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Abstract

During crude oil and natural gas extraction from a reservoir, a large amount of water is also produced.
The water fraction contains oil, grease, organic and inorganic constituents, called produced water
(PW). Over the years, efficient treatment of PW has been concerned. PW has been treated with various
technologies, namely floatation, filtration, coagulation/flocculation, or biological processes. Those
technologies were assembled to achieve discharge standards while minimizing the cost. Exploration
of membrane-based technologies for the treatment of PW has recently been reported, including the
emerging forward osmosis (FO) process. This paper reviews the research progress on the FO process
for PW treatment. A brief introduction to the traditional treatment technologies is first provided. Next,
the basics of the FO process and research progress on the application of FO on PW treatment are
discussed. Finally, techniques for fouling control in FO are reviewed, namely osmotic backwashing,
ultrasound, chemical cleaning, and air sparging.
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INTRODUCTION

The improvements in the quality of human life are often accompanied by the
increasing demand for energy and clean water. With recent advancements in
horizontal drilling, it is predicted by 2035 that around 45% of natural gas will be
extracted in the U.S alone (B. G. Rahm & Riha, 2012; D. Rahm, 2011). Often, rapid
increases in production and exploration are matched by the demand for freshwater
and wastewater production. Furthermore, the most significant wastewater associated
with oil and gas production is produced water (PW) (Veil, Puder, Elcock, et al., 2004).
One report stated that around 3800 m? of freshwater is consumed per oilfield during
the drilling phase (Coday et al., 2014). These water slurries are injected in hydraulic
fracturing to recover oil from the oilfield formation for enhanced oil recovery. The
recovered stream composed mainly of water, oil, grease, and other salt content is PW.
Efficient treatment of PW thus becomes a pressing issue to be addressed.
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Generally, PW consists of organic and inorganic matters, dispersed oil, grease,
hydrocarbon, and salts (Johnson et al., 2008; Veil, Puder, & Elcock, 2004), although
the content of one well varies from another. The salt content can be expressed in
salinity (measured in conductivity) or as total dissolved solids (TDS). At the same
time, organic and inorganic constituents may be expressed in hardness or scaling
(where Ca, Mg, Ba, and S, as an example, are the agent for hardness and scaling).
Since these constituents in PW are of high concentration, they can threaten the
ecosystem and devastate the environment if not managed properly.

Whilst conventional treatments can treat PW, these methods are often
associated with high treatment costs. Moreover, these require chemical usage (i.e., for
media regeneration), media replacement, generation of secondary waste, larger
footprint, and in some cases, a series of post-treatment as a polishing step. Therefore,
most researchers have turned their attention towards membrane separation
technologies. Membrane technologies employ a semi-permeable membrane that
separates contaminants (based on their relative size towards membrane pore size)
while allowing water to permeate. Some established processes, mainly the pressure-
driven membrane, can achieve acceptable discharge quality, though various
improvements of the processes are still possible (Cakmakce et al., 2008; Ebrahimi et
al., 2009; Fakhru'l-Razi et al., 2009; Hickenbottom et al., 2013; Hutchings et al., 2010).
Typical membrane processes for PW treatment are pressure-driven. They are
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis
(RO). The pressure-driven membrane process can treat the PW due to its ability to
discriminate oil molecules (He & Jiang, 2008). Although widely used, they are still
prone to membrane fouling (E.-S. Kim et al., 2011; Sutzkover-Gutman & Hasson,
2010). Severe fouling is mainly promoted by high pressure, which renders the fouling
to be more irreversible (Lee et al., 2010). Pressure-driven membrane processes are
often accompanied by cost-inefficient series of pre-treatments to accommodate the
high fouling propensity (Coday et al., 2014a). Moreover, depending on the region,
the PW may have a high salinity level. Applying pressure-driven membrane (i.e., RO)
is not cost-effective (Al-Furaiji, 2016) or impractical due to the high magnitude of
required pressure.

To minimize the tendency of membrane fouling, utilizing other types of
membrane processes is open for exploration. Forward osmosis (FO) in this context is
preferable and worth investigating. Contradicts with the RO concept in which
transport is driven by pressure, FO uses osmotic pressure difference as the driving
force for mass transport. The process requires a high salinity draw solution (DS) and
a low salinity of wastewater (feed) in contact with the FO membrane to facilitate mass
transport of pure water from the feed to the draw side and reverse salt to a much
lesser degree transport in the opposite direction. Since the osmotic process occurs
naturally, it does not require high pumping energy as in RO, except for recirculation
of feed and DS. FO also offers numerous advantages, such as high salt rejection, high
TDS removal, and a low membrane fouling propensity. Hence, this paper reviews
the conventional treatment method for PW and FO as an emerging alternative. First,
a brief introduction to the traditional treatment technologies for PW treatment is
provided. Next, the short fundamental of the FO process and research progress on its
applications for PW treatment are discussed. Finally, techniques for fouling control,
namely osmotic backwashing, ultrasound, chemical cleaning, and air sparging in FO,
were also reviewed.
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Several technologies have been applied to treat PW. Table 1 outlines the
summary of conventional PW treatments. Some conventional methods are adsorption,
ion exchange, media filter, gas flotation, evaporation pond, freeze-thaw evaporation,
and electrodialysis.
Table 1. Summary of Conventional PW Treatment

Method

Description

Advantage

Disadvantage

Adsorption

Adsorbs contaminants
from the influent
stream via porous
media

Uses compact packed
bed modules, able to
remove BTEX, TOC,
and heavy metals

Media regeneration
requires chemical
usage, generation of
solid waste

Ion-exchange

Removal of ions via ion

exchanging resins

Able to remove ions,
boron removal, long
lifespan, possible
continuous
regeneration of resin,

Pre- and post-
treatment may be
required, produce
effluent concentrate
(secondary waste),

efficient, mobile high operating cost
treatment possible
Media Filter Usage of filtering media ~ Not affected by salinity, Modification of

to filter contaminants

able to remove heavy
metals, oil and grease,
and TOC

numerous units,
Media regeneration,
and generation of solid
waste (media)

Gas floatation

Removal of particles via

gas floatation towards
the surface. The
contaminants are then
skimmed

Able to remove fine
particles, oil droplets
and volatile organics,
no moving parts,
higher efficiency

due to coalescence,
easy operation,

Generation of a large
amount of
concentrated sludge
post-treatment for
sludge is expensive

Evaporation
Pond

It relies on solar energy to

evaporate water and
concentrate waste

Economical, the natural
process favors a warm
climate

Sensitive towards
climate change
requires ample space
and is not suitable for
water reclamation

Freeze-thaw

It relies on cool

Economical, no energy

Sensitive towards

evaporation temperature to freeze  required, the natural  climate change, lower
water into ice crystals ~ process favors cold conversion efficiency,
and thaw the ice and climate long
produce pure water operation cycle
while concentrating
contaminants

Electrodialysis Separations of ions Able to separate ions, = Membrane fouling and

through a selective
membrane

efficient in low salinity
wastewater

uneconomical to treat
high salinity PW, high
treatment cost
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Adsorption is commonly used to remove manganese, iron, total organic carbon
(TOC), benzene, toluene, ethylene, and xylene (BTEX), oil, and more than 80% of
heavy metals by using adsorbent (Colorado School of Mines, 2009). Examples of such
adsorbents are activated carbon, organo-clay, activated alumina, and zeolites
(Colorado School of Mines, 2009; Spellman, 2013). The system requires a vessel to hold
the adsorbent media and a pump for backwashing to remove entrapped particulates.
Plugging limits the adsorption, which reduces its efficiency (Fakhru'l-Razi et al., 2009).
Chemical regeneration is applied to avoid media disposal (Colorado School of Mines,
2009; Spellman, 2013). This chemical regeneration can be considered a disadvantage
since the use of chemicals requires chemical waste disposal, and disposal of the
plugged media requires replacement and solid waste management.

An ion exchanger removes specific ions or compounds from a stream facilitated
by exchanging a pre-saturated ion with the target ions on an ion exchanger resin. It
effectively removes ions and metals via the usage of resins (Clifford, 1999). Besides
that, ion exchange resin can remove boron from the permeate of RO (Nadav, 1999).
While ion exchange has a long lifespan of ~ eight years, like absorption, the resin also
requires chemical regeneration (Fakhru'l-Razi et al., 2009).

Media filtration utilizes filtering media such as sand, gravel, anthracite, and
walnut shell. Walnut shell is commonly used to treat PW since it is independent of
salinity level (Igunnu & Chen, 2014). Adewumi et al. (1992) outlined that a system
must contain a pH adjustment to initiate the oxidation reaction to remove metals from
PW via a sand filter. An aeration unit to increase the oxygen concentration for the said
reaction, a solid separation unit with a sufficient retention time for solid settling, and
finally, a sand filter to remove the fine solids. This system can remove 90% of PW's
iron, oil, grease, and TOC. The drawback of this system includes media regeneration
and solid waste management (Igunnu & Chen, 2014).

Gas/ air floatation is also used to treat PW. It uses aeration or fine gas bubbles to
separate suspended particles that cannot be separated via primary sedimentation. It
is done by injecting gas into the feed, in which suspended particles and oil droplets
later attach to the air bubbles to form bubble-particle agglomerate and rise to the
surface that can be skimmed off (Casaday, 1993). It can remove small particles (3-
25um) if coagulation is used as pre-treatment (Colorado School of Mines, 2009). It can
also remove grease and oil, natural organic matters, and volatile organics. However,
the drawback of gas floatation is that it cannot remove oil-soluble constituents from
the feed (Colorado School of Mines, 2009). Solid waste disposal is necessary from the
sludge generated, and it poses high OPEX ($0.60/m3 of PW) (Casaday, 1993).

The evaporation pond evaporates water from the PW via solar energy as a heat
source to drive the evaporation. It thus favors a warm and dry climate. It is considered
economical and used to treat PW both on and offsite (Igunnu & Chen, 2014a).
However, it requires ample space (Velmurugan & Srithar, 2008). Moreover, it is a
disadvantage where water recovery is concerned (Igunnu & Chen, 2014a).

Freeze-thaw evaporation involves the freezing, thawing, and evaporation of the
feed. It involves cooling the feed to allow only water to be frozen into an ice crystal.
The process will separate the water from the unfrozen and highly concentrated liquid.
The ice is then removed and melted to obtain clean water. It is reported that around
50% of water can be recovered during winter (Igunnu & Chen, 2014a). This method
can effectively remove up to 90% of heavy metals, TDS, volatile organics, TSS, and
total recoverable hydrocarbon in PW (Boysen et al., 1999). However, it can only work
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for a limited number of days at which temperature is below freezing, and waste
disposal is essential since it generates highly concentrated brine and oily waste
(Igunnu & Chen, 2014).

Electro-dialysis (ED) used both electrochemistry and desalination. It separates
dissolved ions from the feedthrough an ion-permeable membrane that can selectively
transport ions of opposite charge while rejecting ions of similar charge (Arthur et al.,
2005). While this system works best to treat PW with low TDS, it is unlikely to be cost-
effective to treat relatively high salinity and concentrated PW (Sirivedhin et al., 2004).
Since this system also utilizes membrane technology, it is also susceptible to
membrane fouling (Colorado School of Mines, 2009).

MEMBRANE SEPARATION

Conventional PW treatments face a few challenges such as high costs, require
chemical usage (i.e., for regeneration of media), media replacement. Some are
sensitive to climate change, while others may generate secondary waste. In most cases,
a train of treatment process also requires the polishing step of the membrane-based
process to polish the treated water to meet the discharge requirements, particularly
for removing dissolved oil. Membrane separation technologies have thus become
critical to accompany the conventional treatment methods. The most common
membrane processes applied for PW treatment are pressure-driven, including MF,
UF, NF, and RO. These membrane processes rely on differential pressure as a driving
force to facilitate (the convective or diffusive) mass transport across the membrane.
The permeability of this membrane and the size of rejected particles decrease from
MF>UF>NF>RO (Fakhru'l-Razi et al., 2009). MF has the largest pore (0.1-3um) and is
commonly used to remove suspended solids, while UF (pore size of 0.01-0.1um) is
mainly used to remove macromolecules (Fakhru'l-Razi et al., 2009; Igunnu & Chen,
2014). Both MF and UF operate at low pressures of fewer than 5 bars, but they cannot
remove salts or TDS from water (Colorado School of Mines, 2009). NF is selective
towards multivalent ions rather than univalent ions, while RO separates dissolved
solutes and ionic compounds (Madaeni, 1999).

Though the pressure-driven membrane is widely used in industries, they are
prone to organic fouling (E.-S. Kim et al., 2011; Sutzkover-Gutman & Hasson, 2010).
The usage of high pressure renders the fouling effect irreversible via excessive cake
layer compaction (Lee et al, 2010a). Moreover, depending on the region, the
constituent of PW may contain a high level of salinity to a level economically
untenable by the RO process (Al-Furaiji, 2016). Pressure-driven membranes are also
sensitive to the chemicals and contaminants in the feed, which could compromise the
membrane functionality and surface chemistry (Coday et al., 2014).

FUNDAMENTAL OF FORWARD OSMOSIS

For water and wastewater treatment, RO is more popular than emerging FO. FO
process is driven by osmotic pressure to facilitate mass transport. In principle, FO
naturally transports water from a phase with a low solute concentration to a phase
with a higher solute concentration through a semi-permeable FO membrane. An FO
system must consist of a feed stream that is the PW and a draw stream, a concentrated
stream that provides the osmotic difference. In FO, a membrane is directly in contact
with both solutions to selectively facilitate selective mass transport.
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RO caters to desalination by concentrating the feed to form the brine solution
while producing pure water. On the other hand, FO results in dewatering the feed
(concentrating the feed) and diluting the DS. Another process related to FO is called
Pressure Retarded Osmosis (PRO) (Sourirajan & Agrawal, 1969). PRO utilizes the
differential osmotic pressure between two solutions (Am) to pressurize the product
stream that can later be converted to generate electricity (Cath et al., 2006). Figure 1
illustrates the differences in FO, RO, and PRO and illustrates the directions of permeate
flows.

P,-Pi<An P,-Py>Axn Water Flux

r 3

1
5 }’ Flux Reversal
= {’ Point (AP=A7) L RO
i Ay
| \
1 0 - > AP
- ~ At
FO PRO ' L PRO
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Figure 1. Simplified diagram for FO, PRO, and RO mechanism based on differential
pressure and osmotic pressure

FO relies on the osmotic power of the DS. The higher the osmotic power of DS
(more concentrated DS), the higher the fluxes. In comparison with RO, the water from
the seawater is transported to the fresh waterside. It uses external hydraulic pressure
to force the desalination to process. The used hydraulic pressure (P) must be enough
to overcome the osmotic pressure Am between the two solutions. The effort to
overcome the At makes RO an energy-intensive process.

FO has a variety of advantages. Firstly, FO does not require any external
pressure, and if required, it is only for recirculation, thus making it low in energy
footprint. In fact, for a once-through system that does not require DS recovery, FO is
ultimately more energy-efficient than RO (Coday et al., 2014; Cornelissen et al., 2008),
one of the main reasons to conduct the current works. FO also displays an impressive
performance in separation. FO efficiently removes TDS from a complex solution and
demonstrates high salt rejection (at 96%) (Coday et al., 2014). It is also reported that
FO rejects a high amount of contaminants despite operating in ambient conditions
(Cornelissen et al., 2008).

Moreover, FO also has a lower fouling propensity, particularly when treating
synthetic feeds (Achilli et al., 2009; Lee et al., 2010) due to the absence of high hydraulic
pressure, which renders the fouling to be more reversible (Lee et al., 2010a). Therefore,
FO has a more straightforward cleaning method than pressure-driven membrane
(Hoover et al., 2011). FO cleanings include osmotic backwashing and manipulating
cross-flow velocities. FO can be used as a stand-alone process with the above
advantages and potentially does not require any pre-treatment, unlike NF and RO
(Coday et al., 2014a). FO can also work under conditions untenable by RO, i.e.,
extremely high salinity wastewater, requiring too high pressure for desalination (Al-
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Furaiji, 2016). FO has proven to work well despite a low flux of 1 L/m?h when
ammonia-carbon dioxide (NH3-COz) is DS and 4.5 L/ m?h using MgClz as DS.

Despite those advantages, FO also has several setbacks. One is a low water flux
(Seppéld & Lampinen, 2004). Another shortcoming of FO is the existence of reverse
solute flux (RSF), owning to CP (Hancock & Cath, 2009). For specific feeds, including
PW, FO is also susceptible to membrane fouling. This fouling would also decline the
permeate flux. However, the fouling is expected to be less severe than in NF or RO
(Achilli et al., 2009b; Lee et al., 2010a; Sutzkover-Gutman & Hasson, 2010).

FORWARD OSMOSIS IN PRODUCED WATER TREATMENT

Because of the attractive advantages, FO has been explored for many
applications, including the treatment of PW. A few parameters are involved in the
literature, namely feed solution, DS, and the type of membranes.

There are many contaminants in PW, including chemicals additives and stable
oil emulsion, which hinder the performance of FO. However, others use oily water
emulsion to mimic PW treatment (Duong & Chung, 2014; Zhang et al., 2014a). For
preparing synthetic PW feed, Duong & Chung (2014) uses a mixture of soybean oil,
Tween 80, and water, while Zhang et al. (2014), mixes petroleum, Tween 80, acetic acid,
and sodium chloride, NaCl. Both show high FO water flux. However, the foulant
present in actual PW is more complex. If the feed is highly concentrated, the permeate
flux decline would be severe. For example, Al-Furaiji, (2016) treated hyper-saline PW,
which requires a stronger DS to promote sufficient driving force of FO.

Another issue with FO for PW treatment is the selection of the DS. Types and
concentrations of DS affect the FO performances. NaCl or RO brine has been used as
DSs. On the other hand, seawater contains numerous particles and microorganisms
that foul the membrane (Lutchmiah et al., 2014). Different DSs had been tested by Al-
Furaiji, (2016), namely magnesium chloride (MgClz) and ammonia-carbon dioxide
(NH3-COy), to enhance the flux. It was found that the fluxes obtained were 1 and 4.5
L/m?h when using NH3-CO, and MgClz as DSs, respectively. However, when using
NH3-COq, it raises pH-value and promotes scaling, while MgCla is seen less viable due
to problems in DS regeneration.

Membrane materials also affect the performance of FO. Generally, the desired
FO membrane should have the following characteristics: 1) a dense and thin active
layer (AL) for high solute rejection, 2) thin, hydrophilic support layer (SL) with
mechanical stability for long term operation and internal concentration polarization
reduction and 3) high hydrophilicity and low fouling propensity (Lutchmiah et al.,
2014).

Cellulose triacetate (CTA) membrane is widely used in FO due to its high
resistance towards thermal, chemical, and biological degradation (Mulder, 1996).
Moreover, it is less prone to absorptive fouling, making it attractive to treat challenging
feeds (Lutchmiah et al., 2014; Thorsen, 2004). Thin-film composite (TFC) membranes
are made of a very thin active layer (i.e., polyamide, PA) on top of a polysulfone porous
layer deposited on a non-woven support sheet (Lau et al., 2012). In comparison, the
TFC membrane has superior properties to CTA in terms of permeability and rejection
(Bell et al., 2017a; Chowdhury et al., 2017; Klaysom et al., 2013; Li et al., 2018). The
porous support layer of the TFC membrane also affects CP (Li et al., 2018). However,
TFC suffers from higher RSF than CTA membrane (Coday et al., 2014), owning its
lower selectivity (Li et al., 2018). Furthermore, the TFC membrane had a higher water
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permeability and lesser salt permeability than the CTA membrane (Li et al., 2018)
because it is more prone to adsorptive fouling than CTA (Lutchmiah et al., 2014;
Thorsen, 2004). However, the adsorptive foulant on TFC is reversible and could be
easily removed.

Another study explores the effect of membrane type. The most common one is
the flat sheet, followed by hollow fibre (HF). HF offers higher packing density,
resulting in high productivity per unit volume, and can operate without using a
spacer. HF was reported to have 1.38 times higher permeate flux than flat sheets
(Minier-Matar et al., 2016). HF could also reduce the effect of RSF to <3 mmol/m?h
compared to a flat sheet. Table 2 shows the summary of PW treatment using FO.
Table 2. Comparative study on PW treatment using FO

Feed Draw Membrane Result Reference
Hickenbottom
2h - o
PW NaCl CTA 14 L/m?h - 2L/ m?h et al., 2013b)
Oily
TFC (FO-MD , (Zhang et al.,
water' NaCl Hybrid) 26.7 £3.5L/ m2h 2014b)
emulsion
Oily
Duong &
i 2 ( &
water- NacCl PAN-TFC 16.5+£1.2L/ m?h Chung, 2014)
emulsion
79103 L/m2h (CTA), (Belletal.,,
PW Nacl CIA, TFC 11+1.2 L/m2h (TEC) 2017b)
Minier-Matar
) (
PPW NaCl TFC (Flat sheet) 13.5L/m?h et al,, 2015)
TFC [Flat sheet ..
13 L/m?h (Flat sheet) (Minier-Matar
PW NaCl (FS) and hollow )
fiber(HF)] and 18 L/m?h (HF) et al., 2016)
CTA and TFC- (Coday et al.,
2
PW NaCl PA 3L/ m2h 2016)
. 2 -
High NH;3-CO» 1L/ m?h (NHs (Al-Furaiji,
salinity and MeCl CTA CO2),4.5L/ m?h 2016)
PW 52 (MgClo)

MEMBRANE FOULING MECHANISM

Membrane fouling occurs when the feed solution contains a constituent attached
and clogs the membrane pores. This phenomenon is the primary setback in membrane
technology and is more severe in a pressure-driven membrane. Since the content of
PW consists of high dissolved organic and inorganic compounds, colloidal matters,
and microorganisms, fouling would be more prominent. (Alzahrani et al., 2013).
Fouling can be categorized based on the nature of the materials, namely organic
fouling, inorganic fouling, and biofouling.

Organic fouling is the attachment of organics foulant on the surface of the
membrane. The foulant may be hydrophobic, transphilic, and hydrophilic. Examples
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of organic foulant are humic acid, polysaccharides, and alginic acids, to name a few.
In contrast, inorganic foulant such as CaSO4 and CaCOj result from the accumulation
and deposition of salts on the membrane surface (Chun et al., 2017). Biofouling can be
defined as the deposition of microorganisms, such as bacteria or algae on the
membrane surface. The bio-foulant can accumulate and grow on the membrane
surface, thus forming a biofilm. The accumulation of such foulant would increase the
resistance for permeation and thus lowering permeate flux (Nawi et al., 2020).

Regardless, the foulant restricts permeate's mass transport by blocking the pore
(either through complete, standard, or intermediate pore blockings) and eventually
accumulates into cake formation (Nourbakhsh et al., 2014; F. Wang & Tarabara, 2008).
Figure 2(a-d) are the common pore-blocking mechanism found in a porous membrane
(Abd Halim et al., 2021). For membrane with a tiny pore, i.e., FO, cake formation,
Figure 2(e) is most likely to happen. The mechanism for complete pore blocking (a)
involves a larger particle relative to the membrane pore size. The particle eventually
reaches the pore without superimposing each other.

In contrast, standard blocking (b) involves depositing smaller particles relative
to the membrane pore size within the pore to complete pore blocking. This blocking
causes the effective pore volume to decrease hence hindering permeance. Over time,
particles can be deposited onto other particles. Particles deposited onto the already
blocked particle via complete blocking (a) are intermediate pore blocking (c).
Eventually, the particles form a film known as cake formation due to particles
accumulation overtime on the membrane surface. Without proper fouling control, the
particles would continue to deposit onto each other, making the cake layer thicker.

(a) (b)

I'il 1]

(©) (d)

Figure Error! No text of specified style in document.. Pore blocking mechanism; (a)
complete, (b) standard, (c) intermediate pore blocking, and (d) cake formation on the
porous membrane surface. They were retrieved from (Abd Halim et al., 2021). The
cake formation (e) is likely to happen to a dense, asymmetric membrane, i.e., FO.

Membrane fouling diminishes overall membrane performance during treatment
of PW. The foulant in PW consists of organics and inorganics, typically characterized
by TOC of 33-292 mg/L and TDS at 2090-181,600 mg/L (Alzahrani et al., 2013). As a
result, NF and RO membrane typically require rigorous pre-treatment when dealing
with PW (Coday et al., 2014a). The pre-treatment often involves multiple processes
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that escalate the costs (OPEX and CAPEX). Despite being effective in maintaining
membrane performance, chemical cleaning might generate harmful products such as
trihalomethanes (THMs) and, depending on the chemical used, other potential
carcinogens (Chun et al., 2017). Also, the usage of chemical agents would degrade the
membrane hence shortening its lifespan (Flemming et al., 1997).

MEMBRANE FOULING CONTROL

Although FO has a lower fouling tendency than pressure-driven
membranes, it is still not free from fouling. Therefore, there is a need to address
membrane fouling control, especially when handling highly polluted feeds. This
section provides an overview of current membrane FO fouling control and is
summarised in Table 3.

Osmotic Backwashing

Osmotic backwashing involves water flow from the permeate side to the
feed side. The water flows from feed to the DS in a normal FO mode. In osmotic
backwashing, the flow of water is reversed by exchanging the placement of the
feed and DS. This yields a reverse-flow of water which helps to detach the foulant.
A study by (Yu et al., 2016) investigates the effectiveness of osmotic backwashing
by using more concentrated feed while maintaining 3M of NaCl as DS. The results
show up to 99.9% of initial flux recovery.

Another study by Kim et al. (2012) investigated the mechanism of osmotic
backwashing. They found several factors that affect the cleaning efficacy. These
factors include foulant types (including its size), membrane orientation, and
backwashing conditions. They found that alginate foulant was more easily
removed than humic acid due to greater hydrophobicity. Fouling was very severe
for particulate foulant (e.g. silica particles), enhanced by cake enhanced
concentration polarisation (CECP). The flux then could not be fully recovered via
osmotic backwashing. Generally, active layer facing feed solution (AL-FS)
exhibits greater fouling resistance than active layer facing draw solution (AL-DS)
(C. Kim et al., 2012; Tang et al., 2010). This phenomenon can be explained due to
the ineffectiveness of shear force exerted to remove foulant inside the porous SL
during osmotic backwashing. Osmotic backwashing can remove foulant thanks
to the reverse flow of water. It eliminates the usage of chemicals that may alter
the membrane's surface chemistry. The effectiveness of osmotic backwashing also
depends on several factors, as mentioned earlier. This method cannot be
performed as filtration operation is undergoing, its requirement to switch feed
placement and DS on the opposite side of the membrane.

Ultrasound

Ultrasound cleaning employs ultrasound waves to remove foulant.
Transmission of such waves is through a transducer. The mechanism of
ultrasound introduces acoustic cavitation (Leong et al., 2011) that induces shear
stress to remove the foulant. Ultrasound cleaning has been vastly explored on a
pressure-driven membrane but less on the FO membrane.

A study on the application of ultrasound cleaning found that a lower
frequency of ultrasonic radiation (28kHz) could enhance the permeability of MF
and UF membrane and provide better cleaning efficiency compared to a higher
frequency (45kHz and 100kHz) (Kobayashi et al., 2003). Other studies were done
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for activated sludge (Lee et al.,, 2017; Nguyen et al.,, 2015) which showed
enhancement of water flux via ultrasound-assisted FO at 40kHz. Another study
investigates the effect of power intensity on the permeate flux (Lamminen et al.,
2004). They found that the permeate flux increases with increasing power
intensity at a constant frequency (625kHz for 5s). The increase is due to an increase
in cavitation and turbulence resulting from the increased implosion of the
bubbles. This study also reveals that low frequency is more efficient because the
intensity of bubbles collapse is greater than in high frequency, even if the high
frequency has more cavitation per time but produces weaker implosion
(Lamminen et al., 2004). The ultrasound cleaning method could also increase its
efficiency when combined with forwarding water washing (Kobayashi et al., 2003;
Nguyen et al., 2015). It provides the system with an enhanced cross-flow velocity
to scour the foulant.

The main advantage of ultrasound includes its ability to be used during
filtration. The system can be combined with other methods to maximize its
cleaning efficiency, namely forward water flushing (Kobayashi et al., 2003;
Nguyen et al., 2015). This system's drawback lies in its complexity, ultrasound
energy provided towards the membrane surface is not uniform (Lamminen et al.,
2004). It may potentially damage the membrane structure integrity (Masselin et
al., 2001).

Chemical Cleaning

Chemical cleaning employs chemicals, either acidic, basic, or oxidants
solution to remove the foulant. The membranes are soaked in a cleaning solution
at a certain concentration and period, which will then be washed either forward
or backward, flushing to remove the foulant (Ahmad et al., 2012).

Generally, acidic is used to effectively remove organic fouling via hydrolysis
and solubilization. At the same time, basic is effective in removing inorganic
foulant via neutralization, and double decomposition reaction and oxidants
remove both organic and biofouling through oxidation (X. Wang et al., 2017).
Furthermore, metal chelating agents such as disodium ethylene-diamine-tetra-
acetate (EDTA-2Na) effectively break down the biofouling structure by removing
the divalent cation, a bridging agent, in the foulant (X. Wang et al., 2017). Sodium
hypochlorite (NaClO) is commonly used in chemical cleaning. It is important to
note that chemicals can potentially damage the membrane (Soice et al., 2003).

Concentration and cleaning period play essential roles. Excessive
concentration or prolonged exposure to chemical cleaning would damage the
membrane. A recent study investigates the effectiveness of several cleaning
agents and claims that hydrogen peroxide (H20;) is the most effective, with an
almost 100% flux recovery. Nonetheless, H.O> without proper control on
concentration and cleaning period can damage the membrane (X. Wang et al,,
2017). Hence, an optimal condition of 0.5% concentration and 6 h of cleaning
period was proposed with a flux recovery up to 95%.

Chemical cleaning can effectively remove foulant and has been proven to
achieve high flux recovery (X. Wang et al., 2017). However, the cleaning
procedure cannot be done simultaneously during operation. Furthermore,
chemical cleaning risks damaging the membrane before knowing the foulant
type. A proper cleaning agent with appropriate concentration and cleaning period
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needs to be addressed beforehand. Moreover, chemicals complicate the filtration
process as it generates secondary waste.

Air Sparging

Air sparging is done by injection of air directly into the module during
filtration. It is an additional alternative method to reduce chemical cleaning
frequencies. It is also considered a standard approach to reduce membrane
fouling and concentration polarisation in various systems (e.g., membrane
bioreactor) (Psoch & Schiewer, 2006; Xia et al., 2013). By injecting air inside the
system, air bubbles will form and scour the foulant on top of the membrane
surface via hydrodynamic shear stress provided by the air bubbles (Ducom et al.,
2002; Psoch & Schiewer, 2006). Consequently, flux is enhanced through the
removal of foulant.

Fouling control via air sparging can be affected by the sparging condition,
including air bubble size and rate of injection or frequency and the shear rate
induced on the membrane surface (Chan et al., 2007; Cui et al., 2003). Generally,
the higher the bubble size, frequency, and shear rate, the more effective the
cleaning are (Jankhah & Bérubé, 2014).

Air bubbling offer in situ process during filtration. It also helps to reduce the
frequency of chemical cleaning. Because of its simplicity, it can be integrated into
a system quickly. Air bubbling reduces CP, in which FO still suffers (Psoch &
Schiewer, 2006; Xia et al., 2013). However, air sparging has a few limitations.
According to Bilad et al. (2012), it is not easy to maintain intense air bubbles with
the membrane surface. The air bubbles tend to reside in the center of the
membrane module or the area of influence by the air bubbles. The impact of air
sparging reaches a plateau at a specific air supply rate. Recently, modifications of
membrane panels in combination with aeration could impose some fouling
control in FO by panel inclination (Hizam et al., 2021) and air bubble assisted
membrane vibration (Razak et al.,, 2020). Both can also be applied for PW
treatment using the FO process.

On top of limiting membrane fouling, research aspects in system
configuration still lack FO for PW treatment. FO can be combined with other
processes to maximize the system throughput under minimum costs (Wibisono
& Bilad, 2020). For example, FO and membrane distillation can be combined using
the process intensification approach for PW treatment (Mat Nawi et al., 2020).
Fouling-resistant FO membrane can still be developed by tailoring its properties
suitable for PW treatment, such as aquaporin-based FO membrane (Chun et al.,
2018). Accurate characterization method (Bilad et al., 2018) and assessment under
the large-scale system (Bilad, 2017) are required to accurately judge the membrane
and system performances.

Table 3. Summary of FO fouling control/membrane cleaning

ﬁ::;‘;gg Description Advantage Disadvantage
Osmotic The reverse flow  Simple eliminates the It cannot be
Backwashing of water from usage of chemicals performed
permeate to feed  during cleaning during the
side due to filtration process.
Cleaning
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Cleaning Description Advantage Disadvantage
Method
concentration efficiency
difference decrease
overtime
Ultrasound  Removal of Can be performed Complex, non-
foulant via while filtration uniform
sonification process is sonification can
undergoing, potentially
eliminates usage of damage the
chemicals during membrane due to
cleaning violent
cavitation, may
require
additional
cleaning methods
to improve
efficiency
Chemical Applying High cleaning It cannot be
Cleaning chemicals directly  efficiency performed
to the membrane during the
at a specific filtration process,
concentration and can potentially
period damage the
membrane,
generation of
secondary waste
Air Sparging Injection of air Simple eliminates the Difficult to
directly into the usage of chemicals maintain air
membrane during cleaning, able bubble contact
module during to reduce with the
filtration concentration membrane
polarization effect
CONCLUSION

Indeed, PW is complicated to treat even with conventional methods as the
required treatment cost is high, and some treatment requires an extra polishing step
to meet the standard discharge requirement. FO was reviewed to investigate its
effectiveness in PW treatment as an alternative. Although FO treated PW with
minimal fouling, it is not free from the fouling effect. Osmotic backwashing,
ultrasound, chemical cleaning, and air sparging are reviewed as membrane fouling
control techniques. Depending on the type of operation, each method has its pros and

cons and can recover FO performance.
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