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A B S T R A C T

This study assessed impacts of cross-flow velocity (CFV) and air scouring on the performance and membrane
fouling mitigation of a side-stream module containing outer-selective hollow fiber thin film composite forward
osmosis membrane in osmosis membrane bioreactor (OMBR) system for urban wastewater treatment. CFV of
draw solution was optimized, followed by the impact assessment of three CFVs on feed solution (FS) stream and
periodic injection of air scouring into the side-stream module. Overall, the OMBR system exhibited high and
stable performance with initial water flux of approximately 15 LMH, high removal efficiencies of bulk organic
matter and nutrients. While FS’s CFVs insignificantly affected the performance and membrane fouling, regular
air scouring showed substantial impact with better performance and high efficiency in mitigating membrane
fouling. These results indicated that periodic air scouring can be applied into the side-stream membrane module
for efficient fouling mitigation without interruption the operation of the OMBR system.

1. Introduction

Osmotic membrane bioreactor (OMBR) is considered as emerging
membrane technology for wastewater treatment and water

reclamation. This OMBR system integrates forward osmosis (FO) pro-
cess into a conventional membrane bioreactor (MBR) (Morrow et al.,
2018a). Similar to FO process, OMBR is driven by the osmotic pressure
difference between a highly saline draw solution (DS) and a low-salinity
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activated sludge feed solution (FS) separated by a semi-permeable FO
membrane. Water permeate from the FS is drawn by the osmotic
pressure to pass through the highly selective FO membrane to DS side.
OMBR can be operated in re-concentration mode or dilution mode. In
the first mode, OMBR operates as a water treatment system with the
integration of a regeneration unit, which re-concentrates DS and pro-
duces purified water. The re-generation unit can be reverse osmosis
(RO) process to form an OMBR - RO hybrid system as an alternative to
the conventional MBR – RO system (Luo et al., 2017). OMBR helps to
dilute draw solution using water reclaimed from wastewater, therefore,
reducing the required energy for RO process and preventing pollutants
and contaminants entering the draw solution loop. In osmotic dilution
mode, when a water soluble fertilizer is used as a DS, OMBR can be used
to dilute fertilizer by water drawn from activated sludge feed solution,
the diluted fertilizer can then be used for direct or indirect irrigation
(Kim et al., 2017).

The OMBR system is an attractive technology, being capable of
producing high quality water product (Chang et al., 2019). The non-
porous FO membrane, consisting of a highly selective layer, can provide
the reliable and high rejection of pathogens, trace organic compounds,
and ions contained in the activated sludge (Holloway et al., 2015b; Qiu
and Ting, 2014b). OMBR system has the edge over conventional MBR
system including higher quality water owing to its high selectivity of FO
membrane compared to microfiltration or ultrafiltration used in MBR
system (Achilli et al., 2009; Cornelissen et al., 2008). Recent OMBR
studies also demonstrated the much higher removal efficacies of total
organic carbon, ammonium, total nitrogen and phosphate than that
achieved by MBR system (Holloway et al., 2015b; Qiu and Ting,
2014b). Moreover, due to the employment of osmotic pressure, OMBR
system has lower fouling propensity with reversible fouling compared
to irreversible fouling in conventional MBR or RO process using high
hydraulic pressure (Achilli et al., 2009; Cornelissen et al., 2008).
However, similar to other membrane separation processes, membrane
fouling is one of the major challenges to the operation of the OMBR
system. Membrane fouling not only reduces water production, enlarges
operating and capital costs but also deteriorates membrane lifespan
(Luo et al., 2018a). Regular membrane cleaning is therefore required to
mitigate the membrane fouling issue during the operation of the OMBR
system. Membrane cleaning and fouling mitigation strategies are de-
pendent upon the configuration of membrane and its module. As for
submerged membrane modules, membrane cleaning needs to be carried
out outside the bioreactor while side stream modules can be physically
and chemically cleaned in place. Thus, the membrane and module
configurations play a crucial role in mitigating the membrane fouling
issues in OMBR.

Lacking a desired FO membrane has remained a hurdle for the FO
process and the OMBR system to demonstration and commercialization
(Yap et al., 2012). An ideal FO membrane not only can facilitate the
execution of membrane fouling mitigation strategies but also can alle-
viate intrinsic shortcomings of the OMBR system such as high salinity
accumulation, critical water flux decline. This ideal membrane should
have the following properties: [i] high water permeability, [ii] high
solute rejection, and [iii] high membrane-fouling resistance (Tran et al.,
2019). The ideal membrane should also possess reasonably mechanical
property to prevent breakage and damage during its operation in harsh
conditions. Albeit many research studies have recently been conducted
to investigate the performance of different membrane and membrane
module configurations in OMBR processes, most of these studies used
cellulose triacetate (CTA) membrane and/or thin film composite (TFC)
polyamide membrane under the flat-sheet configuration (Aftab et al.,
2017; Morrow et al., 2018a; Pathak et al., 2018).

There has been only one OMBR study conducted using FO mem-
brane under the configuration of hollow fiber which was made by
Zhang et al. (2012). That study used a home-made hollow fiber mem-
brane called inner-selective hollow fiber (ISHF) membrane having a
polyamide selective layer coated on the inner side of the fiber. Since the

selective layer is in the bore side of the fiber, the application of the ISHF
TFC membrane into the OMBR system for wastewater treatment and
reuse poses some significant challenges. In their study, Zhang et al.
(2012) operated the OMBR system under the orientation of active layer
faces draw solution (AL–DS) mode, in which membrane support layer
with large-size pores faces the activated sludge containing various types
of particulates and foulants. This most likely leads to the deposition and
accumulation of particulates and foulants inside the pores, gradually
blocking the pore and consequently undermining overall OMBR’s per-
formance. Once foulants and particulates enter inside the pores of
support layer, membrane fouling becomes a severe issue and fouling
mitigation will be a great challenge. On the other hand, when active
layer faces feed solution (AL-FS) orientation, activated sludge is circu-
lated into lumen side of ISHF TFC membrane where active layer is
coated. Due to the small inner diameter of hollow fiber and the pre-
sence of foulants, and flocculated sludge in activated sludge, supplying
feed solution into bore side of ISHF membrane can be a considerable
challenge. Clogging and blockage might easily occur at the lumen side
of ISHF membrane, leading to breakage and damage of membrane or
deterioration of membrane’s performance (Tran et al., 2019). Fouling
control in this case will be a challenging task. Therefore, a hollow fiber
membrane having active layer coated on the outer surface is preferred
for OMBR application. In comparison with ISHF TFC membrane, an
outer selective hollow fiber (OSHF) TFC membrane offers several ad-
vantages including larger unit membrane surface area, less membrane
fouling potential, and more straightforward membrane fouling control
(Le et al., 2016). Recently, a polyethersulfone (PES)-based OSHF TFC
FO membrane, having polyamide layer coated on the outer surface of
hollow fiber, was successfully developed in our laboratory (Lim et al.,
2019). This newly fabricated hollow fiber membrane exhibited com-
paratively high performance and low fouling propensity, which is
considered suitable membrane for the OMBR system treating municipal
wastewater for reclamation.

This study aimed to assess the effect of different cross flow velocities
(CFVs) and air scouring on membrane fouling mitigation and the per-
formance of our home-made OSHF TFC FO membrane under side-
stream configuration in the OMBR system OMBR system. Three dif-
ferent CFVs were applied to recirculate mixed liquor serving as feed
solution into the side-stream module of OSHF TFC FO membranes. The
performance of the OMBR system in terms of water flux, salinity
buildup in the mixed liquor, contaminants removal efficiency, and
membrane fouling mitigation, was assessed under AL–FS orientation.
We also evaluated the fouling mitigation efficiency of air scouring as a
fouling control strategy by regularly injecting air bubble into the
membrane module. Findings from this study provide important im-
plications to optimize the operating condition of the OMBR system
using the side-stream module of OSHF TFC FO membrane for treating
municipal wastewater.

2. Materials and methods

2.1. OSHF TFC FO membrane and module.

This study used a side-stream membrane module containing OSHF
TFC FO membrane developed at Center for Technology in Water and
Wastewater, University of Technology Sydney, Australia. The proper-
ties of this membrane and the side-stream membrane module were
mentioned in our previous studies (Lim et al., 2019; Tran et al., 2019).

2.2. Determination of optimum draw solution cross flow velocity

Before the optimization of CFV for FS stream in the OMBR system,
side-stream membrane module was firstly used for determination of
optimum CFVs for DS stream. A lab-scale FO experiment setup was
employed for the optimization of CFVs at DS stream. Optimization of
DS’s CFV was based on the performance (water flux and reverse salt
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flux) of FO experiments using our home-made OSHF TFC FO membrane
module. These experiments were conducted with conditions as tabu-
lated in Table 1.

2.3. Side-stream OMBR system

Fig. 1 illustrates the schematic diagram of a bench-scale OMBR
system used in this study.

2.4. Wastewater influent and draw solution

This study used chemicals with the reagent grade supplied by Merck
(Australia). The OMBR system was fed daily with synthetic wastewater
comprising of 50mg/L yeast, 10mg/L FeSO4, 300mg/L glucose,
30 mg/L urea, 15mg/L KH2PO4, and 60mg/L (NH4)2SO4. This syn-
thetic influent contained 104.7 ± 10.0 mg/L total organic carbon
(TOC), 16.5 ± 1.3mg/L ammonium nitrogen (NH4

+),
26.3 ± 0.7mg/L total nitrogen (TN), and 3.4 ± 0.1mg/L phosphate
(PO4

3-). DS was sodium chloride (NaCl) solution having a concentration
of 35 g/L.

2.5. OMBR system operation

Activated sludge used in this study was taken from the recycled
water facility at Central Park, Sydney, Australia. The acclimatization of
sludge was carried out for more than six months until the system
achieved relatively consistent TOC removal efficiency of more than
90%. The concentration of the acclimatized activated sludge was sub-
sequently adjusted to 8.0 g/L before being employed for operation of
the OMBR system. A floating valve was used to maintain the continuous
feeding of the synthetic wastewater effluent into the OMBR system. To
maintain the dissolved oxygen concentration in the bioreactor at a level
of more than 3mg/L for microorganisms, aeration with an intensity of
3 L/min was supplied by an air diffuser (Aqua One, Australia).
Activated sludge was recirculated as FS inside the membrane module.
Mixed liquor’s pH and salinity were regularly monitored by a HQ40D
portable pH and conductivity meter (HACH, Germany). DS was re-
circulated in the bore side of OSHF membrane module from the DS
tank. The DS concentration in our experiments was maintained stable at
35 ± 1 g/L by monitoring TDS of DS and using a programmable timer
switch connecting with a peristaltic pump (Masterflex, Cole-Parmer,
USA) to regularly supplement highly concentrated (5M) NaCl solution
to DS tank. All experiments were conducted in a laboratory with a

Table 1
Experimental conditions for optimization of DS’s CFV at a temperature of 22 ± 1 °C, using deionized (DI) water as FS.

No. Feed solution (2 L) Draw solution (2 L) Flowrate (ml/min) CFV (cm/s) Orientation Experiment time (minutes)

DS FS DS FS

1 DI water 35 g/L 9 600 5.1 5.1 AL – FS 60
2 DI water 35 g/L 9 1000 5.1 8.5 AL – FS 60
3 DI water 35 g/L 9 1400 5.1 11.9 AL – FS 60
4 DI water 35 g/L 15 600 8.5 5.1 AL – FS 60
5 DI water 35 g/L 15 1000 8.5 8.5 AL – FS 60
6 DI water 35 g/L 15 1400 8.5 11.9 AL – FS 60
7 DI water 35 g/L 21 600 11.9 5.1 AL – FS 60
8 DI water 35 g/L 21 1000 11.9 8.5 AL – FS 60
9 DI water 35 g/L 21 1400 11.9 11.9 AL – FS 60
10 DI water 35 g/L 25 1000 13.9 8.5 AL – FS 60
11 DI water 35 g/L 30 1000 16.7 8.5 AL – FS 60
12 DI water 35 g/L 36 1000 20.1 8.5 AL – FS 60

1 : Synthetic wastewater tank

2 : Stirrer

3 : Close valve

4 : Floating valve

5 : Air diffuser

6 : Conductivity, pH meter

7 : Mixed liquor  gear pump

8 : Draw solution peristaltic pump

9 : OSHF TFC membrane module

10 : Draw solution tank

11 : Balance

12 : Laptop for data logging

13 : 5M NaCl draw solution tank

14 : Peristaltic draw solution tank

15 : Timer switch for DS pump

16 : Draw solution TDS meter

17 : Timer switch for air pump

18 : Air pump

19 : Check valve

20 : Tee for air injection
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Fig. 1. Schematic diagram of side-stream osmotic membrane bioreactor system.
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highly controlled environment with an ambient temperature of
22 ± 1 °C. The DS tank and the bioreactor were operated under am-
bient conditions and the mixed liquor from the same bioreactor was fed
to the side-stream FO module.

2.6. Using air scouring as a fouling mitigation strategy

Air bubble with an intensity of 2 L/min was regularly injected into
membrane module in order to mitigate the severity of membrane
fouling issue on the performance of the OMBR system using side-stream
OSHF TFC membrane module. This air injection system consists of an
air pump controlled by a programmable timer switch, a check valve
preventing diversion of mixed liquor into the air pump when it is not in
operation. Before being injected into the membrane module, air bubble
and activated sludge were mixed using a connecting tee. This air in-
jection operated under a programmed basis of every two hour, running
for 5min.

2.7. Analytical methods

2.7.1. Water flux, reverse solute flux and specific reverse solute flux
determination

Water flux – Jw (L/m2 h – LMH) was calculated by Eq. (1):

=

×

J V
A t

Δ
Δw

m (1)

where: Am (m2) is an effective area of FO membrane; Δt (h) is time
interval; ΔV is the net volume change of DS solution (L)

When DI water is used as FS, reverse solute flux – Js (g/m2 h – gMH)
was calculated using Eq. (2):

=
×

×

J V C
A t

Δ Δ
Δs

t

m (2)

where: ΔV and ΔCt are the net changes in the FS volume (L) and FS’s salt
concentration; Δt (h) and Am (m2) are same as in Eq. (1).

Subsequently, specific reverse solute flux (SRSF) was determined by
Eq. (3):

=SRSF J
J

s

w (3)

2.7.2. Measurement of water quality parameters
The analysis of chemical oxygen demand (COD), mixed liquor sus-

pended solids (MLSS), and mixed liquor volatile suspended solids
(MLVSS) was conducted using standard methods for the examination of
water and wastewater (APHA, 2005). Dissolved oxygen concentration
in the activated sludge during experiments was monitored using a DO
meter (Vernier, USA). Water samples of wastewater influent, super-
natant and diluted draw solution were regularly collected for mea-
surement of some main contaminants and nutrients for contaminant
removal analysis. TOC concentration measurement was conducted
using a TOC analyzer Analytikjena Multi N/C 2000. NH4

+, total ni-
trogen (TN) and PO4

3− concentrations were measured using corre-
sponding test kits and photometer (Spectroquant, NOVA 60, Merck).
Water samples were pretreated and diluted several times if necessary to
ensure the correct range of analytes and minimize the interference of
chloride.

2.7.3. Membrane characterization
Virgin membrane and fouled membrane samples were collected at

the end of each experiment for morphological structures and elemental
composition analysis. Samples were dried at room temperature before
being coated with gold in a high vacuum sputter coater (EM ACE600,
Leica). Subsequently, membrane samples were analyzed in a field
emission scanning microscope and energy diffusive X-ray (EDX) ana-
lyzer (FE-SEM, Zeiss Supra 55VP, Carl Zeiss AG).

3. Results and discussion

3.1. Optimum cross flow velocity of draw stream.

Fig. 2 illustrates water fluxes and SRSF of OSHF TFC FO membrane
during the optimization of CFV on DS and FS streams using DI water.
Generally, water fluxes slightly increased with the increase of DS’s CFVs
from 5.1 cm/s to 11.9 cm/s while SRSF faintly declined when FS’s CFVs
increased from 5.1 cm/s to 11.9 cm/s. The insignificant drop of SRSF
could be attributed to the combined effect of the increase in Jw and a
decrease in RSF when FS’s CFV accelerated. The increase of FS’s CFV
might induce low hydraulic pressure on the feed side and consequently
resulted in the marginal increase in Jw and the slight drop in RSF
(Blandin et al., 2018). Among three CFVs applied on the FS stream, only
at CFV of 5.1 cm/s, Jw and SRSF escalated with the increase in DS’s
CFV. This might be due to the pressure buildup inside the hollow fiber
generated a marginal hydraulic pressure, enhancing the mass transport
from draw to feed stream by the pressure and hence higher SRSF.

Since the insignificant variations of water fluxes and SRSF were
observed during the CFV optimization of both DS and FS streams. DS’s
CFV was further investigated by increasing CFV to 13.9 cm/s; 16.7 cm/
s; and 20.1 cm/s while maintaining FS’s CFV at 8.5 cm/s. The results of
further investigation are presented in Fig. 2, suggesting that using a
CFV of 13.9 cm/s produced the highest Jw of 19.34 LMH and the lowest
SRSF of 0.16 g/L. The Jw increase could be attributed to the less severity
of dilutive external concentration polarization (DECP) because high
CFV generated by high flowrate of DS rapidly replaced the diluted DS
stream in the bore side of hollow fiber by a new high concentrated DS,
hence reduced the effects of DECP. However, further increasing CFV of
DS over 13.9 cm/s resulted in the decline in Jw and the increase in
SRSF. This might be ascribed to marginally higher transmembrane
pressure induced by high CFV in the lumen side of hollow fiber, hin-
dering the transportation of water from the feed solution through
membrane and forcing draw solutes reversely diffusing through the
membrane to the feed side (Blandin et al., 2018). Among CFVs of both
DS and FS streams, the highest Jw and lowest SRSF were achieved using
DS’s CFV of 13.9 cm/s and FS’s CFV of 8.5 cm/s. Therefore, DS’s CFV of
13.9 cm/s was chosen for the optimization of FS’s CFV in the OMBR
system.
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3.2. Effect of FS’s CFV on performance of OSHF TFC FO membrane.

Fig. 3 shows water flux and reactor salinity profiles of the OMBR
system using three different CFVs on FS stream. Generally, insignificant
differences were observed during the optimization of FS’s CFV. The
initial water fluxes were 14.4 LMH, 14.9 LMH, and 14.7 LMH when FS’s
CFV increased from CFV 1 (5.1 cm/s) to CFV 2 (8.5 cm/s), and to CFV 3
(11.9 cm/s), respectively, while DS’s CFV was maintained at 13.9 cm/s.
Water fluxes of the OMBR system under three different FS’s CFVs then
continuously declined by 80% after an operation time of 65 h, 67 h, and
72 h, correspondingly. Although there were marginal differences in flux
decline magnitude, higher FS’s CFV led to a slower reduction in water
flux since osmotic net driving forces were relatively similar under three
different operating conditions (DS was maintained at the same con-
centration of 35 g/L and reactor salinities (FS concentration) were
moderately similar). Flux decline occurred as a result of combined ef-
fect comprising of membrane fouling and decrease in net osmotic
driving force due to salinity accumulation in feed solution (mixed li-
quor) (Luo et al., 2017; Zhang et al., 2017). This result well agrees with
an observation by Pathak et al. (2017) that flux drop can also be as-
cribed to severe membrane fouling, forming a fouling-cake layer on the
selective layer. This fouling layer works as an additional barrier hin-
dering water permeation through FO membrane.

Salinity build-up in the mixed liquor is inevitable in the OMBR
system treating industrial or municipal wastewater (Wang et al.,
2014a). As an inherent property of FO process, salinity accumulation
occurred due to the reverse diffusion of draw solute from DS in asso-
ciation with the excellent rejection of FO membrane, retaining salts
entering the bioreactor with the influent (Luo et al., 2017; Tran et al.,
2019). The elevated activated sludge’s TDS concentration not only re-
sulted in a reduction in the net osmotic driving force for water per-
meation but also potentially inhibited the growth and functionality of
microorganism, affecting the biological treatment efficacy (Holloway
et al., 2015a). As can be seen from Fig. 3, mixed liquor’s TDSs in the
OMBR system under three different CFVs gradually increased with a
similar pattern. Similar to flux decline, there was an insignificant dif-
ference in the increasing intensity of mixed liquor’s TDSs. Starting at a
TDS of 525mg/L, salinity in the reactor reached to 952mg/L after 65-h
operation using a CFV1 of 5.1 cm/s, 881mg/L after 67-hour operation
using a CFV2 of 8.5 cm/s, and 995mg/L after 72-h operation using a
CFV3 of 11.9 cm/s. The slightly faster increase of mixed liquor’s TDS
using CFV1 compared to that using CFV2 might be ascribed to the

enhanced solute transport from DS induced by slightly higher hydraulic
pressure inside the hollow fiber when much higher CFV (13.9 cm/s)
was applied on DS side than that on FS one (5.1 cm/s).

Membrane fouling in FO processes and OMBR is commonly known
as reversible due to the absence of hydraulic pressure (Lutchmiah et al.,
2014). Therefore, simple physical cleaning method such as increasing
CFV of the feed solution can alleviate the severity of FO membrane
fouling issues. Increasing CFV not only helps to mitigate membrane
fouling but also reduces the effect of DECP. Foulant accumulation was
found to be less under higher CFV, thereby leading to the formation of a
much thinner and looser fouling-cake layer. Elevated CFV also gen-
erates greater turbulence and hydraulic shear forces to remove the loose
and sparse FO fouling-cake layer (Li et al., 2012). Several previously
reported research studies had also proved that flux decline rate became
more moderate when higher CFV was applied on FO process (Boo et al.,
2013, 2012; Li et al., 2012; Liu and Mi, 2012; Mi and Elimelech, 2010).
Nonetheless, the experimental results in this current study showed that
no significant impacts of FS’s CFV were observed on flux decline rate
and salinity accumulation, meaning that membrane fouling in the
OMBR system using a side-stream membrane module was not sig-
nificantly affected by enhanced CFV on feed side. It is hard to fairly
compare the effect of FS’s CFV on membrane fouling mitigation be-
tween this work and previously conducted ones since FS used in these
studies were different compared to activated sludge in the OMBR
system. For instance, Mi and Elimelech (2010) used FS containing
50mM NaCl, 200mg/L alginate, and 0.5 mM CaCl2 while Boo et al.
(2012) employed a feed solution comprising of 50mM NaCl and 1 g/L
colloidal particle foulant having size of 139 nm. Li et al. (2012) used
pre-filtered natural seawater from the Red sea, being added with 0.02%
NaN3 to prevent the growth of bacteria and algae. Using different feed
solutions results in a substantial difference in membrane fouling be-
haviors (Holloway et al., 2015a). Compared to typical FO process not
using activated sludge as FS, membrane fouling in OMBR is considered
more complicated due to the nature of activated sludge, containing a
variety of microorganism and foulants (Ibrar et al., 2019; Zhang et al.,
2012). The majority of fouling layer in OMBR was found comprising of
a thin gel-like layer determined to be soluble microbial products (SMP)
and extracellular polymeric substances (EPS) which are two key fou-
lants in the MBR based system.

3.3. Effect of periodic air scouring on membrane fouling mitigation

Air scouring has been previously reported as an effective membrane
fouling mitigation method for OMBR systems. Compared to a system
operated at low membrane aeration rate, enhanced membrane air
scouring rate reduced 31-fold biomass volume and 12-fold biomass
coverage on the membrane surface (Zhang et al., 2014). Holloway et al.
(2015b) also reported that vigorous aeration using coarse air bubbles
for membrane air scouring improved OMBR’s performance by sus-
taining water flux over 125 days of operation. The result from a FO
fouling study conducted by Mi and Elimelech (2008) exhibited a 98%
water flux recovery when periodic aeration was introduced to the se-
lective layer of FO membrane facing a synthetic feed solution con-
taining alginate. Therefore, air scouring was used in our study as a
fouling mitigation method during OMBR operation. Air bubbles were
injected into the side-stream membrane module with a regular basis of
5min in every two hour.

Fig. 4 shows water flux and reactor salinity profiles of the OMBR
system using side-stream module of OSHF TFC FO membrane operated
with regular air scouring. Generally, OMBR performance was sub-
stantially improved when periodic air bubbles were injected into side-
stream membrane module compared to that without air scouring. Water
flux of the OMBR system was maintained at above 10.19 LMH which
was almost twice higher compared to that of CFV1 without aeration
(5.66 LMH) during the first 24 h. The water flux decline rate was much
slower and water flux dropped by 80% after a 6-day operation (2-fold
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longer operation time than OMBR operation without air scouring).
However, air scouring showed negligible influence on the accumulation
rate of bioreactor salinity, which still followed a similar upward trend
compared to that without air bubbles. This result proved that air
scouring on the outer surface of hollow fiber effectively mitigated
membrane fouling, hence, improved the performance of the OMBR
system. The enhancement of water flux in this study is in good agree-
ment with prior research works on conventional MBR using micro-
filtration/ultrafiltration membrane (Fouladitajar et al., 2014; Javadi
et al., 2014) and in OMBR studies (Holloway et al., 2015b; Mi and
Elimelech, 2008).

The observed flux improvement can be explained following a me-
chanism of slug flow in the tubular module (In this study, the air was
sparged into a tubular side-stream membrane module of OSHF TFC FO
membrane). The injected air bubbles firstly formed slug flows inside the
tubular membrane module and subsequently induced secondary flows
and wakes. The nascent wakes and secondary flows promote local
vortexes near the surface of each hollow fibre membrane (Fouladitajar
et al., 2014) which hinders accumulation of foulants on membrane
surface. In addition, the air bubbles also create a mixed gas–liquid flow
that accelerates the cross flow velocity and enhances wall shear force
thereby helping partly remove the accumulated fouling layer on
membrane surface (Javadi et al., 2014). Since the formation of the
biofilm layer on the membrane surface is impeded, the severity of cake
enhanced concentration polarization, potentially caused by biofilm
layer, is also disrupted (Zhang et al., 2012). The resistance created by
membrane fouling is therefore mitigated thereby improving the water
flux. The injection of air bubbles into the membrane module might
cause breakage of the hollow fiber membrane and abrasion on the
membrane’s active layer due to hydrodynamic turbulence generated by
air bubbles. While breakage of hollow fiber would be easy to be ob-
served during the operation, damages of the active layer can be de-
tected by the abnormal increase in reverse solute flux which is directly
related to salinity build-up in the reactor. However, no breakage or
abrasion was observed during the 6-day operation of the OMBR system
with air scouring. Overall, it can be concluded that periodic aeration
into side-stream module of OSHF TFC FO membrane by air bubbles
significantly improved the OMBR performance.

3.4. Removal of pollutants

Removal efficacy of primary pollutants including total organic
contaminants (TOC), ammonium NH4

+, total nitrogen (TN), and

phosphate (PO4
3-) by the OMBR system under three different CFVs and

air scouring was also assessed. Samples were collected from wastewater
influent, supernatant, and DS tank during each experiment operation
time for pollutant and nutrient concentration analysis. This aims to
investigate the influence of different operating conditions on pollutant
and nutrient removal efficiencies of the OMBR system which is illu-
strated in Fig. 5. Overall, the OMBR system exhibited consistently high
removal efficiencies of TOC, NH4

+, TN, and PO4
3- and there was an

insignificant difference in removal efficiencies between different oper-
ating conditions. Biodegradation and high rejection of the OSHF TFC
FO membrane were ascribed to effective removal of organic matters
and nutrients in an OMBR system (Luo et al., 2018b).

Under three different CFVs and with air scouring operating condi-
tions, the OMBR system achieved a stable TOC removal efficacy of over
98% during experiment time (Fig. 5 (1)). Some prior studies also re-
ported high overall TOC removal in the OMBR system from 98 to 100%
by Zhu et al. (2018), 96% by Wang et al. (2016). In another OMBR
research work, Achilli et al. (2009) achieved an overall TOC removal of
99% in which FO membrane contributed to 98% rejection. Qiu and
Ting (2013) noted that a stable overall TOC removal of up to 98% in
their study. Similar to TOC removal, NH4

+ removals of the OMBR
system operated with three CFV values and air scouring were stable at
over 98% (Fig. 5 (2)) which were much higher compared to that of
80–90% in a study conducted by Qiu and Ting (2014a). The high re-
moval of NH4

+ in the OMBR system obtained in this study well agrees
with our recent study (Tran et al., 2019) and previous OMBR studies
(Achilli et al., 2009; Pathak et al., 2018; Qiu and Ting, 2013; Wang
et al., 2014b). The consistently high removal of NH4

+ was attributed to
the biological nitrification and high rejection of the FO membrane
(Tran et al., 2019).

Fig. 5 (3) shows the TN removal efficiency of the OMBR system
operated under different CFVs and with air scouring. Experimental re-
sults from this study exhibited that no significant difference of TN re-
moval efficacy between four operating conditions and that only about
80% TN was removed by the OMBR system. The slight increase of TN
concentration in mixed liquor could be attributed to the high rejection
of the OSHF TFC FO membrane to nitrogen species including nitrate
which is a product of nitrification process of NH4

+. Since resultant
nitrate cannot be converted into nitrogen gas due to lack of deni-
trification process, TN removal depended upon the biological de-
gradation of microorganism and it was ineffective under aerobic con-
dition (Jin et al., 2019). Luo et al. (2018b) also reported the same result
in their OMBR study using aquaporin TFC flat-sheet FO membrane.

Phosphorous removal efficiencies of the OMBR system are illu-
strated in Fig. 5 (4). Relatively stable and high phosphorous removals
were exhibited by the OMBR system under four operating conditions
with an overall of approximately 97%. The high and consistent removal
of phosphorous was ascribed to microbial assimilation by phosphate
accumulating organisms (PAOs) and high rejection of the FO mem-
brane. Shi et al. (2012) reported that biodegradation of phosphorous
was inhibited by elevated salinity in activated sludge, affecting the
metabolism and activities of PAOs. Phosphate removal, therefore,
mainly depends on the rejection of a FO membrane to PO4

3-. Having
relatively large radius diameter (0.49 nm) and negative charge, ortho-
phosphate ions were almost completely rejected by the FO membrane
(Pathak et al., 2017). Excellent phosphorous removal of the OMBR
system was also reported by Nguyen et al. (2016) with efficiency of
98%.

It can be concluded that FS’s CFV without and with air scouring
showed a minor difference on the performance of the OMBR system in
terms of pollutant removals, with consistent and high removal efficacies
of targeted pollutants. These results also proved the durability of our
home-made OSHF TFC FO membrane, being able to withstand various
harsh operating conditions as tested.
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Fig. 5. Removal of pollutants of OMBR system operated under different cross flow velocities and with air scouring (1) TOC removal; (2) NH4
+ removal; (3) TN
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Fig. 5. (continued)
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3.5. Membrane and fouling cake layer characterization

Pristine and fouled membrane after each OMBR operation with
three different CFVs and air scouring were collected for an autopsy to
investigate surface morphologies. A typical ridge-and-valley surface
morphology of polyamide selective layer was presented in the surface
SEM image of the virgin FO membrane and cross-sectional image also
confirms that neither deposition of foulants nor formation of fouling
cake layer was found on the outer surface of OSHF TFC FO membrane.
SEM images of fouled membranes showed the formation of fouling cake
layer with accumulation of different foulants on the outer surface of FO
membrane. Interestingly, there was a slight difference in thickness of
fouling cake layers under three CFVs investigated. Slow CFV (CFV 1)
led to thinner cake layer (45 µm) than those of fast CFVs including CFV
2 and CFV 3 with thickness of 59 µm and 57 µm, respectively. This
result indicated that increasing CFV of the FS stream resulted in thicker
fouling cake layer, which is contradictory to common expectation that
faster CFV generates more powerful shear force to remove the deposi-
tion and accumulation of foulants on selective layer. This result is not in
good agreement with the one reported by Morrow et al. (2018b). In that
study, thinner cake layer in side-stream flat-sheet FO membrane com-
pared to submerged plate and frame membrane module was observed,
which was attributed to the compaction of cake layer due to hydraulic
pressure in the side-stream membrane module and combined with
greater hydraulic scour generated by high CFV. However, it is hard to
compare two results, since the configurations of two side-stream
membrane modules were different. In our study, a tubular side-stream
module was used while the one used by Morrow et al. (2018b) was the
one for flat-sheet membrane. Different configuration and water channel
spacing might give rise to different distribution of activated sludge
flows inside the membrane module, hence difference in membrane
fouling behavior. SEM images of fouled FO membrane under OMBR
operation with periodic air scouring clearly showed the high effec-
tiveness of using air bubbles for mitigating membrane fouling in the
side-stream membrane module. Surface morphology of fouling cake
layer was smoother compared to those without air scouring and much
thinner cake layer (25 µm) was illustrated in the cross-sectional image.

Table 2 tabulates some selected elements detected in fouling cake
layers of fouled FO membrane after OMBR operation with three CFVs
and air scouring by EDX analysis. Result of analysis on virgin FO
membrane showed two main elements including C and O while fouling-
cake layers of the four fouled membranes contain various elements such
as Na, Cl, Ca, Mg, K, Al and Fe which are typical ones found in the
activated sludge (Pathak et al., 2017). In general, elemental composi-
tions of fouling cake layers were comparatively similar among four
collected fouled FO membrane. The existence of Na and Cl could be
related to reverse diffusion of draw solute. The source of other in-
organic elements was most likely the synthetic wastewater (e.g. Fe, P).

4. Conclusions

Effects of CFV and air scouring on the performance and membrane
fouling mitigation of the OMBR system using a side-stream module of
OSHF TFC FO membrane were investigated. Generally, performance of

the OMBR system in terms of water flux; mixed liquor’s salinity accu-
mulation, removal efficiencies of TOC, NH4

+, TN, and PO4
3- was con-

sistently high and insignificantly influenced by different CFVs and air
scouring. However, air scouring effectively mitigated membrane
fouling in the side-stream module of OSHF TFC membrane. Findings
also indicated that tested periodic air scouring was an efficient method
for fouling mitigation without interrupting the normal operation and
the performance of the OMBR system.
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