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Abstract: Membrane bioreactors (MBRs) are established technology for treatment of domestic and
industrial wastewater because they offer a small footprint and high quality of effluent, in addition to
lower excess sludge. However, their widespread applications are still limited by higher expenditure
for compensating for membrane fouling. In this study, polysulfone (PSF)-based ultrafiltration
membranes were developed and integrated with a tilted panel system for fouling control in activated
sludge filtration. The results show an enhanced performance of filtration system thanks to the mutual
advantage of the tilted panel system and the membrane properties. Both membranes showed a clear
trend of higher permeability with respect to the tilted panel parameters, namely, higher tilting angle,
higher aeration rate, and shorter intermittent/switching period. PSF-1 (1 wt% polyethylene glycol
(PEG) additive) shows significantly better performance than PSF-3 (3 wt% PEG additive) although their
mean flow pore size, structural properties, and contact angle do not differ significantly. PSF-1 shows
superior filterability performance of about 45% for panel tilting angles of 20◦ at an aeration rate
of 1.8 L·min−1, and 11% for a switching period of 1 min compared with PSF-3. The key property
enhancing the performance of the PSF-1 is its narrower distribution of pore size. Overall results
suggest that an optimum system could be achieved by optimizing both the filtration system and the
membrane material properties.

Keywords: membrane fouling control; activated sludge; tilted membrane panel; membrane bioreactor;
polysulfone

1. Introduction

The membrane bioreactor (MBR) has been established as a promising process to treat activated
sludge wastewater because of its interesting properties: it offers a small footprint and high quality
of effluent, in addition to lower excess sludge production [1–5]. However, it is subject to membrane
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fouling, which is a major drawback of the process and leads to high operational expenditure [6,7].
Despite the maturity of MBRs, a method for efficient control of membrane fouling is still required to
enhance their commercialization. Substantial research has been conducted for developing various
approaches to improve membrane fouling resistance [8–11]. Membrane fouling controls via physical
means (i.e., backwashing, relaxation, air sparging) and chemically via improved chemical cleaning
have long been established for improving membrane permeability [3,9,12–14]. Such procedures have
been incorporated into filtration to allow a more sustained operation. However, opportunities to lower
the energy input via other means remain. Most recently, Bilad et al. [15] attempted to reduce membrane
fouling via a new approach of using a low-pressure system (<0.1 bar), which was applied in this study.
The low-pressure system offers sustainable flux, prolonging its operation time and hence requiring
less-frequent chemical cleaning.

In addition, the tilted panel concept was introduced as a fouling control method and showed
impressive results in reducing the fouling rate [16,17]. This approach was developed with the principle
objective of reducing the energy input of air bubbling, which is a common technique for fouling control
by improving the contacts between air bubbles and the membrane surface for effective scouring of
the foulant layer. However, this system was developed by applying a microfiltration membrane,
which often has a high propensity for fouling due to pore blocking. Meanwhile, Osman et al. [18]
proposed the use of membrane surface corrugation in a tilted panel system for a membrane bioreactor
to improve its energy efficiency. The results reveal that the combination of surface corrugation and
panel tilting with relatively higher air bubble rate enhance the permeance up to 47%.

Another common approach for membrane fouling control is modification of the membrane
material [19–21]. This is done via exploitation of interfacial interactions of the foulant materials with
the membrane surface by imposing hydrophilicity because the base polymer materials for membrane
fabrication inherit the hydrophobic nature, which makes them susceptible to fouling [22]. For instance,
a simple yet effective vapor-induced phase separation (VIPS) method was suggested by Nawi et al. [23]
to improve membrane surface hydrophilicity. In this method, the slow nonsolvent intake helps to
prevent excessive leaching of hydrophilic additives due to the formation of an immobile membrane
layer on the top of the cast film, which prevents the mobility of the additives during immersion in a
coagulation bath.

Extensive reports of using organic and inorganic substances as additives to improve membrane
matrix and hydrophilicity have been reported to improve structural properties and to lower
hydrophobicity. Mitigation control of fouling has been developed extensively by means of improving
the pore size and pore distribution of membranes. These developments mostly involve doping
or using a pore-former agent during membrane fabrication with the intention to improve surface
hydrophilicity and membrane morphology. Apparently, polyvinylpyrrolidone (PVP) and polyethylene
glycol (PEG) as additives have been reported to significantly improve filterability performance due to
their hydrophilic nature and ability to act as a good pore former [11,13,19,24–28].

To date, most studies of fouling control have either focused on operational parameters or modifying
membrane properties, but few, if any, have focused on optimizing both factors. Therefore, room remains
for the optimization of the full potential of membrane filtration by coupling a fouling control system
with a suitable membrane. In this study, polysulfone (PSF) membranes with two different PEG
concentrations were developed and integrated with a tilted panel system for fouling control in
activated sludge filtration. The integrated system was then tested for its filterability performance as a
function of tilting parameters (tilting angle, aeration rate, and switching period).

2. Materials and Methods

2.1. Membrane Preparation and Panel Assembly

Two PSF-based membranes with loading of 1 wt% and 3 wt% PEG (20kDa, Sigma-Aldrich, St. Louis,
MO, USA) as additive were prepared using the phase inversion method. The PSF concentration
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was fixed at 15 wt%. The dope solutions were prepared by solubilizing the PSF and PEG into
dimethylacetamide (DMAC, Sigma-Aldrich, St. Louis, MO, USA) as solvent. Membrane samples were
coded with respect to PEG loadings (PSF-1 for 1 wt% PEG, PSF-3 for 3 wt% PEG). To allow the filtration
test, the developed membrane sheets were assembled into two filtration panels, each to a one-sided
PVC frame mounting and fixed with two-component epoxy glue (Hardrex, Pahang, Malaysia).

2.2. Membrane Characterization

A scanning electron microscope (SEM, ZEISS, Oberkochen, Germany) was used to acquire
microscopic images of the developed membranes. The images were used to evaluate the membrane
morphology. A capillary flow porometer (CFP, Porolux, Nazareth, Belgium) was used for measuring
pore size and pore size distribution. Membrane thickness was measured using an electronic digital
micrometer screw gauge (Mitutoyo, Kanagawa, Japan). For determination of static water contact
angle (CA), the sessile drop method (Data Physics, Fildestadt, Germany) was used with a water drop
size of 3 µL. Clean water permeability was determined via a filtration test, initially with clean water,
immediately prior to running the test with activated sludge feed.

2.3. Activated Sludge (Feed)

The activated sludge feed was taken from the local aeration tank of a full-scale wastewater
treatment plant. To maintain its condition and to avoid physiological stress of the biomass for
prolonged usage, the sludge feed was refreshed daily [29]. The sludge showed 65 ± 5 mg/L of chemical
oxygen demand, 0.9 ± 0 mg/L of total phosphorus, 19 ± 2 mg/L of total nitrogen, 4.1 ± 0.5 g/L of mixed
liquor suspended solid, and 3.2 ± 0.3 g/L of mixed liquor volatile suspended solid.

2.4. Filtration Set-Up

A submerged constant-pressure filtration system with a constant vacuum pressure of 0.1 bar was
applied to evaluate the filtration performance of the developed membranes. The filtration tank had a
working volume of 5 L with an air diffuser fixed on the bottom of the tank providing an aeration rate
in a range of 0–1.8 L/min. The permeate was collected during the relaxation period of the filtration.
The filtration was performed under a 9.5/0.5 min filtration/relaxation cycle. To maintain liquid volume
and feed condition, the permeate was returned to the tank after its volume was measured. Air flowrate
was provided using an air pump through a bubble diffuser. The permeate was collected by applying
vacuum pressure on the permeate line using a vacuum pump (Gast™, Benton Harbor, MI, USA)
fixed with valves to control and maintain its pressure. The illustration of the experimental set-up is
shown in Figure 1.
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2.5. Filterability Test

The effect of the aeration rate on permeability was investigated at rates of 0, 0.36, 0.72, 1.08, 1.44,
and 1.80 L·min−1 while keeping the tilting angle at 20◦ [30]. The tilting angle effect was evaluated at 0,
5, 10, 15, and 20◦ while keeping the aeration rate at 1.80 L·min−1. The switching period was tested
at 1.0, 2.5, 5.0, and 7.5 min while keeping the aeration rate and tilting angle at 1.80 L·min−1 and 20◦

respectively. The filtration tests were conducted for 100 min, when it reached the quasi-steady-state
condition. After each filtration, the membrane was cleaned by scrubbing with a sponge and flushing
with tap water, after which the panel was soaked in 1% of sodium hypochlorite (Clorox, Oakland, CA,
USA) for one hour to restore the membrane’s permeability to >90% of its initial value [31].

The measured permeate volume was used to calculate filtration flux (J) and membrane permeability
(L) using Equations (1) and (2) respectively.

J =
V
At

(1)

L =
J

∆P
(2)

where V is the permeate volume (L), A the total effective filtration area of the membrane (0.012 m2), t is
the total filtration time (h), and ∆P is the trans-membrane pressure (bar). The flux and the permeability
were calculated by counting the relaxation time within each filtration cycle. The performance of each
developed membrane was further investigated by comparing its steady-state permeability values.
For each set of experiments, the standard deviation of the last three values were calculated to be
represented as error bars in graphs.

3. Results and Discussion

3.1. Membrane Characterization

Table 1 summarizes the properties of the membranes. Water CA is typically used to evaluate
hydrophobicity of the membranes [32] and increasing PEG concentrations results in a slight decrease
in the CA values, in which PSF-1 and PSF-3 were 67.9 and 61.8◦, respectively. The low CA is due to
the properties of PSF, specifically, low surface tension, even without the PEG loadings. Increasing
the PEG loading lead to lower CA, probably due to the residual PEG present near the membrane
surface. The low CA resulting from PSF-3 can assist in lowering the membrane surface interaction
with foulant materials in the activated sludge solution, such as the biomass, exopolymeric particles,
protein, and colloids, which are typically hydrophobic.

Table 1. Summary of the membrane properties.

Code
PEG

Loading (%)

Properties

Pore
Morphology

Pore Size
(µm)

Membrane
Thickness (µm)

Contact
Angle (◦)

Clean Water Permeability
(L·m−2

·h−1
·bar−1)

PSF-1 1 Asymmetric 0.04 261 ± 5 67.9 ± 1.0 923 ± 54
PSF-3 3 Asymmetric 0.03 288 ± 3 61.8 ± 1.0 817 ± 35

SEM images presented in Figure 2 show that both membranes possess a typically asymmetric
structure and depict insignificant differences in the surface morphology. However, based on the
cross-sectional images, PSF-3 shows a larger finger-like sub-structure compared to PSF-1. This might be
due to the mobility of the PEG additive from the membrane matrix to the membrane top layer during
immersion in the coagulation bath. However, the formation of a thin top layer on the surface hinders
immediate leaching of the additives, which causes additive accumulation near the membrane top
surface, thus leading to a polymer-poor phase region. The effect of this phenomena is more prominent
for PSF-3 due to its higher additive loading compared to PSF-1.
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Figure 2. SEM images of the polysulfone (PSF) membranes with different additive (PEG) loading;
magnification of 10,000× for the surface of (a) PSF-1 and (b) PSF-3; magnification of 500× for the
cross-section of (c) PSF-1 and (d) PSF-3.

Notably, PSF-1 has an average pore size of 0.04 µm, which is slightly larger than that of PSF-3
(0.03 µm), as summarized in Table 1. However, based on the pore size distribution illustrated in
Figure 3, PSF-3 has a wider distribution of pore size, ranging from 0.02 to 0.15 µm, compared to that of
PSF-1, ranging from 0.02 to 0.10 µm. The difference in pore size and pore distribution is mainly due
to the role of PEG as a pore-former, which affects the membrane formation [33]. As the PEG loading
increased from 1 to 3 wt%, the viscosity of the dope solution increased, leading to a slower demixing,
which formed a smaller membrane pore size. The size of flocs in the sludge feed, which ranged from
10 to 70 µm, was significantly greater than the mean pore size of both membranes, suggesting that
both membranes can fully retain the sludge floc in addition to any other free bacteria and microbes.
Unfortunately, during prolonged exposure, the ruptured flocs and nutrients may cause irreversible
pore blocking.
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In this study, the higher mean flow pore size and thinner membrane layer cause by PSF-1 were
responsible for its enhanced clean water permeability (Table 1) because these properties reduce the
resistance for water transportation across the membrane through the pores. Consequently, the hydraulic
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performance can be significantly improved. Such an intrinsic advantage can be translated into activated
sludge filtration performance with appropriate membrane fouling control.

3.2. Activated Sludge Filtration

3.2.1. Effect of Tilting Angle

Figure 4 demonstrates the effect of panel tilting angle on the membrane filterability performance.
Figure 4a depicts the permeability evolution as a function of the filtration time of PSF-1. It was found
that all membranes show similar trends in all parametric test studies in this study. The findings show a
rapid decline of permeability during the first thirty minutes of the filtration followed by a slower rate
of fouling before reaching an approximately steady value. The rapid fouling in the initial stage of the
filtration is very common for activated sludge filtration, indicating the occurrence of foulant adsorption,
pore blocking, and development of a cake layer. It is also possibly due to ruptured floc fragments,
which clog the pore mouths and diminish the flux. A subsequent slower rate of membrane fouling
indicates that the system slowly approaches a steady state in which the rate of foulant accumulation is
balanced by the rate of back diffusion of foulant from the surface to the bulk to reach an approximately
steady state condition [34]. The trend of the permeability as a function of filtration time is identical for
all parameters. However, the steady state permeability values are different, which is the true measure
of the filtration performance, as illustrated in Figure 4b.
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Figure 4. The effects of tilting angle on the permeability performance in terms of filtration time (a)
and steady state permeability (b).

Figure 4b compares the steady state permeability of PSF-1 and PSF-3 as a function of the tilting
angle. Overall, both PSF-1 and PSF-3 showed an increase in permeability as the tilting angle is increased,
consistent with earlier reports of the same system [15]. At 20◦ tilting, the permeability of PSF-1 and
PSF-3 were 390 L·m−2

·h−1
·bar−1 and 215 L·m−2

·h−1
·bar−1, respectively, representing an increase of about

20% compared to the vertical configurations (tilting angle of 0◦). The higher steady state permeability
shown by PSF-1 suggests that a membrane with larger pore size, greater hydrophilic surface, and lower
film thickness is favorable for this system for enhanced filterability performance and antifouling
properties. Tilting the panel optimizes the flow-path trajectory of the air bubbles by increasing the
contacts and thus imposing greater shear rates between the bubbles and the membrane’s surface. As a
result, the bubble scouring effect is more effective for removing the foulant [16]. Increasing the tilting
angle further (>20◦) likely increases the scouring performance for PSF-1 but seems to offer minimal
improvement for PSF-3. However, tilting angles greater than 20◦ could not be applied due to technical
restrictions. Higher tilting angles have drawbacks, including that the panel needs more space to
operate, thus increasing the footprint of the system.
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3.2.2. Effect of Aeration Rate

The effect of the aeration rate was evaluated by comparing the steady state permeability at different
air flow rates (Figure 5). Overall, both PSF-1 and PSF-3 showed a steady increase in permeability with
an increment in aeration rate, which is consistent with other findings [16,35,36]. An aeration rate of
1.8 L·min−1 improves water permeability by ±10% compared to the non-aerated system. Increasing the
aeration rate imposes greater shear rates between the bubbles and the membrane’s surface, creating a
more vigorous bulk fluid movement, and providing more mass and momentum transfer to scour
the foulants [30].
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different composition.

Comparison between the results in Figures 4b and 5 shows that the aeration rate has a less
prominent impact than the tilting angle in enhancing steady state permeability. This finding indicates
that the intensity of air bubble contacts, which is dictated by panel tilting, is more important than the
number of air bubbles, which is dictated by the aeration rate. Moreover, an increase in air flowrate
increases the air compressor duty, thus increasing energy consumption and leading to an increase
in operating cost. The combined effect of aeration rate and tilting angle can be used as a basis of
optimization to maximize the throughput while also minimizing energy consumption [37].

3.2.3. Effect of Switching Period/Intermittent Aeration

This study reveals that a shorter switching period generally achieved higher steady state
permeability. The switching period in this case can be seen in two ways: (1) operation of a two-sided
membrane or (2) operation of a one-sided membrane with intermittent aeration. The former is a system
that involves switching the panel periodically so that both sides of the panel are intermittently exposed
to aeration. This first approach offers a higher throughput due to higher module packing density but
results in operation complexity due to the need to switch the panel. The second approach offers a 50%
reduction in aeration energy, reflected in lower cost of module packing density and higher membrane
cost, because the panel is mounted by the membrane on only one side (tilted toward the aeration).
Selection of the two approaches must consider both capital and operational expenditure, and will be
examined in a separate future study.

Figure 6 shows that 1 min switching on PSF-1 resulted in permeability of 398 L·m−2
·h−1
·bar−1,

which is 25% higher than that of 10 min switching (297 L·m−2
·h−1
·bar−1), although the system was run

under a similar aeration rate. Upon switching, the membrane surface is exposed to irreversible fouling
without the aid of aeration to control fouling. This results in more severe fouling (i.e., pore blocking)
during a long intermittent aeration period, which reduces the permeability, consistent with earlier
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reports [16,21,34]. During a short period of intermittent aeration, the permeability can be maintained
because of the short period of foulant accumulation when there is no aeration. As the switching period
is prolonged, the period for foulant accumulation is also longer, which leads to formation of a more
compact cake layer that cannot be removed during the aeration period.
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Significant aeration energy can be achieved by applying intermittent aeration in a tilted panel or
under switching. For all filterability tests reported in Figure 6, the aeration energy could be reduced by
50% without sacrificing the filtration performance. Under the tilted panel system, the three parameters
of tilting angle, aeration rate, and switching period/intermittent aeration can be optimized to achieve
the specific energy input. The effect of membrane properties is another factor discussed in Section 3.3.

3.3. Effect of Membrane Properties

The findings in Section 3.2 demonstrate the superiority of the PSF-1 membrane compared to the
PSF-3 membrane under all ranges of the tested parameters. The steady state permeability of PSF-1
is almost double that of PFS-3 for the test on the effect of tilting angle. Moreover, despite showing
a similar trend of increase in steady state permeability at a higher tilting angle, the impact of tilting
angle is more prominent for PSF-1. Increasing the tilting angle from 0 (vertical) to 20◦ enhances the
steady state permeability by ± 73 L·m−2

·h−1
·bar−1 for PSF-1 and only 56 L·m−2

·h−1
·bar−1 for PSF-3.

PSF-1 has greater pore size and clean water permeability compared to PSF-3, although it is slightly
more hydrophobic than PSF-3 (i.e., CA for PSF-1 is 6.1◦ higher than that of PSF-3). Increasing the
concentration of the PEG additives does not provide the hydraulic advantage. The advantage of PSF-1
can be ascribed to its higher intrinsic properties (shown by higher permeability) and its narrower pore
size distribution. Some fraction of large pore sizes (>0.1 µm) in PSF-3 appear more vulnerable to pore
blocking of activated sludge fragments (such as exopolymeric particles). Such pore blockage severely
decreases the permeate flux and diminishes the hydraulic performance.

PSF-1 also shows better permeability performance than PSF-3 with a difference of
±100 L·m−2

·h−1
·bar−1 for the test on the effect of aeration rate. Although PSF-3 has higher hydrophilicity

because it has a lower contact angle compared to PSF-1 and is theoretically less prone to severe fouling [7],
the effect of hydrophilicity on the development of membrane fouling was less significant compared to
the effect of pore blocking. Pore blocking mostly occurs during the initial stage of filtration when the
convective flow of the liquid drags the foulant toward the membrane surface to initiate blockage of the
pore mouth.

The advantage of PSF-1 over PSF-3 was also consistent during the intermittent aeration tests.
Steady state permeability of PSF-1 was 39% higher than that of PSF-3 and the effect was more significant



Water 2020, 12, 3533 9 of 11

for longer intermittent periods. The finding indicates a severe effect of pore blocking during a long
idle period (without aeration) and the foulant could not be effectively removed during the aeration
period, as also reported in previous research [37].

The distinct performances of the two membrane samples examined in this study suggest the
importance of careful screening of a membrane material for a particular filtration system. PSF-1 offers
significant advantages compared to PSF-3 due to its narrower pore size distribution. A small fraction
of pores with large size contributed significantly to lowering the overall hydraulic performance.
Table 2 summarizes several studies of treating activated sludge by applying MBRs with various system
configurations and membrane properties. This proves that the outcomes of this study are comparable
with other systems proposed in previous research.

Table 2. Performance of PSF membranes with variable properties applied in membrane bioreactor
(MBR) systems to treat activated sludge using different system configurations.

System
Configuration

Permeability
(L·m−2·h−1·bar−1)

Type of Membrane
and Materials

Membrane Properties
Ref.Contact

Angle (◦)
Pore Size

(µm)
CWP

(L·m−2·h−1·bar−1)

Tilted panel
with aeration

submerged membrane
390 Flat sheet (PSF + PEG) 67.9 0.04 817 This study

Crossflow filtration 226 Flat sheet (PSF + TiO2) 73.1 - 230 [38]

MBR with
air scouring 200 Hollow fiber (PSF) - 0.10 - [8]

Crossflow filtration 4 Flat sheet (PSF + Al2O3) 51 - 692 [39]

CWP, clean water permeability; PSF, polysulfone; PEG, polyethylene glycol; Al2O3, aluminum oxide; TiO2,
titanium dioxide.

4. Conclusions

This study showed enhanced performance of a filtration system via the mutual advantages of
a module system and a membrane material as an effective membrane fouling control strategy for
activated sludge filtration. Both membrane samples showed consistent trends when tested under
different parameters in the tilted panel system, demonstrating better performance with higher tilting
angle, higher aeration rate, and shorter intermittent/switching period. However, PSF-1 showed
significantly better performance than PSF-3. The mean flow pore size, structural properties, and CA of
both membranes did not differ significantly. The key property dictating the superior performance of
PSF-1 is its narrow pore size distribution. To achieve maximum throughput and minimum energy
input, the overall results demonstrate the importance of optimizing both module system and membrane
material properties.
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