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Membrane bioreactors (MBRs) have been widely used as advanced wastewater treatment processes
in recent years. However, membrane fouling and its consequences in terms of plant maintenance and
operating costs limit the widespread application of MBRs. Thus great efforts have focused on fouling mit-
igation. In this study, Al,03; entrapped polyethersulfone (PES) ultrafiltration membranes were prepared
and applied to activated sludge filtration in order to evaluate their fouling characteristics. The impact of
solvent evaporation time and polymer concentrations on ultrafiltration (UF) membrane characteristics
and performance was studied. PES was employed as a base polymer, while N-methyl pyrrolidone (NMP)
was used as a solvent. The flat sheet membranes, prepared via phase inversion, were characterized using
scanning electron microscope (SEM). Membrane performance was changed by the addition of Al,03;
nanoparticles to the casting solution. Al,03 entrapped membrane showed lower flux decline compared
to that of neat polymeric membrane. Fouling mitigation effect increased with nanoparticle content. No
significant effect of the nanoparticles distribution pattern inside the membrane matrix was found on the
membrane performance. This study highlights the potential of Al,0; immobilized membranes in MBR
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1. Introduction

The MBR process has now become an attractive option for the
treatment and reuse of industrial and municipal wastewaters. How-
ever, the MBR filtration performance inevitably decreases with
filtration time due to membrane fouling. More severe fouling is
expected when hydrophobic membranes are used in the MBR.
Polyethersulfone (PES) has become an important separation mem-
brane material, as it possesses many good physical and chemical
characteristics such as good heat-aging resistance and environmen-
tal endurance as well as easy processing. However, the inherent
hydrophobicity of PES due to its structure leads to a low membrane
flux and poor anti-fouling properties, which have a great impact on
its application and useful life [1]. Therefore, efforts have focused on
increasing PES hydrophilicity either by chemical or physical modifi-
cations such as ultraviolet irradiation [2], blending with hydrophilic
materials [3], graft polymerization [4], plasma graft [5], and so on.
Of the aforementioned methods, blending with inorganic materials,
especially nanoparticles, has attracted much interest due to their
convenient operation and mild conditions [6]. Moreover, by the way
of blending, the modified membrane can combine basic properties
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of organic and inorganic materials and offer specific advantages
for the preparation of artificial membranes with excellent sepa-
ration performances, good thermal and chemical resistance and
adaptability to the harsh wastewater environments [7-10]. Several
types of inorganic materials have been blended with polyvinylidene
fluoride (PVDF) such as silica [11], zirconium dioxide (ZrO,) [12],
Al,03 [13] and some low molecular weight inorganic salts, such as
lithium salts [14]. TiO, nanoparticles have also been used in water
treatment membrane technology in recent years [8-10]. Molinari
et al. [8-10] who tried to report on the promise of photocatalytic
membrane reactor for toxic organic removal [8-10], immobilize
TiO, nanoparticles on flat polymeric ultrafiltration (UF) mem-
branes in two different ways. TiO,/polymer thin film composite
(TFC) reverse osmosis membrane has been investigated to miti-
gate biofouling by photobactericidal effect under ultraviolet (UV)
radiation [15,16]. Bae and Tak [17] investigated the fouling mitiga-
tion effect of immobilized TiO, UF membranes during the activated
sludge filtration. However, studies of blending membranes with
nanoparticles focused primarily on gas separation [18-20] and per-
vaporation membranes [21-23] and have recently been extended to
porous membranes for ultrafiltration (especially PVDF membranes)
[11-14] and potential nanofiltration applications [24].

Since, no studies have been conducted on Al,03 immobilized
membranes for activated sludge filtration despite previous appli-
cations in water treatment [13], the novelty in this research lies
in introducing Al,03 nanoparticles to PES in order to improve the
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performance of PES membrane for wastewater filtration. Therefore,
this research aimed to prepare pure PES membrane and Al,03-PES
composite membranes using the phase inversion method by includ-
ing a small proportion of Al,03 particles to the casting solution.
The effects of polymer preparation conditions such as polymer
concentration, solvent evaporation time and Al,Os-particle con-
centration in the casting solution on the membrane permeation flux
were studied. The membranes morphology was characterized by
SEM. Investigation of the fouling mitigation effect of Al,03 immo-
bilized UF membranes during the activated sludge filtration was
also included in this study.

2. Experimental
2.1. Membrane preparation

Pure PES flat membranes were prepared by phase inversion
[25]. PES Radel A-100 (Solvay Advanced Polymers, Alpharetta, GA,
USA) was used as membrane material. NMP solvent was selected
in the current study as it is widely accepted as a good solvent for
many polymers [11,12,17]. The effect of polymer concentration was
tested by preparing casting solutions consisting of 5, 10, 15, 18 and
20 wt¥%, PES polymer and NMP (Sigma-Aldrich Canada Ltd.). The
membranes were casted with a 100 wm casting knife onto a glass
plate at room temperature; the nascent membrane was evaporated
at 25+1°C for 30s then immersed in a deionized water coagu-
lation bath maintained at 18 +£1°C for 2 min. In order to study
the effect of solvent evaporation time on membrane preparation,
the 18 wt% nascent membranes were casted by the same method
described above and evaporated at 254+ 1°C for 15, 30, 60 and
120s.

For the entrapped membrane 0.01, 0.03, 0.05 Al,03/PES mass
ratios were prepared. Al, O3 nanoparticles with average particle size
of 48 nm and a surface area of 34 m?/g (Sigma-Aldrich Canada Ltd.)
were dissolved into the NMP solution and was sonicated at 60°C
for 72 h to obtain a uniform and homogeneous casting suspension.
Subsequently, 18 wt% polymer was added and the mixture was son-
icated again for a week, the membranes were cast with a 100 pum
casting knife onto a glass plate at room temperature. The nascent
membrane was evaporated at 25 £ 1 °C for 15 s and then immersed
in a deionized water coagulation bath maintained at 18 +1°C for
2 min. For all prepared membranes, after complete coagulation, the
membrane was transferred to a water bath for 15-17 days at room
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Fig. 1. Schematic diagram of stirred batch cell system.

temperature to remove the remaining solvent from the membrane
structure before it testing.

2.2. Membrane characterization

In order to operate under constant trans-membrane pressure
(TMP), membrane filtration was carried out using a stirred batch cell
(Model No. 8050, Amicon)as shown in (Fig. 1). The mode of constant
TMP is suitable for the study of membrane fouling and there are
still many reports about the application of constant TMP for long-
term wastewater treatment [26-29]. The deionized water (DIW)
flux was determined for the PES control membranes as well as the
Al;03 entrapped PES at different TMPs of 0.345, 0.69, 1.034, 1.38
and 1.724 bar). The cross-sectional morphologies of the membranes
were characterized using SEM (Leo 1530, LEO Electron Microscopy
Ltd) at 1 kV with no conductive coating. To expose the cross-section
for SEM characterization, the membranes were cryogenically frac-
tured in liquid nitrogen. The distribution of the Al, 03 nanoparticles
and the dimension of the membranes were measured using the
Java-based image processing program, Image J (National Institutes
of Health).

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. Starch and casein, (NH4),S04, and KH,PO4
were used as carbon, nitrogen and phosphorus sources, respec-
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Fig. 2. Schematic diagram of MBR experimental setup.
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Table 1
Feed composition.

Compound Concentration (mg/L)
Casein 125
Starch 84.4
Sodium acetate 31.9
(NH4)2S04 93.0
MgS04-7H,0 69.6
CaCl,-2H,0 22.5
Ky;HPO4 5.9
NaOH 175.0
FeCl; 11.0
CuS04-4H,0 0.08
N3M004-2H20 0.15
MnSO4-H,0 0.13
ZnCl, 0.23
COClz-GHzO 0.42
KH,PO4 23.6
Na,CO3 216
NaHCOs 169

tively. Additional nutrients and alkalinity (NaHCO3;) were also
supplied to the reactor. The feed composition and the sludge char-
acteristics are summarized in Tables 1 and 2, respectively.

2.4. Membrane fouling analysis

Since new polymeric membrane can be compacted by applied
pressure during the filtration, the flux can decline without mem-
brane fouling. In order to alleviate the impact of compaction on
flux, pre-filtration studies with pure deionized water (DIW) were
conducted until a steady-state flux (J;,,) was achieved. For sludge
filtration, the TMP and stirring speed were kept constant at 0.69 bar
(as this is a typical TMP for submerged membranes like Zenon [30])
and 600 rpm, respectively. The permeate flux was determined by
monitoring the volume of permeate with time. After the filtration
test, the membrane was washed in a cross-flow manner with DIW,
the pure DIW flux (Jr, ) was measured four times after this cleaning
regime.

The degree of membrane fouling was calculated quantitatively
using the resistance-in-series model [31]

TMP
= nRt

where J=the flux (L/m%h); TMP=trans-membrane pressure
(1.03 bar); n = viscosity of water at room temperature.

Rt = Rm + Rf + R

Resistances values were obtained by the following equations

TMP
Rm =
Niw
TMP
Rf = — —
n]fw
TMP
Re= —— —(Rm +Ryf)
n f
Table 2
Sludge characteristics.
Parameters Average +SD
TSS (g/L) 8.07 + 1.1
VSS (g/L) 5.89 + 1.1
SCOD (mg/L) 224 +£20
TCOD (mg/L) 363.3 + 33.5
NOs3; (mgNOs3-N/L) 75+ 16
NH3 (mgNH3-N/L) 110 + 0.57
PO4(mgPO4-P/L) 56+ 1.3
pH 73 +0.2
DO 42 4+ 0.8

where Ry, is the intrinsic membrane resistance; Ry is the sum of the
resistances caused by solute adsorption into the membrane pores
or walls and chemically reversible cake. R is the cake resistance
formed by cake layer deposited over the membrane surface.

3. Results and discussion
3.1. Membrane preparation conditions

3.1.1. Polymer concentration

Polymer concentration has been identified as the most impor-
tant parameter for tailoring membrane properties [32]. Table 3
shows the effect of different polymer concentrations on the mem-
brane DIW permeation. The membranes were cast at a constant
solvent evaporation time of 30s. It has been generally accepted
as a common rule that thermodynamically less stable membrane
forming systems can enhance the precipitation rate and make more
porous membranes and vice versa [32]. Thus, in this phase of study
all the new developed doping solutions were designed specifi-
cally to be thermodynamically less stable in order to increase the
membrane porosity. As shown in Table 3, as the polymer concen-
tration increased the DIW permeation of the membrane decreased
and the pressure resistance increased. This suggests that increas-
ing polymer concentration will form a denser and thicker skin
layer, resulting in higher pressure resistance, but less productive
asymmetric ultrafiltration membranes for liquid separation. Higher
polymer concentrations are required to induce chain entanglement
and therefore reduce the formation of macro-voids in the skin layer
[32]. As a result, the separation capability of the membrane will
increase but the permeability will decline. The membranes with
5wt% polymer concentrations were transparent and very sensi-
tive to dehydration; they shrank very easily upon drying. On the
other hand, the membranes with 20 wt% polymer concentration
were impermeable to water at the tested TMP. Membranes with a
dense and thick skin as well as porous structure were prepared with
18 wt% PES. Asymmetric membranes from the dilute polymer solu-
tion (10 and 15 wt%) produced a thin and porous skin layer, leading
to a high flux but a relatively low pressure resistance. Pesek and
Koros [33] who had investigated the effects of polymer concentra-
tion and solvent ratio on the membrane morphology and separation
performance showed that increase in polymer concentration at
constant solvent ratio, produced higher solution viscosities and
selectivity but generally lower pressure-normalized fluxes. The
aforementioned authors attributed flux losses to thicker skins and
transition layers, believed to be caused by the slower re-dissolution
of the polymer solution. On the other hand, simultaneous increases
in polymer concentration and solvent ratios allow higher viscosity
with little change in membrane performance. Since the addition of
the nanoparticles with their hydrophilic nature might increase the
membrane porosity and subsequently change the membrane pres-
sure resistance, the 18 wt% which established the highest pressure
resistance (Table 3) was selected to be the polymer concentration
for the current study.

Table 3
The effect of polymer concentration on the membrane DIW permeation?.

Polymer DIW permeation Max. sustained
concentration (L/m? bar-h)® TMP (bar)

10 wt% 12274 + (103) 1.034

15wt% 1134.5 + (111) 1.034

18 wt% 866.5 + (59.6) 1.724

3 All membranes were cast at constant solvent evaporation time of 30s.

b The values presented in this table are the slopes of the straight lines generated
by recording the DIW flux at different TMP. Numbers within parenthesis represent
the 95% confidence intervals.
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Table 4
The effect of solvent evaporation time on the membrane DIW permeation.

Solvent evaporation time (s) DIW permeation (L/m? bar-h)?

15 866.5 + (59.6)

30 343 + (17.5)

60 2945 + (26.5)
120 10.7 + (1.5)

2 The values presented in this table are the slopes of the straight lines generated
by recording the DIW flux at different TMP. Numbers within parenthesis represent
the 95% confidence intervals.

3.1.2. Solvent evaporation time

The second important factor that affects the membrane prepa-
ration and performance is the solvent evaporation time. Table 4
shows the effect of different evaporation times on the PES mem-
brane DIW permeation. All the membranes were cast with 18 wt%
polymer solution. The results showed that as the solvent evapo-
ration time increases, the membrane DIW permeation decreases,
potentially attributable to the decrease in the membrane pore size.
The changes in membrane DIW were very drastic when evaporation
time increased from 15 s (850.6 L/m?2 bar-h) to 120 s (10.7 L/m? bar-
h) which suggested that within the range of evaporation times
investigated in this study, the optimum solvent evaporation time
is 15s. The effect of evaporation time on the water permeation has
been observed in numerous studies, including polysulfone mem-
branes [34], for polyetheramide hydrazide polymer with a novel
solvent exchange technique [35], and with a poly(phtalazine ether
sulfone ketone) membrane [36]. Although the base polymer and
the membrane preparation techniques were different, all of them
observed a decrease of the water permeation rate with an increase
in the solvent evaporation period.

3.1.3. Al,03-content

The effect of Al,03 nanoparticles concentrations was also stud-
ied. Table 5 shows the Al,03-entrapped PES membranes DIW
permeation. All the membranes were cast from 18 wt% PES solution
with a solvent evaporation time of 15 s. As apparent from the table,
membrane DIW permeation marginally increased as the nanopar-
ticles concentration in the casting solution increased. Since Al,03
has higher affinity for water than PES, penetration velocity of water
into nascent membrane increased with Al, O3 concentration during
the phase inversion. In addition, solvent diffusion from the mem-
brane to the water can also be increased by Al, 03 addition. Since the

L B B W w] =
Bl bl

LLE I Mo g
Wi med

W2 .

W
L

=

N. Maximous et al. / Journal of Membrane Science 341 (2009) 67-75

Table 5
The effect of Al03 Nanoparticles concentration on the mem-
brane DIW permeation.

Al, 05 /[PES ratios DIW permeation (L/m? bar-h)?

0.01 1016 + (38)
0.03 1026 + (18)
0.05 1268 + (35)

2 The values presented in this table are the slopes of the
straight lines generated by recording the DIW flux at different
TMP. Numbers within parenthesis represent the 95% confidence
intervals.

interaction between polymer and solvent molecules decreased due
to the hindrance of nanoparticles [37], solvent molecules could dif-
fuse more easily from the polymer matrix. It is well known that both
pore size and porosity increase with solvent interdiffusion velocity
from the enriched gas as a result of evaporation to the liquid [37].
Thus, pore size and porosity of Al,03-entrapped membrane could
be slightly higher than those of neat PES membrane.

3.2. Membrane characterization

Fig. 3 showing the SEM picture for the PES membrane clearly
indicates asymmetry and porosity. The Al,03 nanoparticles distri-
bution pattern inside the membrane matrix was also investigated in
this work. For the 0.0 Al,03/PES membrane, the inorganic nanopar-
ticles load was too small to draw any conclusions. Figs. 4 and 5
show the Al, 03 distribution pattern for the 0.03 and 0.05 Al 03 /PES
membranes with respect to membrane cross-section with areas of
351 and 651.9 wm?, respectively. As apparent from the two figures,
most of the Al,03 particles are located between 0 and 30 pwm of
the membrane thickness and they significantly decreased after that
depth. For the 0.03 Al,03/PES membranes, the Al,05 particles are
uniformly distributed with about 25% of the particles in each 10 wm
of membrane thickness. On the other hand, in the 0.05 Al,03/PES
membranes, 42% of the particles are located at 20-30 um of mem-
brane thickness. The ratio between the overall particle density for
the 0.03 and 0.05 Al,03/PES is 0.42 which is very close to the ratio
of the particle density for the same membranes for the depth of
0-20 pm which is 0.5. The ratio between 0.03 and 0.05 Al,03/PES
fouling resistance (Ry), as discussed in Section 3.3.2, is 0.68 which
is much greater than the 0.42-0.5 particle density, which coupled
with the observation that the R¢ values for 0.01 and 0.05 Al, O3 were

o o k
e o WA

Fig. 3. SEM picture for the neat PES membrane.
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Fig. 4. The Al,05 distribution pattern in 0.03 Al,O3/PES.

respectively 1.11 x 107 and 1.13 x 107 m~! despite the tremendous
difference in particle density indicates that the pore resistance is
not proportional to particle density.

3.3. Membrane fouling evaluation

3.3.1. Flux decline

Fig. 6 illustrates the temporal flux decline for PES and Al,05-
entrapped PES membranes using sludge as a feed at 20°C and TMP
of 0.69 bar. Results presented in this paper correspond to an aver-
age of two to four replicate with the membranes tested randomly
chosen from different independent sheets. Fig. 6 shows that the
Al,03-entrapped membranes have higher initial fluxes than the
PES membrane. It is important to emphasize that all the observed

differences between the four different membrane fluxes were sta-
tistically significantly at the 95% confidence level. These results
are consistent with the findings of Bae and Tak [38], who found
that TiO, entrapped PES membranes showed higher flux for sludge
filtration than neat polymeric membrane.

Fig. 7a-dillustrates the experimental and theoretical permeabil-
ity data for tested membranes for sludge filtrations. The theoretical
curves were generated by using Sigma Plot software version 10
(Systat Software, Inc., Canada). The data fit the exponential decay
(three-parameters) equation (Eq. (1)) with R% =0.94-0.99

y =y +ae (1)

where y = permeability (L/m?2 bar-h), t=time (h), y° = permeability
at (t) equal infinity and a, b are the regression constants. The fouling
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Fig. 5. The Al,05 distribution pattern in 0.05 Al,O3/PES.

rate was determined using the following equation

dy

dt
As apparent from the graphs, the permeability decline for both
membranes can be divided into two phases: aninitial phase (phase-
I) characterized by a rapid decline in permeability followed by
a pseudo steady-state phase (phase-II) with a slow permeabil-
ity decline. This observation is consistent with the hypothetical
three-phase-process-mechanisms for initial cake layer formation

abe=bt

(2)

described elsewhere [39]. The initial and final fouling rates for
sludge filtrations by the tested membranes as well as the y° val-
ues are shown in Table 6. 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. It is noteworthy that all the observed differ-
ences in fouling rates between the two phases for each membrane
were statistically significantly at the 95% confidence level. Further-
more, the differences in phase-I and phase-II fouling rates between
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Table 6
Initial and pseudo steady-state fouling rates.
Parameters PES 0.01 Al,03/PES 0.03 AL, 03/PES 0.05 Al,03/PES
Initial fouling rate (L/m? bar-h?) 526.2 2647.3 3301 4387
Pseudo steady-state fouling rate (L/m? bar-h?) 0.005 9.09E—06 6.06E—07 1.25E—11
Pseudo steady-state permeability (y°) (L/m?2 bar-h) 204 166 202 252
700
the tested membranes are also statistically significant at the 95%
600 confidence levels.
s B As apparent from Table 6, despite the higher initial fouling
rate, the steady-state fouling rates of Al,O3 entrapped membranes
g 400 were significantly lower (by 550 times for 0.01 Al,03/PES and
= 4 x 108 times for 0.05 Al,03/PES membranes) than the neat PES
5 300 membrane. It is well known that membrane fouling can be influ-
= - enced by hydrodynamic conditions, such as permeation drag and
o back transport, and chemical interaction between foulants and
100 = 1 =g membranes [40-42]. Since all the membranes were tested at
— the same hydrodynamic condition, the different fouling behav-
0 ior could be attributed to surface properties of the membranes
0.00 M _1'00 150 e which were changed by nanoparticle entrapment. The surface of
Time (h) Al,05 entrapped membrane can be more hydrophilic than the neat
—m— 001 AZOMPES  —a— 0OAZOAPES  —w— 0.05AROMPES  —e— 18% polymeric membrane due to the higher affinity of metal oxides to

Fig. 6. Temporal flux decline for sludge sample at 0.69 bar.
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Table 7

Filtration resistances of neat and Al,03 entrapped membranes.

Membrane Rm (x107) m™! Rf (x107) m™! R (x107) m™! R¢ (x107) m™! Re/Re%
PES 0.34 1.13 6.2 7.6 81.6
0.01 Al,03/PES 0.38 1.1 0.73 222 33
0.03 Al,03/PES 0.39 0.79 0.61 1.79 34
0.05 Al,03/PES 0.32 1.16 0.32 1.8 18

ported by the higher pseudo steady-state permeability (Table 6)
observed for the Al,03 entrapped membrane (8-12 times higher)
than the neat membrane. Since 0.05 Al,03/PES membranes have
the lowest pseudo steady-state fouling rate and the highest pseudo
steady-state permeability (Table 6), it is deemed that 0.05 nanopar-
ticles/PES load is the best metal oxide load within the three tested
loads.

Despite the relatively different Al,03 distribution pattern
between the 0.03 and 0.05 Al,0O3;/PES-membranes (Section 3.2),
the performance in terms of change of the membrane permeability
with time was similar, Fig. 7c and d. There is no evidence whether
the change in Al, 05 particles load or the particles distribution pat-
tern inside the membrane matrix is the reason for the difference
in pseudo steady-state fouling rate observed between the 0.03 and
0.05 Al,03/PES membranes (Table 6).

3.3.2. Fouling mitigation of Al,03 entrapped membranes

The various filtration resistances shown in Table 7 reflect
the impact of surface properties on cake layer resistance, with
the differences between membrane resistances (Ry,) statistically
insignificant at the 95% confidence level. The results clearly show
that R. and R; values decreased substantially with increasing Al,03
load, which coupled with the insignificant differences observed
between the Ry, values for all tested membranes and also the
insignificant differences between R; values at 95% confidence
level (except for 0.03 Al,03/PES membranes) suggests that intro-
ducing the Al,0Os-nanoparticles might enhance PES membrane
hydrophilicity. This is further supported by the R¢/R; ratio (Table 7),
which decreased from 82% in the PES to 18% in the 0.05 Al,03/PES
attributable to the reduction in hydrophobic interaction between
the hydrophobic membrane (PES) and foulants. As apparent from
Table 7, the addition of Al,03 reduced the cake resistance (R;) as
well as the Rc/R:% values, which coupled with the fact that cake
resistance mainly due to extracellular polymeric resistance [43]
proved to be the predominant fouling mechanism suggests that
introducing the Al,03 nanoparticles decrease the adhesion or the
adsorption of the EPS on the membrane surface. Bae and Tak [17]
concluded that fouling mitigation also increased when the TiO,
entrapped-nanoparticle content increased in the polysulfone (PSF)
casting solution.

4. Conclusions

Al, 053 entrapped-PES UF membranes were prepared and applied
to activated sludge filtration. Major findings from this study are:

1. Within the 5-20 wt% polymer concentration, the 18% was the
optimum. Similarly within the 15-120s solvent evaporation
times, the optimum was found to be 15s.

2. PES membrane characteristics were changed by the addition
of Al,03 nanoparticles to the casting solution, with porosity
increasing and the hydrophobic interaction between the mem-
brane surface and foulants decreasing.

3. Al;03 entrapped membrane showed lower flux decline com-
pared to neat polymeric membrane, with the pseudo steady-
state permeability increasing by 8- to 12-folds.

4. No relation between the Al,03 particles distribution pattern
inside the membrane matrix and the membrane performance
could be concluded.

5. Within the 0.01, 0.03 and 0.05 Al,O3/PES ratios, the 0.05 was
deemed to be optimum in terms of membrane fouling.
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