstanding of the membrane fouling mechanisms.

. Experimental

.1. Membrane preparation

Pure PES flat membranes were prepared by phase inversion
22]. PES Radel A-100 (Solvay Advanced Polymers, Alpharetta, GA,
SA) was used as a membrane material. For the Al2O3 entrapped
embrane 0.01, 0.03, 0.05, 0.1 and 0.2 Al2O3/PES ratios (w/w)

anoparticles with average particle size of 48 nm and a surface area
f 34 m2/g (Sigma–Aldrich Canada Ltd.) were dissolved into the N-
ethyl pyrrolidone (NMP) solution and the solution was sonicated

t 60 ◦C for 72 h to obtain a uniform and homogeneous casting sus-
ension. Subsequently, 18 wt.% PES polymer was added and the
ixture was sonicated again for a week. The membranes were cast
ith a 100 �m casting knife onto a glass plate at room tempera-

ure. The nascent membrane was evaporated at 25 ± 1 ◦C for 15 s
nd then immersed in a deionized water coagulation bath main-
ained at 18 ± 1 ◦C for 2 min. For all prepared membranes, after
omplete coagulation, the membrane was transferred to a water
ath for 15–17 days at room temperature to remove the remaining
olvent from the membrane structure before testing.

.2. Membrane characterization

Membrane filtration was carried out using a dead end stirred
atch cell operated under constant trans-membrane TMP (Model
o. 8050, Amicon) as shown in Fig. 1. The mode of constant TMP

s suitable for the study of membrane fouling and is widely used
or wastewater treatment [23–25]. The deionized water (DIW)
ux was determined for the PES control membranes as well as
he Al2O3 entrapped PES at different TMPs of 0.345, 0.69, 1.034,
.38 and 1.724 bar. The cross-sectional morphologies of the mem-
ranes were characterized using field-emission scanning electron
icroscopy (SEM, Leo 1530, LEO Electron Microscopy Ltd.) at 1 kV
ith no conductive coating. To expose the membrane cross-section

or SEM characterization, the membranes were cryogenically frac-
ured in liquid nitrogen. Molecular weight cut-off of the membrane
as determined using polyethylene oxide (PEO), Mw 100,000,

00,000, 300,000 and 600,000 aqueous solutions. The concentra-
ions of PEO were measured using LEICA Auto ABBE refractometer

odel 100500B [26]. Rejection was calculated by the following
quation:
R =
(1 − Cper

Cfeed

)
× 100 (1)

here Cper is the concentration of PEO in permeate and Cfeed the
oncentration of PEO in the feed. The smallest molecular weight
Fig. 2. Schematic diagram of MBR experimental setup.

that is rejected by 90% is taken as the MWCO of the membrane [26].
The MWCO is an established method to measure the pore size as the
comparison with crystal structures and electron micrographs indi-
cated that the membrane pore radius, Rp, is close to the effective
hydrodynamic radius of the polymer in solution, Rh, of the largest
PEG or PEO able to diffuse through the pore or to block ion con-
ductance [27–29]. Lee et al. [30] plot the molecular weight (Mw)
dependence of radius of gyration (Rg) for PEO, and linear fits yield
the coefficient � in Rg ∝ Mw� equal to 0.515 within statistical error.
According to the authors [30] the relation between the polymer Mw
and Rg is presented by the following equation:

Log Rg = � Log Mw (2)

where Mw of the polymer is in Da and Rg is in Å.
The aforementioned authors [30] indicated that PEO behaves

as an ideal chain. For high molecular weight polymers in “good
solvents” (such as water for PEO), mean field and renormalization
group treatments of excluded volume interactions yielded � of 0.6
and 0.588, respectively [31]; a � of 0.583 has been experimentally
determined for PEO in water for 80,000 < Mw < 106 [32]. The poly-
mer theory [33] predicts for a random coil polymer in a � solvent
(i.e., an ideal random flight chain) that:

Rh = 0.665Rg (3)

2.3. Activated sludge

Activated sludge used in this study was cultivated in a sub-
merged laboratory scale MBR (Fig. 2) treating synthetic wastewater
for more than 5 months. The membrane module ZeeWeed-1 (GE
Water and Process Technologies, Oakville, ON, Canada) was used
in this study. Starch and casein, (NH4)2SO4, and KH2PO4 were used
as carbon, nitrogen and phosphorus sources, respectively. Addi-
tional nutrients and alkalinity (NaHCO3) were also supplied to the
reactor. The feed composition and the influent wastewater char-
acteristics are summarized in Table 1 while Table 2 presents the
activated sludge characteristics.

2.4. Membrane fouling analysis

In order to alleviate the impact of compaction of the new
polymeric membranes on flux, pre-filtration studies with pure
deionized water (DIW) were conducted until a steady-state flux

(Jiw) was achieved. For sludge filtration, the TMP and stirring speed
were kept constant at 0.69 bar (as this is a typical TMP for sub-
merged membranes like Zenon [34]) and 600 rpm, respectively.
The permeate flux was determined by monitoring the volume of
permeate with time. After the filtration test, the membrane was
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Table 1
Feed composition and influent characteristics.

Compound Concentration (mg/L)

Feed composition
Casein 125
Starch 84.4
Sodium acetate 31.9
Ammonium sulfate [(NH4)2·SO4] 93.0
Magnesium sulfate [MgSO4·7H2O] 69.6
Calcium chloride [CaCl2·2H2O] 22.5
Potassium hydrogen phosphate [K2HPO4] 5.9
Sodium hydroxide [NaOH] 175.0
Ferric chloride [FeCl3] 11.0
Copper sulfate [CuSO4·4H2O] 0.08
Sodium molybdate [NaMoO4·2H2O] 0.15
Manganese sulfate [MnSO4·H2O] 0.13
Zinc chloride [ZnCl2] 0.23
Cobalt chloride [CoCl2·6H2O] 0.42
Potassium dihydrogen phosphate [KH2PO4] 23.6
Sodium carbonate [Na2CO3] 216
Sodium bicarbonate [NaHCO3] 169

Parameters Average ± SD (# of samples)

Influent characteristics
TSS (mg/L) 48.8 ± 9.8 (16)
TCOD (mg/L) 363.3 ± 33.5 (16)
Nitrates [NO3] (mgNO3-N/L) 0.2 ± 0.05 (16)
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Table 3
The Effect of Al2O3 nanoparticles concentration on the membrane DIW permeation.

Al2O3/PES ratio DIW permeation (L/m2 h bar)a

0.00 (PES control) 866.5 ± (59.6)
0.01 1016 ± (38)
0.03 1026 ± (18)
0.05 1268 ± (35)
0.1 727.5 ± (28.1)
0.2 284.1 ± (4.0)
Ammonia [NH3] (mgNH3-N/L) 20.6 ± 4.3 (16)
Orthophosphate [PO4] (mgPO4-P/L) 6.1 ± 0.6 (16)

SS: total suspended solids; TCOD: total chemical oxygen demand.

ashed in a cross-flow manner with DIW, the pure DIW flux (Jfw)
as measured four times after this cleaning regime. The degree of
embrane fouling was calculated quantitatively using the resis-

ance in series model [35].

= TMP

� · Rt
(4)

here J = the flux (L/m2 h); TMP = trans-membrane pressure
1.03 bar); � = viscosity of water at room temperature.

t = Rm + Rf + Rc (5)

Resistances values were obtained by the following equations

m = TMP

� · Jiw
(6)

f = TMP

(� · Jfw) − Rm
(7)

c = TMP

(� · J) − (Rm + Rf )
(8)
here Rm is the intrinsic membrane resistance; Rf is the sum of the
esistances caused by solute adsorption into the membrane pores
r walls and chemically reversible cake; Rc is the cake resistance
ormed by cake layer deposited over the membrane surface.

able 2
ludge characteristics.

Parameters Average ± SD (# of samples)

TSS (g/L) 8.1 ± 1.1 (24)
VSS (g/L) 5.9 ± 1.1 (24)
SCOD (mg/L) 22.4 ± 2.0 (24)
Nitrates [NO3] (mgNO3-N/L) 7.5 ± 1.6 (24)
Ammonia [NH3] (mgNH3-N/L) 1.10 ± 0.57 (24)
Orthophosphate [PO4] (mgPO4-P/L) 5.6 ± 1.3 (24)
pH 7.3 ± 0.2 (24)
DO 4.2 ± 0.8 (24)

O: dissolved oxygen; TSS: total suspended solids; SCOD: soluble chemical oxygen
emand; VSS: volatile suspended solids.
a The values presented in this table are the slopes of the straight lines generated
by recording the DIW flux at different TMP (0.345, 0.6895 and 1.0342 bar) with
R2 values of 0.89–0.99. Numbers within parenthesis represent the 95% confidence
intervals.

Membrane fouling rate was calculated by fitting the experimen-
tal data using Sigma Plot software version 10 (Systat Software, Inc.,
Canada). The theoretical curves were generated by previous soft-
ware; the data fit the exponential decay (3-parameters) equation
(Eq. (9)) with R2 of 0.90–0.99.

y = yo + ae−bt (9)

where y = permeability (L/m2 h bar), t = time (h), yo = permeability at
(t) equal infinity and a, b are the regression constants. The fouling
rate was determined using Eq. (10).

dy

dt
= abe−bt (10)

The initial fouling rates (representing the initial curve) for all
membranes are the averages of dy/dt at five points at times varying
between 0.01 and 0.05 h. However, the final fouling rates are the
averages of dy/dt at five points at times varying between 2.5 and
3 h.

3. Results and discussion

3.1. Al2O3 content

Table 3 shows the Al2O3-entrapped PES membranes DIW per-
meation. As apparent from Table 3, membrane DIW permeation
increased with the increase of the nanoparticles concentration in
the casting solution up to 0.05 Al2O3/PES and declined drastically
for the 0.1 and 0.2 Al2O3/PES. The maximum DIW permeability
for the 0.05 Al2O3/PES of 1268 L/m2 h bar is 46% higher than the
PES while the minimum of 248 L/m2 h bar for the 0.2 Al2O3/PES
is 71% lower than the PES. The effect of Al2O3 nanoparticles on
membrane performance can be explained in terms of two opposing
trends. Since Al2O3 has higher affinity for water than PES, penetra-
tion velocity of water into nascent membrane increased with Al2O3
concentration during the phase inversion. In addition, solvent dif-
fusion from the membrane to the water can also be increased by
Al2O3 addition. Since the interaction between polymer and sol-
vent molecules decreased due to the hindrance of nanoparticles
[36], solvent molecules could diffuse more easily from the poly-
mer matrix. On the other hand, nanoparticles may clog some of
membrane pores during the phase inversion leading to decrease in
the water flux. Therefore, the 0.05 Al2O3/PES ratio load was con-
sidered the optimum load above which the clogging effect of the
nanoparticles becomes predominant.

3.2. Membrane characterization

The SEM pictures of the neat PES membranes and different

Al2O3/PES membranes are shown in Fig. 3a–f. The SEM pictures
show that all prepared membranes were typically UF membranes,
highly porous and asymmetric with sponge-like structures. Though
the structures of the membranes were not distinctively differ-
ent, the higher Al2O3 content induced aggregation and caused
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by PES and different Al2O3/PES membranes. As apparent from the
table, the maximum TMP sustained by the membranes decreased
by increasing the Al2O3 load up to 0.05 Al2O3/PES. The higher
maximum TMP sustained by 0.1 and 0.2 Al2O3/PES membranes
is mainly attributed to the aggregation phenomenon discussed

Table 4
The effect of Al2O3 nanoparticles concentrations on the membrane strength.

Al2O3/PES ratio Max. sustained TMP (bar)

0.00 (PES control) 1.724
Fig. 3. SEM picture for the ne

ore plugging. The number and the size of Al2O3 nanoparticles
ggregates increased with increasing Al2O3 ratios from 0.05 to 0.2
l2O3/PES (Fig. 3d and f). Fig. 4 shows the MWCO of the tested mem-
ranes using PEO, the membranes pore size ranges are shown on
he top of each column. As apparent from Fig. 4, the PES, 0.01 and
.03 Al2O3/PES have MWCO of 600 kDa. However, the 0.05, 0.1 and
.2 Al2O3/PES have MWCO of 200 kDa. The differences in MWCO
easured for the tested membranes may be attributed to the aggre-

ation phenomenon of Al2O3 nanoparticles discussed above. Using
qs. (2) and (3), the value of Rh for the PEO polymer (Mw = 600 kDa)
nd consequently the values of Rp of the tested membranes with
WCO of 600 kDa (neat PES, 0.01 and 0.03 Al2O3/PES) and 200 kDa

0.05, 0.1 and 0.2 Al2O3/PES) were estimated to be in the range of

.06 and 0.05 �m, respectively, based on � of 0.515 [29] and 0.15
nd 0.13 �m, respectively, based on � of 0.583 [32]. Since the typical
ore size range of ultrafiltration membranes is 0.01–0.1 �m [37],
he results further confirm the ultrafiltration characteristics of the
ested membranes.
and Al2O3-PES membranes.

The effect of Al2O3 nanoparticles on the membrane strength
has been studied in terms of maximum TMP sustained by the
tested membranes. Table 4 shows the maximum TMP sustained
0.01 1.724
0.03 1.034
0.05 1.034
0.1 1.724
0.2 2.068
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Fig. 4. MWCO for Al2O3-PES membranes using PEO.

efore. Despite the fact that the maximum TMP sustained by the
embrane has decreased by 40% for 0.03 and 0.05 Al2O3/PES mem-

ranes relative to the PES control, the maximum TMP sustained
y the aforementioned membranes of 1.034 bar is higher than the
ypical TMP (0.69 bar) for submerged membranes like Zenon [34].
ince the full-scale design of membrane modules includes packing
aterial to increase structural integrity and resistance to pressure,

t is expected that the Al2O3/PES membrane would sustain much
igher pressures in practice.
.3. Membrane fouling evaluation

.3.1. Flux decline
Fig. 5 illustrates the temporal flux decline for PES and Al2O3-

ntrapped PES membranes using activated sludge as a feed at 20 ◦C

Fig. 5. Temporal flux decline for
tion Technology 73 (2010) 294–301

and TMP of 0.69 bar. Results presented in this paper correspond to
an average of two to four replicates, with the tested membranes
randomly chosen from different independent sheets. Fig. 5 shows
that the Al2O3-entrapped membranes have higher initial fluxes
than the PES membrane. It is important to emphasize that all the
observed differences between the six different membrane fluxes
were statistically significantly at the 95% confidence level. These
results are consistent with the findings of Bae and Tak [38], who
found that TiO2 entrapped PES membranes showed higher flux for
sludge filtration than neat polymeric membrane.

Fig. 6a–f illustrates the experimental and theoretical permeabil-
ity data for tested membranes for sludge filtrations. As apparent
from the graphs, the permeability data are consistent with the
hypothetical three-phase-process [39], comprising of initial fouling
(phase 1) resulting in a rapid permeability decline mainly due to the
irreversible deposition of the soluble fraction of the biomass sus-
pension (presumably soluble microbial products, SMP), followed
by deposition of sludge particles on the membrane surface and in
the previously deposited layers is the main phenomenon occur-
ring during phase 2 when the flux declines more slowly. Phase 3 is
then defined when flux appears to stabilize, indicating that perme-
ation drag and back transport have reached equilibrium. Although
reduced permeation drag limits further severe fouling, compaction
of the cake layer would play a significant role in the slight increase
in filtration resistance observed during this last phase. As little foul-
ing still occurs during phase 3, this operation can be maintained
during a certain filtration period, before cleaning of the membrane
is required [39]. Table 5 shows the initial and final fouling rates for
sludge filtrations by the tested membranes as well as the yo values.
It is noteworthy that all the observed differences in fouling rates
between the two phases for each membrane were statistically sig-

nificantly at the 95% confidence level. Furthermore, the differences
in phase 1 and phase 2 fouling rates between the tested membranes
are also statistically significant at the 95% confidence levels.

It is well known that membrane fouling can be influenced
by hydrodynamic conditions, such as permeation drag and back

sludge sample at 0.69 bar.
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Fig. 6. Membr

ransport, and chemical interaction between foulants and mem-
ranes [40]. Since all the membranes were tested at the same
ydrodynamic condition, the different fouling behavior could be
ttributed to surface properties of the membranes which were
hanged by nanoparticle entrapment. As apparent from Table 5,
espite the higher initial fouling rate, the steady-state fouling rates

f Al2O3 entrapped membranes were significantly lower by 2.5, 4.5,
50, 8.25 × 103 and 4 × 108 times for 0.1, 0.2, 0.01, 0.03 and 0.05
l2O3/PES membranes, respectively than the neat PES membrane
hich coupled with the 3.5–12 times higher pseudo-steady-state

able 5
nitial and pseudo-steady-state fouling rates.

Parameters PES 0.01 Al2O3/PES

Initial fouling rate (L/m2 bar h2) 526.2 2647.3
Pseudo-steady-state fouling rate (L/m2 bar h2) 0.005 9.09E−06
Pseudo-steady-state permeability (yo) (L/m2 bar h) 20.4 166
ermeabilities.

permeability (Table 5) observed for the Al2O3 entrapped membrane
relative to the neat membrane, suggest that the surface of Al2O3
entrapped membrane can be more hydrophilic than the neat poly-
meric membrane due to the higher affinity of metal oxides to water.
Thus, the hydrophobic adsorption between sludge particles and
Al2O3 entrapped membrane was reduced. The steady-state per-

meability for sludge filtration at the optimum Al2O3 loading of 5%
by weight of PES was more than 12 folds the nascent PES mem-
brane. On the other hand, for the 0.1 and 0.2 Al2O3/PES membrane,
severe pore plugging was observed as confirmed by the resistance

0.03 Al2O3/PES 0.05 Al2O3/PES 0.1 Al2O3/PES 0.2 Al2O3/PES

3301 4387 375 264.3
6.06E−07 1.25E−11 0.0011 0.002
202 252 94.5 71.6
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Fig. 7. Filtration resistance of neat and Al2O3-entrapped membranes.

n series model discussed in the next section. Since 0.05 Al2O3/PES
embranes have the lowest pseudo-steady-state fouling rate and

he highest pseudo-steady-state permeability (Table 5) combined
ith the highest DIW permeability, it is deemed to be the optimum

f the five tested loads.

.3.2. Fouling mitigation and fouling mechanism of Al2O3
ntrapped membranes

The impact of surface properties on cake layer resistance can
e readily discerned from Fig. 7, with the differences between
embrane resistances (Rm) statistically insignificant at the 95%

onfidence level except for 0.1 and 0.2 Al2O3/PES membranes.
he results clearly show that Rc and Rt values decreased sub-
tantially with increasing Al2O3 load up to 0.05 Al2O3/PES, which
oupled with the insignificant observed differences between the
m values (up to 0.05 Al2O3/PES ratio) for tested membranes and
lso the insignificant differences between Rf values at 95% con-
dence suggests that introducing the Al2O3 nanoparticles might
nhance PES membrane hydrophillicity. The Rc value decreased
rom 6.2 × 107 m−1 in the control membrane to 0.32 × 107 m−1 at
he optimum Al2O3 load and similarly Rt decreased from 7.6 × 107

o 1.8 × 107 m−1. Furthermore, the addition of Al2O3 up to 0.05
oad reduced the contribution of the cake resistance (Rc) to the
otal resistance as reflected by the Rc/Rt ratio. As apparent from
ig. 7, the Rc/Rt decreased from 82% in the neat PES to 33%,
4%, and 18% in the 0.01, 0.03, and 0.05 Al2O3/PES, which cou-
led with the fact that cake resistance mainly due to extracellular
olymeric substance (EPS) proved to be the predominant fouling
echanism [41], suggests that introducing the Al2O3 nanoparti-

les decrease the adhesion or the adsorption of the EPS on the
embrane surface. Bae and Tak [15] concluded that fouling mitiga-

ion also increased when the TiO2 entrapped-nanoparticles content
ncreased in the polysulfone (PSF) casting solution. For the 0.1 and
.2 Al2O3/PES ratio, the severe pore plugging with nanoparticles

s confirmed by the increase in the intrinsic membrane resistance
Rm) from 0.32 × 107 m−1 in the 0.05 Al2O3/PES to 0.61 × 107 and
.6 × 107 m−1, respectively in the 0.1 and 0.2 Al2O3/PES, as well as
he dramatic decrease of Rf values relative to both the nascent PES
nd other Al2O3 loadings. The decrease in Rf values for 0.1 and 0.2
l O /PES membranes can be explained as follows: Eqs. (6) and (7)
2 3
how that the Rm value depends on the value of Jiw, while the Rf
alue depends on the Jfw. In the case of 0.1 and 0.2 Al2O3/PES mem-
ranes, the membranes pores are already occupied with the Al2O3
anoparticles aggregates, as discussed in Section 3.2, hence the val-
tion Technology 73 (2010) 294–301

ues of Jfw and Jiw were very close and consequently the Rf values for
the two aforementioned membranes are very small. As apparent
from Fig. 7, cake filtration is the predominant fouling mechanism
in the neat PES, 0.1 and 0.2 Al2O3/PES membranes with Rc/Rt ratio
of 82%, 75% and 55%, respectively. This observation is in agreement
with the results for the other commercial membranes of the same
hydrophobic material (e.g. PM 30) and with hydrophilic material
as YM 30 membranes [42].

4. Conclusions

This research aimed to study the optimum load of Al2O3
nanoparticles for fouling mitigation during the activated sludge fil-
tration and to provide better understanding of membrane fouling
mechanisms. Major findings from this study are:

1. PES membrane characteristics and performances were changed
by the addition of Al2O3 nanoparticles to the casting solu-
tion, with porosity increasing and the hydrophobic interaction
between the membrane surface and foulants decreasing.

2. Al2O3 entrapped membrane showed lower flux decline during
activated sludge filtration compared to neat polymeric mem-
brane, with the pseudo-steady-state permeability increasing by
3.5 to 12 folds.

3. Although fouling mitigation initially increased with nanopar-
ticles content, it reached an optimum limit above which pore
plugging occurred resulting in dramatic changes in membrane
performance. Within the 0.01, 0.03, 0.05, 0.1 and 0.2 Al2O3/PES
ratios, the 0.05 Al2O3/PES ratio was deemed to be optimum in
terms of membrane fouling mitigation.

4. For the 0.01, 0.03 and 0.05 Al2O3/PES ratios membranes, Rc

accounted for 33%, 34% and 18% of the total resistances of
2.2 × 107, 1.8 × 107 and 1.8 × 107 m−1, respectively with insignif-
icant differences in Rf and Rm.

5. For the nascent PES and the highly loaded Al2O3 membranes,
i.e.; 0.1 and 0.2 Al2O3/PES, the Rc/Rt was significantly higher
at 55–82% of the total resistance of 3.7 × 107 to 7.6 × 107 m−1,
emphasizing the high contribution of cake resistance.

6. As the Al2O3 load increases in the membrane matrix, the possi-
bility of nanoparticles aggregation increased as reflected by the
SEM pictures and by the decrease of membrane MWCO from
600 kDa for the neat PES, 0.01 and 0.03 Al2O3/PES membranes to
200 kDa for 0.05, 0.1 and 0.2 Al2O3/PES.
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