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Abstract: A membrane bioreactor enhances the overall biological performance of a conventional
activated sludge system for wastewater treatment by producing high-quality effluent suitable for
reuse. However, membrane fouling hinders the widespread application of membrane bioreactors by
reducing the hydraulic performance, shortening membrane lifespan, and increasing the operational
costs for membrane fouling management. This study assesses the combined effect of membrane
surface corrugation and a tilted panel in enhancing the impact of air bubbling for membrane
fouling control in activated sludge filtration, applicable for membrane bioreactors. The filterability
performance of such a system was further tested under variable parameters: Filtration cycle, aeration
rate, and intermittent aeration. Results show that a combination of surface corrugation and panel
tilting enhances the impact of aeration and leads to 87% permeance increment. The results of the
parametric study shows that the highest permeance was achieved under short filtration–relaxation
cycle of 5 min, high aeration rate of 1.5 L/min, and short switching period of 2.5 min, to yield the
permeances of 465 ± 18, 447 ± 2, and 369 ± 9 L/(m2h bar), respectively. The high permeances lead
to higher operational flux that helps to lower the membrane area as well as energy consumption.
Initial estimation of the fully aerated system yields the energy input of 0.152 kWh/m3, much lower
than data from the full-scale references of <0.4 kWh/m3. Further energy savings and a lower system
footprint can still be achieved by applying the two-sided panel with a switching system, which will
be addressed in the future.

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

1. Introduction

Membrane bioreactors (MBRs) offer improved effluent quality in order to allow effluent reuse.
Such advantages promote worldwide (>200 countries) implementations of MBRs with annual market
growth rates of ≈15% [1]. However, membrane fouling remains the major hurdle to boost their
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competitiveness. It diminishes permeance and system productivity overtime, leading to an increase in
operational expenditure mainly for membrane fouling management.

Substantial works have assessed techniques for membrane fouling control [2]. The most common
ones through operational-wise are by lowering the operational flux within the sustainable regime,
imposing periodical physical and chemical cleanings, or via introducing air [2]. These fouling control
means are partly effective, yet their implementation still leads to low fluxes of 18.5 ± 4.8 L/(m2h bar),
with a peak flux value at 26.6 ± 6.6 L/(m2h bar) [1,3]. Improved membrane fouling controls can offer
higher membrane productivity and lower operational expenditures associated with it [1].

Some more advanced approaches have been proposed for membrane fouling control. Particle
scouring via fluidization has been considered as an energy efficient method, with >90% less than
gas sparging [4] thanks to the mechanical scouring of foulant [5], which also imposes damage of
membrane integrity [6]. This method is also strongly limited by particle size segregation and uneven
fouling control, which eventually propagates the fouling in the long run [7]. Rotating and vibrating
membranes have also been seen as fouling control strategies [8,9]. However, these methods are limited
by high mechanical energy for moving the module system (membrane panel and water inside it).
They also have complex mechanical design and are difficult to scale-up.

Air bubbling is the built-in method provided by most suppliers for fouling control in MBRs [10–12].
The air bubbles impose hydrodynamic effects atop the membrane surface to scour-off foulant [13].
The drag force, impact force, and lift force exhibited by the air bubbles create local shear to restrict
foulant deposition, and subsequently remove the foulant away from the membrane surface [14].

Air bubbling is largely affected by the bubble size and is highly effective at high velocity under the
slug-flow regime [15], and hence a high air pumping energy is required. Despite the high membrane
cleaning efficacy, air bubbling has a few inherent limitations [9]. It produces weak shear rates and
the impact reaches a “plateau” at a certain air supply. The movement of air bubbles are difficult to
control because they tend to reside at the center of the two adjacent vertical membrane panels in the
traditional plate-and-frame panels arrangement. Under this situation, only arbitrary impact force
from bubbles bouncing between the two panel surfaces helps to scour-off the foulant [15]. Therefore,
the conventional system suffers from poor cleaning efficiency and, hence, finding a more energy
efficient system is imperative.

Interaction of the air bubbles with the membrane surface can be improved using an ejector-type
bubble generator [13]. In this system, the membrane sheet is positioned horizontally with the active
side facing downward, and the air bubbles are supplied from underneath leading to full contact of air
bubbles with the membrane surface. Another report for flat-sheet ultrafiltration also suggested the
advantages of positioning the membrane horizontally to improve system productivity [16]. Recently,
we proposed a tilted panel system adopting the same mechanism by maximizing the contact of air
bubbles with the membrane surface for membrane fouling control [17]. The system offers 2.7-fold
of permeance increment under optimum condition for microalgae filtration and can reach plateau
permeance for activated sludge filtration using MBRs [11]. The tilted panel also allows for switching
operation in order to enhance the panel productivity [18]. Apart from the plate-and-frame module
system, the ceramic tubular module can also be tilted to maximize the contact of air bubbles, and hence
improve overall system productivity [19].

Other approaches that have been proposed include exploiting the membrane surface structure
(in a form of a patterned membrane surface). The mechanism was based on the similar principle
of improving the contact of air bubbles-to-membrane [20–24]. The patterned surface enhances the
effective filtration area, acts as turbulence promoter, and; therefore, intensifies the contact of air
bubble-to-membrane [23,25–28]. The pattern on top of the membrane surface introduces periodic
resistance to the axial flow, which promotes mixing in the boundary layer created at the membrane
surface due to the formation of fluid eddies, which increase the turbulence, friction, and pressure
drop [27,28]. This would be expected to reduce the membrane fouling and improve the hydraulic
performance [29,30]. Previous studies focused on exploiting a single approach (i.e., tilting the panel,
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forming surface corrugation, etc.) to enhance filtration performance and; therefore, obtained a limited
degree of improvements. A combined approach, involving more than one approach, can further
enhance the throughputs demonstrated in this study.

In this study, we evaluate the tilted panel system coupled with a corrugated membrane to combine
the mutual effect of surface patterning and panel tilting in enhancing hydraulic performance. Both a
flat membrane (FM) and a corrugated membrane (CM) were first prepared and characterized before
assessing, and applied in the vertical and tilted panels. Later, the effects of aeration rate and intermittent
aeration for the corrugated membrane (CM) in the tilted panel system were extensively evaluated.
Lastly, preliminary assessment of the energy consumption is also provided and compared with the
full-scale MBRs data.

2. Materials and Methods

2.1. Membrane Fabrication, Characterization, and Module Assembly

Both the FM and the CM were fabricated via the phase inversion process by using demineralized
water as the non-solvent and the mixture 15 wt.% of polyvinylidene difluoride (PVDF, Arkema, Huston,
TX, USA, WM of 300 kDa), 84 wt.% of dimethylacetamide, DMAC (Sigma-Aldrich, St. Louis, MO,
USA), 0.5 wt.% of polyethanol glycol (PEG, Sigma-Aldrich, St. Louis, MO, USA), and 0.5 wt.% of
lithium chloride (LiCl, Sigma-Aldrich, St. Louis, MO, USA) as the dope solution components. The
mixture was stirred at 100 rpm and at 60 ◦C for 24 h to allow complete dissolution. The solution
was then casted atop a non-woven support (Novatexx 2471, Freudenberg-Filter, Weinheim, Germany)
using a doctor blade with a wet gap of 0.22 mm. For the FM, the cast film was then immediately
immersed into the non-solvent bath. For fabrication of the CM, the steps were similar to that of the
FM, except for the introduction of the imprinting step immediately after casting, in order to form
corrugation pattern atop the membrane using a net-spacer (47 Mil Parallel: 55%, Sepa® CF Feed Spacer,
Sterlitech, Washington, WA, USA) as the master mold according to a method detailed elsewhere [26].
The cast film together with the imprinted spacer were then immersed in the coagulation bath. The
prepared membranes were characterized in terms of morphology, contact angle, pore size distribution,
porosity, thickness and clean water permeance (CWP) using scanning electron microscopy (SEM,
Quanta-250, FEI, Thermo Fisher, Hillsboro, OR, USA), goniometer (OCA 20, Data Physics, Filderstadt,
Germany), capillary flow porometer (CFP, Porous Materials, Inc., Ithaca, NY, USA), gravimetrically
measured using dry–wet method, digital micrometer (Mitutoyo, Kawasaki, Japan) and cell permeation,
respectively. The membrane sheets were stored wet until usage. They were assembled into a filtration
panel with an effective area of 120 cm2 (one-sided surface of 10 × 12 cm) to allow filtration tests.

2.2. Activated Sludge Feed

Activated sludge used as filtration feed in this study was collected from a full-scale aerobic
activated sludge process treating domestic wastewater. The system operates at steady-state with
effluent chemical oxygen demand, total phosphorus, and total nitrogen of 65± 5, 0.9± 0, and 19± 2 mg/L,
respectively. The sludge had mixed liquor suspended solid and mixed liquor volatile suspended solid
of 4.1 ± 0.5 and 3.2 ± 0.3 g/L, respectively, slightly lower than the ones in MBRs. The feed was refreshed
daily to maintain its condition and to prevent physiological stress of the biomass. This study focused
on improving the filterability performance via membrane corrugation and panel tilting and it was not
run in the full-MBR mode.

2.3. Filtration System Configuration

Figure 1 illustrates a custom-built filtration set-up used to assess the filtration performance.
The filtration was run under the submerged mode and constant-pressure mode. The filtration panel
was submerged in a filtration tank containing activated sludge feed. The panel could be placed in the
tank with variable tilting angles. The aeration was provided through a perforated tube underneath the
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membrane panel. A vacuum pump was used to exert a trans membrane pressure (∆P) of −0.2 bar by
regulating a control valve. For each filtration, the permeate volume was collected semi-batch-wise
under operation cycle of 10 min (9.5 min filtration and 0.5 min relaxation). After recording the permeate
volume, it was returned into the tank to maintain its level and other conditions.
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Figure 1. Illustration of tilted panel filtration set-up.

2.4. Filtration Test

The hydraulic performances were evaluated under different conditions. Firstly, both membranes
were assessed under vertical (0◦) and tilted (45◦) orientation, with aeration at a rate of either 1 L/min or
without aeration. It is worth noting that some degree of mixing was performed on the back side of the
membrane for test without aeration to maintain the sludge floc under suspension. This preliminary test
was conducted to detect the impact of tilting and surface corrugation. After confirming the positive
impact of both tilting and corrugation, the hydraulic performance of the CM was later evaluated under
variable parameters: Tilting angles (0◦ and 45◦) under constant aeration at a rate of 1 L/min, filtration
cycles time (5, 10, 15, and 20 min), intermittent aeration (0, 2.5, 5, and 10 min), and aeration rate (0, 0.25,
0.5, 0.75, 1.0, and 1.5 L/min). Unless otherwise detailed, the filtration cycle time was fixed at 10 min
(9.5 min filtration and 0.5 min relaxation); aeration rate was fixed at a constant rate of 1 L/min, and the
tests were performed for 2 h at which the queasy steady-state permeance was obtained. After each test,
membrane cleaning was performed by soaking the membrane in 1% of sodium hypochlorite (Clorox)
solution at 60 ◦C for 2 h.

Membrane fouling was monitored from the decreasing profile of permeance over time. The flux
(J, L/m2h) and permeance (L, L/m2hbar) were calculated using Equations (1) and (2).

J =
V

A ∆t
, (1)

L =
J

∆P
, (2)

where V is permeate volume (L), A is effective membrane area (m2), and t is filtration time (h).

2.5. Estimation of Energy Consumption

The energy consumption for the activated sludge filtration was estimated by obtaining relevant
data of a full-scale MBR reported elsewhere [31]. The energy consumption of the referenced submerged
filtration included influent pumping (P *IN of 0.03 kWh/m3), permeate pumping (P *P of 0.07 kWh/m3),
coarse bubble aeration (AER * of 0.23 kWh/m3), cleaning in place (CIP * of 0.04 kWh/m3), and air
compression (AIR * of 0.02 kWh/m3). The estimated PIN for the current system was similar to the P
*IN. However, the PP estimation depended on the applied ∆P and thus must be predefined. The ∆P
* and the ∆P * were 0.4 bar (as obtained from the reference) and 0.2 bar (as set in the filtration test),
respectively. The AER, AIR, and CIP related to the membrane area and thus must be factored in the
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equation as function of membrane area [32]. The required membrane area in a full-scale system is
inversely proportional to the applied fluxes. By considering those factors, the energy consumption of
the filtration (E, kWh/m3) was estimated using Equations (3) and (4).

E = P ∗IN +
∆P

∆P ∗
P ∗P +

J ∗

J
(AER ∗ + CIP ∗ + AIR ∗). (3)

By inserting the values of ∆P *, ∆P, and J * of 0.4 bar, 0.2 bar (as applied in the experiment), and
28 L/m2h, respectively, Equation (3) can be simplified into Equation (4) that correlates the E with the
applied flux.

E = 0.065 +
8.12

J
. (4)

3. Results and Discussion

3.1. Membrane Fabrication and Characterization

The introduction of imprinting step was found to be effective in forming surface corrugation on
the CM (see inset of Figure 2). The FM has a smooth surface, meanwhile the CM has a rough surface
with obvious linear patterns atop it, as further illustrated in SEM images in Table 1. The changes on
surface morphology could not be provided because of the challenges in obtaining the SEM image.
However, it can be found in an earlier report employing almost a similar fabrication technique [26].
The formation of the corrugation pattern is then expected to increase local mixing and turbulence to
scour-off foulant, as later discussed. The results confirm the efficacy of the imprinting technique in
forming a surface pattern as reported earlier [23]. It is widely reported that surface corrugation offers
improvement for mass transport, reduction in membrane fouling formation, and improved energy
consumption [29].

Imposing surface corrugation largely affects the membrane properties as summarized in Table 1.
It shows that introducing an imprinting step to form surface corrugation leads to an increase in contact
angle (99◦ ± 2.39◦ to 106◦ ± 3.70◦), pore size (0.5 ± 0.02 to 0.78 ± 0.10 µm; as shown in Figure 2),
porosity (41% ± 6.0% to 65% ± 8.1%), thickness (228 ± 3.21 to 269 ± 5.32 µm), and CWP (550 ± 3.02
to 642 ± 0.32 L/m2 h bar). The underlying mechanisms for formation of such structure have been
detailed elsewhere [30]. This study focuses only on the mutual effect of surface corrugation and a tilted
panel in enhancing hydraulic performance [29]. Nonetheless, it is worth noting that the changes in
structural properties due to the imprinting step make it difficult to decouple the sole effect of surface
corrugation compounded with other properties on the hydraulic performance [33]. Table 1 shows that
the CM is thicker than the FM, due to extra space occupied by the patterned surface, and it is more
hydrophobic because of the different step in the fabrication method. Among the properties listed in
Table 1, pore size and CWP are the ones with the most prominent impact on hydraulic performance,
and they favor the CM. Therefore, when analyzing the filterability results, the focus of the discussion is
on the impact of the corrugation, pore size, and CWP.
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Table 1. Characteristics of polyvinylidene fluoride membranes.

Properties (Unit) Flat Membrane Corrugated Membrane

Pore morphology
SEM images

Asymmetric
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Contact angle (°) 99 ± 2.39 106 ± 3.70 
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Asymmetric
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listed in Table 1, pore size and CWP are the ones with the most prominent impact on hydraulic 
performance, and they favor the CM. Therefore, when analyzing the filterability results, the focus of 
the discussion is on the impact of the corrugation, pore size, and CWP. 

Table 1. Characteristics of polyvinylidene fluoride membranes. 

Properties (Unit) Flat Membrane Corrugated Membrane 

Pore morphology 
SEM images 

Asymmetric 
 

 
 

Asymmetric 
 

 
 

Contact angle (°) 99 ± 2.39 106 ± 3.70 
Average pore size (µm)  0.5 ± 0.02 0.78 ± 0.10 

Porosity (%) 41 ± 6.0 65 ± 8.1 
Thickness (µm) 228 ± 3.21 269 ± 5.32 

Clean water permeance (L/m2 h bar) 550 ± 3.02 642 ± 0.32 

Contact angle (◦) 99 ± 2.39 106 ± 3.70
Average pore size (µm) 0.5 ± 0.02 0.78 ± 0.10

Porosity (%) 41 ± 6.0 65 ± 8.1
Thickness (µm) 228 ± 3.21 269 ± 5.32

Clean water permeance (L/m2 h bar) 550 ± 3.02 642 ± 0.32

3.2. Effect of Aeration, Corrugation, and Tilting Angle

The advantage of higher CWP and pore size posed by the CM panel leads to slightly higher
permeance, either under the vertical or under the tilted alignments. Figure 3A compares the steady-state
permeance of the FM and CM under vertical and horizontal modes without the presence of aeration.
Under this configuration, no membrane fouling control method was applied. As a result, no effect of
panel tilting is observed. The finding suggests that without appropriate membrane fouling control,
advantages of superior intrinsic membrane properties, as shown by the CM in this context, can be
overshadowed by the membrane fouling. In other words, the extent of membrane fouling is prominent,
as such the fouling resistant impact by the membrane material becomes insignificant.

The superiority of a membrane (in the form of CM) or a system (in the form of tilted panel) can
obviously be seen under correct circumstances, as shown by comparing Figure 3A,B, whereby, in the
latter, aeration as a mean for fouling control was applied. Figure 3B compares the permeance of the
FM and the CM in the tilted and the vertical panels with aeration supply. Two main phenomena are
demonstrated; tilting offers higher productivity than the vertical; and the CM has higher permeance
than the FM. The impact of aeration is more prominent for the CM than the FM. The permeances of the
FM and the CM are 33% and 54%, respectively, higher than the reference system with no aeration under
vertical panel (indicated by the dashed-line in Figure 3B). This result suggests that the corrugated
surface of the membrane contributes in disturbing the trajectory of the air bubbles and increases flow
hydrodynamics near the membrane surface, as suggested by others [26]. It also promotes turbulence,
which limits the foulants deposition.



Polymers 2020, 12, 432 7 of 12Polymers 2020, 12, x FOR PEER REVIEW 7 of 12 

 

 
Figure 3. Comparison of the flat membrane (FM) and the corrugated membrane (CM) in the tilted 
and vertical panels (A) without and (B) with aeration of 1 L/min. The dashed line indicates the 
filterability performance of FM without aeration positioned in vertical alignment, used as reference. 

3.3. Effect of Filtration Cycle Involving Relaxation 

Figure 4 shows a performance of the CM at different filtration cycles of 5, 10, 15, and 20 min. The 
relaxation periods correspond to 10% of the cycle period. This test was performed to scrutinize the 
effect of relaxation period on fouling control. Relaxation is one of the physical cleaning methods 
performed by temporarily stopping the filtration. Figure 4A summarizes the performance of the 
membranes as a function of filtration time. Basically, all filtration tests conducted in this study show 
almost a similar trend, which is high permeance at the beginning of filtration but then drastically 
dropping due to fouling effect, before becoming constant at the end of filtration. 

As shown in Figure 4B, the permeance gradually declines with the prolonged cycle periods, from 
465 ± 18.03 L/m2 h bar for the 5 min cycle time to 322 ± 8.38 L/m2 h bar for the 20 min cycle time. This 
situation suggests that the membranes suffer from fouling and it is more significant at longer 
filtration cycles. The periodic relaxation stops the drag force of the permeating fluid and thus allows 
the release of the accumulated foulants via back-transport. Since a longer cycle requires a longer 
continuous filtration period, it gives more time for foulant accumulation including irreversible 
foulant that is poorly removed by the aeration. This causes relaxation to become less effective in 
releasing the layer of accumulated foulants. At shorter cycle (i.e., 5 min), the relaxation period is 
shorter but more frequent (i.e., four times more frequent than the 20 min cycle time). Since the 
filtration period is shorter, less foulants are deposited on the membrane surface. Thanks to a more 
frequent relaxation mode, the foulants are easily released and scoured off by the air bubbles. 

 
Figure 4. Performance of the corrugated membrane with tilted panel with different cycle times 
showing (A) the permeance as function of time and (B) summary of the steady-state permeance. 

  

Figure 3. Comparison of the flat membrane (FM) and the corrugated membrane (CM) in the tilted and
vertical panels (A) without and (B) with aeration of 1 L/min. The dashed line indicates the filterability
performance of FM without aeration positioned in vertical alignment, used as reference.

The impact of surface corrugation and aeration is even more pronounced on the tilted system,
which are 49% and 87% higher than the reference for the FM and the CM, respectively. This finding
demonstrates the efficacy of the combined effect of tilting, aeration, and surface corrugation in
enhancing filterability. Tilting the membrane panel improves permeance by maximizing the contact of
air bubbles onto the membrane surface and thus improving the scouring impact [17]. In this work,
the permeance of the CM under the tilted panel (413 ± 4.04 L/m2hbar) is 17% higher than the vertical
(354 ± 10.10 L/m2hbar), while the permeance of the FM under the tilted panel (327 ± 10.10 L/m2hbar)
is 11% higher than the vertical (293 ± 3.93 L/m2hbar). This finding shows that the impact of panel
tilting on the hydraulic performance is more prominent on the CM. The outcomes of these tests lead to
a conclusion that the combination of the three parameters (surface corrugation, aeration, and penal
tilting) leads to the highest system productivity. The study then focuses on exploring the operational
condition for running the CM under either vertical or tilted configurations.

3.3. Effect of Filtration Cycle Involving Relaxation

Figure 4 shows a performance of the CM at different filtration cycles of 5, 10, 15, and 20 min.
The relaxation periods correspond to 10% of the cycle period. This test was performed to scrutinize
the effect of relaxation period on fouling control. Relaxation is one of the physical cleaning methods
performed by temporarily stopping the filtration. Figure 4A summarizes the performance of the
membranes as a function of filtration time. Basically, all filtration tests conducted in this study show
almost a similar trend, which is high permeance at the beginning of filtration but then drastically
dropping due to fouling effect, before becoming constant at the end of filtration.
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As shown in Figure 4B, the permeance gradually declines with the prolonged cycle periods,
from 465 ± 18.03 L/m2 h bar for the 5 min cycle time to 322 ± 8.38 L/m2 h bar for the 20 min cycle
time. This situation suggests that the membranes suffer from fouling and it is more significant at
longer filtration cycles. The periodic relaxation stops the drag force of the permeating fluid and thus
allows the release of the accumulated foulants via back-transport. Since a longer cycle requires a longer
continuous filtration period, it gives more time for foulant accumulation including irreversible foulant
that is poorly removed by the aeration. This causes relaxation to become less effective in releasing
the layer of accumulated foulants. At shorter cycle (i.e., 5 min), the relaxation period is shorter but
more frequent (i.e., four times more frequent than the 20 min cycle time). Since the filtration period is
shorter, less foulants are deposited on the membrane surface. Thanks to a more frequent relaxation
mode, the foulants are easily released and scoured off by the air bubbles.

3.4. Effect of Aeration Rate

Figure 5 illustrates the steady-state permeance for the system run at different aeration rates.
It shows that the filterability increases with the increment of aeration rate. The results obtained are as
expected, since higher aeration rates tend to release more air bubbles with larger sizes and provide
more intense contact with the membrane surface to scour off the foulant [34]. A higher aeration
rate enhances the scouring impact to scour off the foulant and to prevent its accumulation. Besides,
introducing a higher intensity of air bubbles are also expected to induce turbulent flow near the
membrane surface, hence more collisions occur between air bubbles and foulants which is beneficial
for the foulant removal. The panel tilting and surface corrugation further intensify forces acting on the
membrane surface (in the form of impact force and drag force exerted by the bouncing air bubbles on
the corrugated surface) [17]. These forces promote efficient foulant removal and inhibit foulant build
up, thus enhance the steady-state permeance.
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The impact of panel tilting is more prominent at a range of aeration rates of 0.5 to 1 L/min. At a
lower aeration rate (i.e., 0.25 L/min), the number of bubbles is too low to impose remarkable impacts
on foulant removal, and as the rate increases to a range of 0.5 to 1.0 L/min, an ample number of
bubbles are present to impose membrane cleaning. Beyond 1.0 L/min, the impact of aeration rate
becomes constant, since the permeance has reached the plateau value of about 440 ± 3.82 L/m2 h bar.
A plateau permeance is a condition where the reversible fouling rate is very low due to the effective
fouling control. Plateau permeance is referred to as the condition where the air bubbles scouring can
maintain the membrane free from the accumulation of foulant. Under the plateau permeance condition,
improvement of physical cleaning by introducing a higher aeration rate does not significantly affect
the permeance. In other words, the number of air bubbles has reached a threshold value where most
physical cleaning has been achieved. It means that employing an aeration rate beyond 1.5 L/min might
not improve the permeance [35].
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3.5. Effect of Intermittence Aeration

Intermittent aeration is a process to periodically stop the aeration in order to save energy
consumption. It can also be seen as the performance of the tilted panel system operated under
switching panel mode to improve panel productivity with alternating aeration [18]. The switching
panel is considered beyond the scope of this study. In this study, aeration cycle periods were set
at 2.5, 5, and 10 min. An aeration cycle of 2.5 min consists of aeration for 2.5 min followed by no
aeration for 2.5 min, and so on. It means that, implementing intermittent aeration offers 50% energy
saving for aeration. During the aeration off period, the aeration was introduced on the back side of
membrane panel to maintain good mixing of the activated sludge. The 0 min point of the aeration
period represents the constant aeration.

Figure 6 shows the negative impact of intermittent aeration on permeance but might lead to
substantial energy saving for aeration energy. Figure 6 shows that a longer intermittent aeration cycle
does not favor the membrane permeance. When intermittent aeration was increased from 2.5 to 10 min,
the steady-state permeances of the membranes drop about 25%. Longer intermittent aeration periods
provide more time for the foulant deposition, accumulation, and, most likely, cake layer compaction
on the membrane surface. When the aeration is active, the cleaning impact of the air bubbles cannot
fully restore the permeance, leading to lower hydraulic performance. On the other hand, in a short
intermittent aeration period, the time span of the system with no aeration is rather short for foulant
accumulation. Hence, when the aeration is active, the forces exerted by the air bubbles are enough
to scour off the deposited foulants. Overall, the results in Figure 6 suggest the application of a short
intermittent period to maintain high steady-state permeance. In the short intermittent cycle period,
the energy consumption is similar to the longer period, but the frequency to switch on and off the
aeration is higher.
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The energy consumption when applying the CM can be estimated using Equation (4). The highest
permeance of 465.6 L/m2 h bar, obtained for the condition of full aeration, corresponds to a flux of
93.1 L/m2 h when operated at ∆P of 0.2 bar. Based on Equation (4), the estimated energy consumption
is 0.152 kWh/m3. This value is 2.6 times lower than the one reported by the reference full-scale
MBR of 0.40 kWh/m3 [32], and much below the upper threshold of the multiple optimized MBR
demonstration plants surveyed by Japan Sewage Works Agency, with specific energy consumptions
of <0.4 kWh/m3 [32]. The obtained energy estimation is also lower than the one obtained using the
optimized tilted panel system involving panel switching of 0.276 kWh/m3 [11]. The high energy saving
originates from the high flux offered by the CM in the tilted panel system, which is 4.9 times higher
than the average flux of the full-scale MBRs [1]. Nonetheless, implementation of the tilted panel system
may lead to a larger footprint because of the space required for panel placements. It is also worth
noting that there are many factors affecting the accuracy of the estimations. Module train arrangement,
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feed fouling propensity, and the nature of fouling that leads to variable chemical cleanings are among
the factors that can affect the estimation value. The full-scale MBRs’ operational parameters also
vary largely [1], which make an accurate estimation difficult. The energy saving can potentially be
enhanced under a two-sided panel system involving panel switching, as reported elsewhere [1]. Panel
productivity, operational method, and analysis of energy consumption for a switching panel system
will be addressed in a future study.

4. Conclusions

The patterned surface in the corrugated membrane (CM) was proven to increase local mixing and
introduce turbulence near to the membrane surface, which leads to better fouling control. The impact
is more profound in a tilted panel system that maximizes the contact of air bubbles and the membrane
surface. The combination of surface corrugation, higher air bubbling rate, and panel tilting achieved up
to 47% permeance improvement. The CM in the tilted panel system works better when operated under
the short filtration–relaxation cycle (i.e., 35% improvement from cycle time of 10 to 2.5 min). Similarly,
operation at a longer intermittent aeration cycle leads to lower steady-state permeance. Higher aeration
rate improves the steady-state permeance of the membrane significantly most prominently at a range of
0.5 to 1.0 L/min. High permeability associates closely to energy consumption, which was estimated to
be 0.152 kWh/m3, much lower than data from the full-scale references of <0.4 kWh/m3. Overall findings
suggest the mutual advantage of surface corrugation and panel tilting in improving overall system
productivity. Both surface corrugation and panel tilting intensify the contact of air bubbles to the
membrane surface and, hence, offer great potential to be applied in MBRs, or in other liquid filtrations.

Author Contributions: A.O. performed most of the experiments and drafting the manuscript assisted by
N.I.M.N. under supervision of S.S.; M.R.B. conceived the idea, provided the materials, designed the experiments,
and supervised the work; N.S. and N.A.H.N. supervised the membrane characterization testing; A.L.K. and J.J.
analyzed the data and contributed in refining the final manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Yayasan Universiti Teknologi PETRONAS, grant number 0153AA-E96”
and “The APC was funded by Yayasan University Teknologi PETRONAS grant number 015LC0-079”.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Judd, S.J. The status of industrial and municipal effluent treatment with membrane bioreactor technology.
Chem. Eng. J. 2016, 305, 37–45. [CrossRef]

2. Bilad, M.R. Membrane bioreactor for domestic wastewater treatment: Principles, challanges and future
research directions. Indones. J. Sci. Technol. 2017, 2, 97–123. [CrossRef]

3. Shamsuddin, N.; Cao, C.; Starov, V.M.; Das, D.B. A comparative study between stirred dead end and
circular flow in microfiltration of China clay suspensions. Water Sci. Technol. Water Supply 2016, 16, 481–492.
[CrossRef]

4. Kim, J.; Kim, K.; Ye, H.; Lee, E.; Shin, C.; McCarty, P.L.; Bae, J. Anaerobic fluidized bed membrane bioreactor
for wastewater treatment. Environ. Sci. Technol. 2010, 45, 576–581. [CrossRef] [PubMed]

5. Wu, B.; Zamani, F.; Lim, W.; Liao, D.; Wang, Y.; Liu, Y.; Chew, J.W.; Fane, A.G. Effect of mechanical scouring by
granular activated carbon (GAC) on membrane fouling mitigation. Desalination 2017, 403, 80–87. [CrossRef]

6. Wang, J.; Zamani, F.; Cahyadi, A.; Toh, J.Y.; Yang, S.; Wu, B.; Liu, Y.; Fane, A.G.; Chew, J.W. Correlating
the hydrodynamics of fluidized granular activated carbon (GAC) with membrane-fouling mitigation.
J. Membr. Sci. 2016, 510, 38–49. [CrossRef]

7. Wang, J.; Wu, B.; Liu, Y.; Fane, A.G.; Chew, J.W. Effect of fluidized granular activated carbon (GAC) on critical
flux in the microfiltration of particulate foulants. J. Membr. Sci. 2017, 523, 409–417. [CrossRef]

8. Akoum, O.A.; Jaffrin, M.Y.; Ding, L.; Paullier, P.; Vanhoutte, C. An hydrodynamic investigation of
microfiltration and ultrafiltration in a vibrating membrane module. J. Membr. Sci. 2002, 197, 37–52.
[CrossRef]

http://dx.doi.org/10.1016/j.cej.2015.08.141
http://dx.doi.org/10.17509/ijost.v2i1.5993
http://dx.doi.org/10.2166/ws.2015.158
http://dx.doi.org/10.1021/es1027103
http://www.ncbi.nlm.nih.gov/pubmed/21158433
http://dx.doi.org/10.1016/j.desal.2015.12.003
http://dx.doi.org/10.1016/j.memsci.2016.03.009
http://dx.doi.org/10.1016/j.memsci.2016.09.039
http://dx.doi.org/10.1016/S0376-7388(01)00602-0


Polymers 2020, 12, 432 11 of 12

9. Bilad, M.R.; Mezohegyi, G.; Declerck, P.; Vankelecom, I.F.J. Novel magnetically induced membrane vibration
(MMV) for fouling control in membrane bioreactors. Water Res. 2012, 46, 63–72. [CrossRef]

10. Braak, E.; Alliet, M.; Schetrite, S.; Albasi, C. Aeration and hydrodynamics in submerged membrane bioreactors.
J. Membr. Sci. 2011, 379, 1–18. [CrossRef]

11. Eliseus, A.; Bilad, M.R.; Nordin, N.A.H.M.; Khan, A.L.; Putra, Z.A.; Wirzal, M.D.H.; Aslam, M.; Aqsha, A.;
Jaafar, J. Two-way switch: Maximizing productivity of tilted panel in membrane bioreactor. J. Environ. Manag.
2018, 228, 529–537. [CrossRef] [PubMed]

12. Wibisono, Y.; Cornelissen, E.R.; Kemperman, A.J.B.; van der Meer, W.G.J.; Nijmeijer, K. Two-phase flow in
membrane processes: A technology with a future. J. Membr. Sci. 2014, 453, 566–602. [CrossRef]

13. Hwang, T.; Oh, Y.-K.; Kim, B.; Han, J.-I. Dramatic improvement of membrane performance for microalgae
harvesting with a simple bubble-generator plate. Bioresour. Technol. 2015, 186, 343–347. [CrossRef] [PubMed]

14. Le-Clech, P.; Chen, V.; Fane, T.A.G. Fouling in membrane bioreactors used in wastewater treatment.
J. Membr. Sci. 2006, 284, 17–53. [CrossRef]

15. Wu, Y.; Wang, J.; Zhang, H.; Ngo, H.H.; Guo, W.; Zhang, N. The impact of gas slug flow on microfiltration
performance in an airlift external loop tubular membrane reactor. RSC Adv. 2016, 6, 109067–109075.
[CrossRef]

16. Cheng, T.-W.; Lin, C.-T. A study on cross-flow ultrafiltration with various membrane orientations.
Sep. Purif. Technol. 2004, 39, 13–22. [CrossRef]

17. Eliseus, A.; Bilad, M.R.; Nordin, N.A.H.M.; Putra, Z.A.; Wirzal, M.D.H. Tilted membrane panel: A new
module concept to maximize the impact of air bubbles for membrane fouling control in microalgae harvesting.
Bioresour. Technol. 2017, 241, 661–668. [CrossRef]

18. Eliseus, A.; Putra, Z.A.; Bilad, M.R.; Nordin, N.A.H.M.; Wirzal, M.D.H.; Jaafar, J.; Khan, A.L.; Aqsha.
Energy minimization of a tilted panel filtration system for microalgae filtration: Performance modeling and
optimization. Algal Res. 2018, 34, 104–115. [CrossRef]

19. Cheng, T.-W. Influence of inclination on gas-sparged cross-flow ultrafiltration through an inorganic tubular
membrane. J. Membr. Sci. 2002, 196, 103–110. [CrossRef]

20. Bilad, M.R.; Guillen-Burrieza, E.; Mavukkandy, M.O.; Al Marzooqi, F.A.; Arafat, H.A. Shrinkage, defect and
membrane distillation performance of composite PVDF membranes. Desalination 2015, 376, 62–72. [CrossRef]

21. Bilad, M.R.; Marbelia, L.; Laine, C.; Vankelecom, I.F.J. A PVC–silica mixed-matrix membrane (MMM) as
novel type of membrane bioreactor (MBR) membrane. J. Membr. Sci. 2015, 493, 19–27. [CrossRef]

22. Chen, F.; Bi, X.; Ng, H.Y. Effects of bio-carriers on membrane fouling mitigation in moving bed membrane
bioreactor. J. Membr. Sci. 2016, 499, 134–142. [CrossRef]

23. Kharraz, J.A.; Bilad, M.R.; Arafat, H.A. Flux stabilization in membrane distillation desalination of seawater
and brine using corrugated PVDF membranes. J. Membr. Sci. 2015, 495, 404–414. [CrossRef]

24. Marbelia, L.; Bilad, M.R.; Bertels, N.; Laine, C.; Vankelecom, I.F.J. Ribbed PVC–silica mixed matrix membranes
for membrane bioreactors. J. Membr. Sci. 2016, 498, 315–323. [CrossRef]

25. Gronda, A.M.; Buechel, S.; Cussler, E.L. Mass transfer in corrugated membranes. J. Membr. Sci. 2000, 165,
177–187. [CrossRef]

26. Kharraz, J.A.; Bilad, M.; Arafat, H.A. Simple and effective corrugation of PVDF membranes for enhanced
MBR performance. J. Membr. Sci. 2015, 475, 91–100. [CrossRef]

27. Racz, I.; Wassink, J.G.; Klaassen, R. Mass transfer, fluid flow and membrane properties in flat and corrugated
plate hyperfiltration modules. Desalination 1986, 60, 213–222. [CrossRef]

28. Scott, K.; Mahmood, A.; Jachuck, R.; Hu, B. Intensified membrane filtration with corrugated membranes.
J. Membr. Sci. 2000, 173, 1–16. [CrossRef]

29. Barambu, N.U.; Bilad, M.R.; Wibisono, Y.; Jaafar, J.; Mahlia, T.M.I.; Khan, A.L. Membrane Surface Patterning
as a Fouling Mitigation Strategy in Liquid Filtration: A Review. Polymers 2019, 11, 1687. [CrossRef]

30. Nawi, M.; Izati, N.; Bilad, M.R.; Zolkhiflee, N.; Nordin, N.A.H.; Lau, W.J.; Narkkun, T.; Faungnawakij, K.;
Arahman, N.; Mahlia, T.M.I. Development of A Novel Corrugated Polyvinylidene difluoride Membrane via
Improved Imprinting Technique for Membrane Distillation. Polymers 2019, 11, 865. [CrossRef]

31. Mezohegyi, G.; Bilad, M.R.; Vankelecom, I.F.J. Direct sewage up-concentration by submerged aerated and
vibrated membranes. Bioresour. Technol. 2012, 118, 1–7. [CrossRef] [PubMed]

32. Fenu, A.; Roels, J.; Wambecq, T.; De Gussem, K.; Thoeye, C.; De Gueldre, G.; Van De Steene, B. Energy audit
of a full scale MBR system. Desalination 2010, 262, 121–128. [CrossRef]

http://dx.doi.org/10.1016/j.watres.2011.10.026
http://dx.doi.org/10.1016/j.memsci.2011.06.004
http://dx.doi.org/10.1016/j.jenvman.2018.09.029
http://www.ncbi.nlm.nih.gov/pubmed/30273771
http://dx.doi.org/10.1016/j.memsci.2013.10.072
http://dx.doi.org/10.1016/j.biortech.2015.03.111
http://www.ncbi.nlm.nih.gov/pubmed/25870035
http://dx.doi.org/10.1016/j.memsci.2006.08.019
http://dx.doi.org/10.1039/C6RA19903H
http://dx.doi.org/10.1016/j.seppur.2003.12.008
http://dx.doi.org/10.1016/j.biortech.2017.05.175
http://dx.doi.org/10.1016/j.algal.2018.07.008
http://dx.doi.org/10.1016/S0376-7388(01)00584-1
http://dx.doi.org/10.1016/j.desal.2015.08.015
http://dx.doi.org/10.1016/j.memsci.2015.05.074
http://dx.doi.org/10.1016/j.memsci.2015.10.052
http://dx.doi.org/10.1016/j.memsci.2015.08.039
http://dx.doi.org/10.1016/j.memsci.2015.10.017
http://dx.doi.org/10.1016/S0376-7388(99)00230-6
http://dx.doi.org/10.1016/j.memsci.2014.10.018
http://dx.doi.org/10.1016/0011-9164(86)85001-9
http://dx.doi.org/10.1016/S0376-7388(00)00327-6
http://dx.doi.org/10.3390/polym11101687
http://dx.doi.org/10.3390/polym11050865
http://dx.doi.org/10.1016/j.biortech.2012.05.022
http://www.ncbi.nlm.nih.gov/pubmed/22695138
http://dx.doi.org/10.1016/j.desal.2010.05.057


Polymers 2020, 12, 432 12 of 12

33. Bilad, M.R.; Declerck, P.; Piasecka, A.; Vanysacker, L.; Yan, X.; Vankelecom, I.F.J. Treatment of molasses
wastewater in a membrane bioreactor: Influence of membrane pore size. Sep. Purif. Technol. 2011, 78,
105–112. [CrossRef]

34. Ndinisa, N.; Fane, A.; Wiley, D.; Fletcher, D. Fouling control in a submerged flat sheet membrane system: Part
II—Two-phase flow characterization and CFD simulations. Sep. Sci. Technol. 2006, 41, 1411–1445. [CrossRef]

35. Wu, J.; Le-Clech, P.; Stuetz, R.M.; Fane, A.G.; Chen, V. Effects of relaxation and backwashing conditions on
fouling in membrane bioreactor. J. Membr. Sci. 2008, 324, 26–32. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.seppur.2010.12.005
http://dx.doi.org/10.1080/01496390600633915
http://dx.doi.org/10.1016/j.memsci.2008.06.057
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Membrane Fabrication, Characterization, and Module Assembly 
	Activated Sludge Feed 
	Filtration System Configuration 
	Filtration Test 
	Estimation of Energy Consumption 

	Results and Discussion 
	Membrane Fabrication and Characterization 
	Effect of Aeration, Corrugation, and Tilting Angle 
	Effect of Filtration Cycle Involving Relaxation 
	Effect of Aeration Rate 
	Effect of Intermittence Aeration 

	Conclusions 
	References

