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ABSTRACT

Forward osmosis (FO) is an osmotically driven membrane separation process. It is potentially
applied in various industries for nutrient recovery and water reclamation. Although FO
showed a lesser fouling tendency than other pressure-driven membrane processes, the solutes
in the feed solution would still deposit on the membrane surface, forming a fouling layer that
resists water permeation. For that reason, fouling mitigation is a trending issue in the FO
process. A better understanding of the fouling mechanism is required before opting for the
appropriate strategy to mitigate it. This article describes the fouling mechanism based on
different foulant presented in the feed, followed by a method in relieving fouling in the FO
process.

Keywords: Fouling, forward osmosis, fouling mechanism, fouling mitigation, membrane
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1.0 INTRODUCTION Numerous lab-scale studies probed the

feasibility of wusing FO in feed

Forward osmosis (FO) is a membrane
separation process driven by an
osmotic gradient across the feed and
draw sides of the membrane.
According to the Scopus database,
over the past five years, there have
been 1,848 publications related to the
FO, including article, review, and
conference proceedings. As shown in
Figure 1, the number of publications is
steadily increased from 2017 to 2020,
showing that FO is getting much
attention. The reported works mainly
focus on the draw solution, fouling
issue, and the fabrication and
modification of membrane, as
presented in Figure 2.

dewatering and wastewater treatment.
Nonetheless, the FO process has low
water permeability and suffered from
external fouling, limiting  its
application at an industry scale [1, 2].
Membrane fouling is a common
phenomenon observed in all classes of
the membrane. It progresses through
several stages, starting from the
adherence of foulant on the membrane
surface, followed by formation and
compaction of the fouling layer. The
fouling layer eventually blocks the
water permeation pathway, leads to
severe flux declination. Hence, this
manuscript highlights the effect of
fouling on the FO operation: how it
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occurs and practical strategies to
minimize the impact of fouling on the
filtration process.

2.0 TYPES OF FOULANT

Generally, the extent of membrane
fouling depends on the nature of the
foulant and the physicochemical
properties of the membrane [3]. The
adhesion strength of foulant on the
membrane surface determines the
regenerability of the used membrane
[4]. The increase in adhesion strength
will result in a more compact fouling
layer that is hardly removed, thus
reducing the water permeability of the
membrane over time. Fortunately, the

450

FO membrane is experiencing lesser
fouling than other pressure-driven
membrane processes (e.g., MF, UF,
NF and RF) due to the absence of
hydraulic pressure [5]. Table 1 lists the
common foulant found in the streams
produced from wvarious industries
treated using FO. The foulant could be
classified according to  organic
compounds, inorganic compounds,
microbes, and colloids. Worth noticing
that each feed stream could contain
more than one type of foulant, which
resulted in a complicated fouling
mechanism, including organic fouling,
scaling, biofouling, and colloidal
fouling.
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Table 1 Classification of foulant from various sources of feed treated by FO

Sources of feed Types of foulant Reference
Construction water  Inorganics (K, P, As, B, Ba, Ca, Co, Cr, Cu, Fe, Mg, (6]
Mn, Mo, Na, Ni, Pb, Sb, Se, Sr, V, Zn, SOs, CI)
Dairy Organic (proteins, lactose, fat)
Inorganic (Na, K, Ca) [7.8]
Microbes
Fruit juice Organic (pectin, sucrose, ascorbic acids) [9]
Inorganic (Ca, K, Mg, Na, P)
Microalga biofuel =~ Microbes (microalgal cells) [10]
Organic (algogenic organic matter)
Mining Organic (naphthenic acids, oily substances)
: [11,12]
Inorganic (heavy metals)
Municipal Organic (polysaccharide, humic acid, protein,
wastewater pharmaceuticals, sodium dodecyl sulphate, sodium [13-15]
alginate)
Inorganic (K, Ca, Mg, Si, Al, SO, PO4)
Oil/gas recovery Organic (polycyclic aromatic hydrocarbon (PAHs),

Radioactive power
plant

oily substances, humic-like organic compounds,
fulvic-like organic compounds)

Inorganic (F, Cl, Br, Ca, Mg, K, Na, Fe, Sr)
Colloidal (Silica)

Organic (proteins)
Inorganics (radionuclides: *°Y, %I, 13'1, %°Sr, "I,

[17]

Co, and *’Cs)

Textile

Organic (Dyes, acetic acid)
Inorganic (Dyes, Mg, Na, Ca, SO4, CI, PO4)

[18]

2.1 Organic Foulants

Organic  compounds  could be
presented as natural organic matter and
synthetic organic compounds [19]. The
organic foulant adsorbs on the
membrane surface, then gradually
develops into a thick and dense cake
layer driven by intermolecular Van der
Waals forces, hydrogen bonding, and
electrostatic interactions [20]. Besides,
the presence of the organic fouling
layer would alter the membrane
surface roughness, hydrophilicity, and
charge [21, 22]. Most articles reported

alginate, bovine serum albumin (BSA)
and humic substances as model foulant
used to assess the antifouling
properties of the FO membrane [20, 21,
23]. Despite the high retention of
solutes from the feed, the FO suffered
from fouling due to the accumulation
of retained solute on the membrane
surface. Most of the abovementioned
works claimed that organic fouling is
reversible. Simple backwashing could
remove the fouling layer, and the
membrane could be restored to its
initial condition. However, the fouling
could be irreversible when the existing
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ions/molecules in the feed has great
affinity towards the foulant. For
instance, sodium dodecyl sulfate (SDS)
in the feed could be bridged to the
membrane surface that has been fouled
with humic substances via
hydrophobic interaction [15]. An
irreversible fouling layer could be
formed between humic substances, low
molecular  weight organics and
building block [24]. The small foulant
complexes were trapped and deposited
on a rough membrane surface, which
could not be cleaned thoroughly.

Oil is a hydrophobic organic
foulant found in oily wastewater such
as produced water and palm oil mill
effluent digestate [25, 26]. Huang et al.
[12] and Ahmad et al. [27] explained

how the oil droplet fouls the membrane.

It started with wetting of membrane
surface and pore, followed by
adsorption on membrane surface due to
hydrophobic interaction and pore
blockage [28]. On top of that, Ge et al.
[29] claimed that the size of an oil
droplet in emulsion could determine
the extent of membrane fouling, as
smaller droplet can be trapped easily in
the membrane pores. Tremendous
works had been reported on using FO
in treating oily wastewater [30].
Unavoidable flux declination due to
fouling was observed. Yet, the fouling
was claimed reversible; it can be
removed through a post-filtration
cleaning process using a chemical
cleaning agent such as SDS [31]. The
SDS forms micelle that surrounds the
foulant, enhancing the wettability of
foulants; hence the fouling layer could
be easily removed under high-speed
crossflow.

2.2 Inorganic Foulants

Inorganic compounds such as silica,
calcium and magnesium salts are the
foulants  commonly  found in
wastewater, seawater and brackish

water [32, 33]. These inorganic
compounds induce the membrane
fouling/scaling through surface
crystallization and crystal deposition
[23]. The former describes the
adsorption of inorganic salt ions on the
membrane surface, followed by the
nucleation and growth of the salt
crystals. On the contrary, crystal
deposition occurs after salt crystals are
formed in the bulk solution. Both
mechanisms produce a thick, dense
scale on the membrane surface,
resulting in severe flux declination.

The abovementioned fouling is
caused by the inorganic compounds
present in the feed solution. However,
Li et al. [34] found that scaling could
also happen when the anions reversely
diffused from the draw solution
interacting with the cations present in
the feed solution, resulting in the
formation  of  insoluble  crystal
penetrating through the membrane
layer. The membrane under this
condition experiences dramatic flux
declination and is hardly regenerated
through hydraulic cleaning.

2.3 Microbes

FO process was used to dewatering
activated sludge, microalga biofuel,
and hybridization with membrane
bioreactor [10, 35, 36]. Unfortunately,
the membranes experiencing different
extent of flux declination due to
membrane  fouling and external
concentration polarization. Bacterial
cells and algae are the two major
microbial foulants that lead to
biofouling [10, 32]. Microbes are
deposited on the membrane surface,
followed by biofilm formation in a
non-sterile and nutritious environment
[23, 37]. This biofilm has a loose
multilayered structure, consisting of
live and dead bacterial cells reinforced
by the gel-like  self-produced
extracellular polymeric substances.
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The initial stage of biofouling driven
by Van der Waals forces is reversible.
Water permeation flux in this stage
remains unaffected [38]. However, the
flux has deteriorated when the biofilm
grows in the later stage. The biofilm is
hardly removed due to firm bacterial
adhesion protection provided by the

extracellular polymeric substances [23].

Other than the extracellular
polymeric substances, recently,
transparent exopolymer particles are
also recognised as the primary sources
of biofouling [39]. These particles are
usually  found in  freshwater,
wastewater and marine water heavily
colonized by microorganisms [40, 41].
Berman et al. [42] claimed that most of
the extracellular polymeric substances
present in the feedwater originated
from these transparent exopolymer
particles. Meng et al. [39] highlighted
the biofouling caused by transparent
exopolymer particles was more
significant than the independent
bacteria. The membrane experienced a
greater flux declination in the presence
of transparent exopolymer particles.

2.4 Colloids

Colloids are defined as negatively
charged particles with a size range
between 1-1000 nm [23, 32]. The
typical colloids present in the water
include silica, clay, rust and

biocolloids such as bacteria and viruses.

The deposition of colloids on the
membrane surface forms a colloidal
fouling layer. This fouling layer further
induces cake layer hydraulic resistance
and cake-enhanced osmotic pressure
(CEOP), with the latter has a greater
impact on water flux declination.
Besides, the colloidal fouling layer will
induce cake-enhanced concentration
polarization (CECP) that promotes salt
diffusion across the membrane [43].

As mentioned in Section 2.2,
silica is considered an inorganic
foulant. However, Lai et al [44]

claimed that silica is also a potential
foulant for colloidal fouling depending
on its fouling mechanism. Colloidal
silica fouling is caused by the
deposition of silica particles on the
membrane, while silica scaling is
caused by the surface polymerization
of silicic acids [45]. They further
reported that the effect of colloidal
silica fouling is less severe than silica
scaling, indicated that both CECP and
CEOP caused by the colloidal fouling
are less significant in affecting the FO
performance [44].

2.5 Combined Foulants

The previous section discusses the
impact of every single type of foulant
on the FO process. In fact, various
types of foulant could be co-existing in
a real industrial effluent [23]. There
will be intermolecular interaction
between the foulant and the foulant
with the membrane surface, making
the fouling mechanism complex [19,
46, 47]. One typical example of
combined fouling is the co-existing of
the divalent cations (e.g., Ca** and
Mg?" ions) and the organic compounds.
These cations could worsen the degree
of fouling by chelating with the
carboxylic groups in the organic
compounds, resulting in the formation
of a compact, dense and heavily cross-
linked fouled layer [3, 4, 48]. Besides,
wastewater effluent from microbial
fuel cell contains microbe and
inorganic substances, making the FO
membrane experiencing inorganic and
biofouling simultaneously [49]. Lee et
al. [17] probed the feasibility of FO in
treating radioactive wastewater that
contains a mixture of organic (protein)
and inorganic substances
(radionuclides). They found that the
fouling layer is recalcitrant, and a
hydraulic washing is insufficient to
recover the membrane back to its
initial state.
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3.0 STRATEGIES TO MITIGATE
FOULING

Membrane  fouling  cannot  be
eliminated, yet there are solutions to
mitigate it. As shown in Figure 3, this
section introduces the approaches used
to minimise fouling in a FO process,
including the pretreatment of the feed
solution, selection of membrane,
manipulation of process variables and
post-filtration membrane cleaning.

3.1 Pretreatment of Feed Solution

Pretreatment of the feed solution is
necessary to reduce the amount of
foulant, hence, decreasing the fouling
tendency and  prolonging  the
membrane service life. A physical
pretreatment such as centrifugation [9],
sedimentation [6], filtration [6],

electro-coagulation [501], and
irradiation [24] is suitable for the
removal of suspended particles from
the feed. A pretreatment based on
sedimentation or centrifugation is
recommended for a fruit juice
concentrating  process [9]. The
potential foulant such as pectin and
fruits pulps are removed, thus reducing
the organic fouling tendency. Electro-
coagulation is proven effective in
reducing amount of oil and grease in
the produced water [50]. A settling and
filtration setup was used to pretreat the
construction ~ water  before  the
dewatering process using FO [5].
Large size particles are gravitationally
settled down, while the suspended
particles were removed in subsequent
multimedia filtration. As a result, the
colloidal fouling was minimized and
the permeate flux was enhanced.

* Centritugation

* Sedimentation

» Filtration

» Electro-coagulation
* Irradiation

Pretreatment

of feed
solution

Membrane

» Physical cleaning e
» Surface flushing, osmotic
backwashing, ultarsonication,
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* Chemical cleaning
» Acid, alkaline, oxidant,
surfactant

* Surface charge
* Hydrophilicity
*Roughness

Selection of

membrane

Manipulation
of process

variables

* pH of feed solution

* Crossflow velocity

* Concentration of feed and
draw solution

» Membrane orientation

Figure 3 Summary of the fouling mitigation methods

On the contrary, chemical
pretreatment involves the wuse of
chemical additives to remove the
foulant from the feed via coagulation
[51], oxidation [24] and chlorination
[52]. Coagulant such as aluminium
chloride and sodium aluminate could
remove phosphate from calcium

phosphate-rich wastewater [51]. A
reduction of biofouling potential could
be made through disinfection using
chloramine [52]. The chloramine
inhibits the growth of intact bacterial
cells, which further prevents biofilm
formation over the membrane surface.
Chlorine could be another disinfectant;
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however, it damages the membrane
structure  and  deteriorates  FO
performance over time [32]. In an
oxidation process, a large molecular
weight hydrophobic compound is
degraded into smaller hydrophilic
segments [24]. Thus, fewer organic
compounds could be adsorbed onto the
membrane surface.

3.2 Selection of FO Membrane

The physicochemical properties of the
membrane, in terms of surface charge,
hydrophilicity and roughness, are
critical in determining the extent of
fouling. Understanding the nature of
the foulants and their interaction with
the membrane surface is necessary
before selecting a suitable membrane
for the FO process. There are a few
considerations  that  make  the
membrane resists fouling. First, the
membrane surface should be smooth to
prevent the entrapment of foulant [2,
53, 54]. A porous membrane with a
rough ridge and valley surface can
easily trap the foulant, making the
cleaning inefficient. It is also desired
that the foulant and membrane surface
possess the same sign of charge for
enhancive electrostatic repulsion. Most
of the organic and colloidal particles
are negatively charged in nature [32,
55]. By having a negatively charged
membrane surface, those foulants
could be electrostatically repelled. A
neutral membrane is favoured for a
feed containing a mixture of both
positively and negatively charged
foulants [32]. Lastly, an excellent
antifoul FO membrane should exhibit
good water wettability. A hydrophilic
membrane will attract water to form a
hydration layer over its surface [32].
The hydration layer acts as a barrier to
prevent the direct deposition of
foulants on the membrane.

A pristine FO membrane may still
be  experiencing  fouling.  The

membrane could be functionalized to
reduce the fouling tendency. The
incorporation of hydrophilic
nanofillers, for instance, graphene
oxide (GO) [56] and titanium oxide
(TiOy) [57], significantly improves the
membrane hydrophilicity and
subsequently, the antifouling
properties of the membrane. Grafting
the membrane with silver-based metal-
organic frameworks improves the
membrane resistivity towards
microbial growth [58]. The membrane
surface could also be modified using
polydopamine (PDA) [59]. It was
found that the introduction of
dopamine brings more hydrophilic
functional groups and make the
membrane more negatively charged,
resulting in a better scaling resistance.
3.3 Manipulation of Filtration
Process Variables

Manipulation of variables in the FO
process could be the most economical
yet feasible approach in controlling the
fouling. Few variables are identified,
and how they play roles in fouling
mitigation is discussed. It is known
that both ionic foulants and membrane
surface charge could be pH-dependent.
Thus, the pH of the feed solution could
be adjusted to intensify the
electrostatic repulsion between the
foulants and the membrane surface.
For example, given a negatively
charged FO membrane, the pH of the
solution should be adjusted to above
the isoelectric  point of  the
solutes/foulant [60]. In this pH range,
the solutes are negatively charged.
Hence, they will be repelled from the
co-ionic membrane surface. In the
meantime, a low pH range (pH < 4)
should be avoided for the feed
containing organic compounds, such as
humic substances, octanoic acids and
BSA [53, 60-62]. The proton (H")
would interact with the functional
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groups present on the organic
compounds (e.g., carboxylic groups),
leading to solute aggregations and
deposition on the membrane surface,
forming a sparse, thick and porous
fouling layer. On the other hand, a high
pH range (pH > 8) makes the organic
compounds ionic and thus more
soluble in the solution [53, 62]. Not to
mention, there will still be some small
organic solutes that could penetrate
deep into the membrane matrix and
block its internal pores.

The crossflow velocity of both
feed and draw sides could influence
the extent of membrane fouling. High
crossflow velocity induces shear force
over the membrane surface to wash off
the deposited cake layer. In contrast, a
lower flow rate would
hydrodynamically drag the foulants
towards the membrane surface and
causing membrane fouling [15, 53]. On
the other hand, a feed with a high
concentration promotes the foulant-
foulant and foulant-membrane
interaction [7]. The solutes in the
solution tend to aggregate and
adsorbed onto the membrane surface.
Though a high concentration draw
solution possesses high withdrawal
ability, yet it triggers membrane
fouling [53]. The fouling could be
linked to a higher rate of reverse solute
flux. The membrane orientation, either
AL-FS or AL-DS, is decided based on
the composition of the feed solution
[2]. AL-FS mode is suitable for feed
solution with high fouling potential,
while AL-DS mode is more applicable
in treating feed solution with lower
fouling tendency. The accumulation of
foulants in the pores is favoured since
the substrate possesses relatively large
pores than that of the selective layer.

3.4 Membrane Cleaning

A cleaning process is conducted to
restore the exhausted membrane and

thus prolong the membrane service life.
Cleaning for fouled FO membrane
would be easier than a pressure-driven
membrane illustrated in Figure 4. The
cleaning can be done physically,
chemically or a combination of both.
In a physical cleaning process, the
fouling layer is removed from the
membrane surface via direct/surface
flushing, osmotic backwashing,
ultrasonication, and air sourcing [3, 4,
8, 43, 63]. Surface flushing is the most
used technique, whereby the fouling
layer is sheared from the membrane
surface due to the high-speed
crossflow of the cleaning agent. It
works well in removing biofouling and
organic fouling induced by protein,
alginate and humic substances [8, 63].
Osmotic backwashing tackles the
compacted scale and the foulants
accumulated in the membrane pores
[43, 53, 63]. It works based on the
reverse water flux generated by the
osmotic gradient between two salinity
solutions [63]. Some reports revealed
that a combination technique is
necessary to improve the cleaning
efficiency further. For instance, a
combination of ultrasound and flushing
has been reported in regenerating the
membrane after dewatering activated
sludge [64]; air sourcing combined
with hydraulic flushing to remove the
silica scale layer [4].

The removal could be challenging
if the foulants firmly adhered to the
membrane surface. Chemical cleaning
could weaken the bonding between the
foulant and the membrane surface [2,
19]. The added chemical alters the
properties of foulants, make them more
water-soluble and hence easily flushed
away [55]. An acidic solution could
release inorganic fouling, while an
alkali solution effectively removes
organic  fouling [65]. However,
membrane structure can be altered in
alkali conditions, affecting the FO
performance [15]. Other cleaning
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agents such as oxidant, surfactant, and
complexant have been reported for
cleaning purposes [47, 66]. A
combined physical/chemical cleaning
is recommended to remove the foulants
stuck inside the membrane pores [19].
This method involves backwashing
and chemicals dosage to cleave the
bonds between foulants and membrane
surface. Liu et al. [67] conducted a
series of on-line and external cleaning
to remove the deposition of

radionuclides on FO membrane after
the treatment of radioactive wastewater.
Most foulants are released during the
on-line cleaning using deionized water,
resulting in an enhancement of water
flux to 69%. An additional two-step
external cleaning method (chemical
cleaning wusing hydrochloric acid
followed by ultrasound) further
remove the radionuclides fouled on the
membrane.
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Figure 4 Illustration of fouling layer during physical cleaning in FO and RO [46]

4.0 CONCLUSION AND FUTURE
OUTLOOK

Tremendous research works have been
conducted to exploit the potential of
the FO process. Unfortunately,
membrane fouling is still significant in
FO that limits it to be widely applied in
industry. Fouling is wunavoidable.
Understanding the fouling mechanism
is crucial before selecting the
membrane materials and deciding the
appropriate  strategies to mitigate
fouling. Current research is mainly
studying the fouling phenomenon

based on a single model foulant. The
outcome of the studies may not reflect
the complexity of the real industrial
effluent. Hence, there is an urgent need
to study the fouling phenomenon using
real/synthetic ~ industrial ~ effluent,
followed by postulating a mechanism
to describe the fouling in a complex
mixture. The next stage should focus
on how to preserve the FO membrane.
A single-stage cleaning system may
not be adequate to regenerate the
membrane suffering from a combined
fouling mechanism. A hybrid cleaning
system 1is necessary to improve the
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and hence
of the

regeneration
prolong the
membrane.

efficiency
service life
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