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RO membrane fouling is a major obsta-
cle in sustainable desalination.

Current control strategies are inade-
quate and risk to the environment.
Ecofriendly technologies e.g. osmotic
backwashing and enzyme cleaning are
promising.

Feed spacer surface and geometry mod-
ification is effective for biofouling con-
trol.

Application of EMFs and ultrasonic
waves need further investigation.
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ABSTRACT

Reverse Osmosis (RO) is becoming increasingly popular for seawater desalination and wastewater reclamation.
However, fouling of the membranes adversely impacts the overall process efficiency and economics. To date, sev-
eral strategies and approaches have been used in RO plants and investigated at the laboratory-scale for their ef-
fectiveness in the control of different fouling types. Amid growing concerns and stringent regulations for the
conservation of environment, there is an increasing trend to identify technologies that are effective in fouling
mitigation as well as friendly to the environment. The present review elaborates on the different types of
environment-friendly technologies for membrane fouling control that are currently being used or under investi-
gation. It commences with a brief introduction to the global water crisis and the potential of membrane-based
processes in overcoming this problem. This is followed by a section on membrane fouling that briefly describes
the major fouling types and their impact on the membrane performance. Section 3 discusses the predominant
fouling control/prevention strategies including feedwater pretreatment, membrane and spacer surface modifica-
tion and membrane cleaning. The currently employed techniques are discussed together with their drawbacks,

Abbreviations: BAC, biologically activated carbon; BSA, bovine serum albumin; DAF, dissolved air flotation; DOC, dissolved organic carbon; EPS, extracellular polymeric substances;
HEMA, hydroxyethylmethacrylate; HMDP, hexamethylenediaminetetra (methylene phosphonic acid) - tetra phosphonate; NF, nanofiltration; NOM, natural organic matter; PFA,
perfluorodecylacrylate; RO, reverse osmosis; RSF, rapid sand filtration; SDI, silt density index; SSF, slow sand filtration; SWRO, seawater reverse osmosis; TDS, total dissolved solids;
TEP, transparent exopolymer particles; TSS, total suspended solids.

* Corresponding authors at: Center of Research Excellence in Desalination & Water Treatment, King Fahd University of Petroleum & Minerals, Dhahran 31261, Saudi Arabia.
** Correspondence to: Dept. of Mechanical & Nuclear Engineering, University of Sharjah, Sharjah 27272, United Arab Emirates.
E-mail addresses: amatin@kfupm.edu.sa (A. Matin), tlaoui@sharjah.ac.ae (T. Laoui), wfallata@kfupm.edu.sa (W. Falath).

https://doi.org/10.1016/j.scitotenv.2020.142721
0048-9697/© 2020 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2020.142721&domain=pdf
https://doi.org/10.1016/j.scitotenv.2020.142721
mailto:amatin@kfupm.edu.sa
mailto:tlaoui@sharjah.ac.ae
mailto:wfallata@kfupm.edu.sa
Journal logo
https://doi.org/10.1016/j.scitotenv.2020.142721
Unlabelled image
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv

A. Matin, T. Laoui, W. Falath et al.

Science of the Total Environment 765 (2021) 142721

with some light being shed on the emerging technologies that have the ability to overcome the current limita-
tions. The penultimate section provides a detailed discussion on a variety of eco-friendly/chemical free tech-
niques investigated to control different fouling types. These include both control and prevention strategies, for
example, bioflocculation and electromagnetic fields, as well as remediation techniques such as osmotic
backwashing and gas purging. In addition, quorum sensing has been specifically discussed for biofouling remedi-
ation. The promising findings from different studies are presented followed by a discussion on their drawbacks
and limitations. The review concludes with a need for carrying out fundamental studies to develop better under-
standing of the eco-friendly processes discussed in the penultimate section and their optimization for possible

integration into the RO plants.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction demand for fresh water in a sustainable manner (Gu et al., 2013). Ac-

Water is an essential component for different sectors of econ-
omy such as agriculture, health, industry, tourism, and domestic
consumption (Green et al., 2015). Continuously increasing popula-
tion, rapid industrialization in many developing countries (Baten
and Stummeyer, 2012), as well as water pollution from agricultural
residues, sewage and industrial waste (Yao et al., 2016), has re-
sulted in a disproportionately large imbalance between fresh
water demand and supply (Oloukoi et al., 2013; Avrin et al., 2015;
Cuerva et al., 2016). Currently, around one-third of the world's pop-
ulation is living in water-stressed regions with >1.2 billion people
affected by clean water scarcity. According to reliable sources,
these figures are expected to increase to around one-half (World
Health Organization, 2014) and 3 billion (FAO, 2015), respectively,
by the year 2025. In light of the above, the cost-effective and sus-
tainable provision of clean and potable water has been identified
by economists and researchers alike as the challenge for this cen-
tury (Chen et al., 2018).

Desalination of seawater and inland water resources is a promising
strategy to mitigate the current global water crisis and meet the rising

counting for >95% of the planet's water resources, the water of the
oceans represents a huge untapped reservoir that, if utilized in an effi-
cient manner, can go a long way in overcoming the water shortage. Ac-
cording to recent statistics, there exists a total of around 20,000
desalination plants in >150 countries resulting in the daily production
of ~100 million m? fresh water (Goh et al., 2018a, 2018b).

Furthermore, wastewater reclamation and reuse present a decent
alternative in resolving the issue of water scarcity (Voulvoulis,
2018). Especially in regions with lack of natural water resources,
the use of membranes for wastewater reclamation has proven to be
a cost-effective route (Tang et al., 2016; Melian, 2020). For example,
in Singapore, the municipal authorities installed two wastewater
treatment plants with fairly large capacities, 32,000 m3/day and
40,000 m>/day, using Hydranautics' low fouling RO membranes
(Lee and Tan, 2016; Timm and Deal, 2018). Several urban areas in
different regions of the planet have also implemented large-scale
projects on wastewater reuse (Hamoda et al., 2015; Kim et al.,
2018a, 2018b).

The use of membranes in the above technologies is a very cost-
effective route to produce high quality water and has become
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widespread (Lin et al., 2016; Ochando-Pulido et al., 2016; Tang et al.,
2016). The most popular membrane-based purification processes are
Reverse Osmosis (Yang et al., 2017) (RO), Nanofiltration (Ribera
et al., 2014) (NF), and Membrane Distillation (Bush et al., 2016)
(MD). Among these, RO has the most widespread use in brackish &
seawater desalination, drinking water production, and wastewater
treatment (Gao et al., 2016), accounting for ~70% of the total
installed capacity (Bashitialshaaer, 2020). The main advantage of
this technique is that it is an energy-efficient technology for desali-
nation, with energy costs now down to ~1.8 kWh/m?, much lower
than that of other technologies (Kim et al., 2019a, 2019b). In the
wake of more stringent regulations concerning public health and
environmental protection, RO membranes possess the dual
advantage of maintaining good water permeability and very high re-
jection rates for nearly all organic, inorganic and pathogenic
micropollutants (Bieber, 2017).

Another important advantage of RO and similar processes, is the le-
verage to improve output parameters further by the incorporation of
nanomaterials with exceptional transport characteristics. For example,
novel materials such as zeolites, carbon nanotubes, and graphene,
have the potential of high flux membranes for water desalination
(Humplik et al., 2011). The ability to control the pore size at the Ang-
strom level (~ 0.5 nm) is important for the efficient working of such
membranes. The recent increase in popularity of RO compared to con-
temporary desalination techniques can also be gauged from the number
of research papers published in relevant scientific journals in the previ-
ous decade (Fig. 1).

However, membrane fouling is a major impediment to the use of
membrane technology for such applications, because fouling is inevita-
ble. Membrane fouling causes multiple adverse effects on the perfor-
mance of RO systems (e.g., decreased production, water quality
deterioration and decreased lifetime (Matin et al., 2011). The major
types of fouling in water purification technologies include precipitation
of inorganic salts, accumulation of suspended particulate matter, and
formation of a biofilm that is a mixture of organic matter and microor-
ganisms (She et al., 2016; Goh et al., 2018a, 2018b). The annual esti-
mated costs for control and preventive measures undertaken to
alleviate biofouling in the desalination industry worldwide is estimated
to be ~ US$ 15 billion (Flemming, 2011).
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2. Membrane fouling

Fouling is defined as the undesired accumulation of deposits on the
membrane surface that results in a decrease in water passage and a con-
comitant increase in solute passage across the membrane (Malaeb and
Ayoub, 2011). Based on the foulant type, fouling is classified as follows
(Fig. 2): (i) inorganic (scaling) (ii) organic, (iii) biofouling, and (iv) col-
loidal. In actual plants, fouling is a result of a combination of these differ-
ent types and can be quite complicated.

Due to the relatively compact and nonporous nature of the RO mem-
brane, surface fouling is comparatively more frequent than internal
fouling. In contrast to internal fouling, surface fouling is easier to control
by manipulation of feed water hydrodynamics and/or chemical cleaning
(Du et al., 2017). Surface fouling development may be classified into
three key mechanisms (Lei et al., 2016): cake, scale, and biofilm forma-
tion. Cake formation is caused by deposition of colloidal matter (inor-
ganic, organic, or biological) onto RO membrane surface (Uppu et al.,
2019). Scale formation results from heterogeneous crystallization of
sparingly soluble mineral salts directly on RO membrane surface. Bio-
film formation occurs when previously deposited microorganisms pro-
liferate and colonize a membrane module (Vitzilaiou et al., 2019). The
significance of RO fouling and its impact on global economics can be ap-
praised by the recent surge of research activities in this field directed at
a better understanding of the fouling mechanisms and design and de-
velopment of more effective control and prevention strategies (Fig. 3).

Presented below is a brief yet concise description of the different
fouling types and their impact on the overall process:

2.1. Inorganic

Inorganic fouling or mineral scaling is the deposition of sparingly
soluble salts e.g. CaCO3 (Mitrouli et al., 2016), CaSO4 (Benecke et al.,
2018), SiO, etc. on the membrane surface to form hard scales (Antony
etal, 2011). Fig. 4 depicts typical salt crystals deposited on a membrane
surface. This type of fouling is more widespread in brackish water desa-
lination (lakes, estuaries, wells etc.) where high water recovery ratios
(> 70%) elevates the concentration of the above salts by a factor of
4-10 resulting in their spontaneous precipitation from the solution
(Matin et al, 2019). However, it is also observed in seawater
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Fig. 1. Statistical data showing annual no. of publications (individual points) and cumulative publications (solid lines) for the major desalination technologies during the last two decades.
(Reverse Osmosis [RO], Multi-Effect Distillation [MED], Multi-Stage Flash [MSF], Electrodialysis [ED]), Emerging technologies (ETech) include Nanofiltration [NF], Forward Osmosis [FO]
and Membrane Distillation [MD]; Note the recent surge of interest in membrane-based processes compared to thermal counterparts.
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Fig. 2. Schematic sketch of the common types of fouling on RO membranes. Note the differences in the nature and morphology of the foulants.
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Fig. 3. Statistics for annual no. of publications (blue dots) and cumulative publications
(solid line) on RO fouling and control during the previous two decades. Note the
exponential increase in the last 3-4 years.

desalination (Fortunato et al., 2020), in particular silica fouling that is
usually present as silicates of Fe and Al that have a lower solubility as
compared to SiO,.

The precipitated salt crystals deposit on the membrane surface and
grow in the lateral direction resulting in complete surface coverage
that is hard to remove (Ruiz et al., 2020). The presence of an extra bar-
rier layer increases the hydraulic resistance of the membrane and there-
fore, yields a decline in permeate water flux as well as salt rejection.
Another factor contributing to the deterioration of filtration characteris-
tics is the formation of a cake layer that hinders the back-diffusion of
salts away from the membrane surface (Shirazi et al., 2010). This results

in an accumulation of salts near the membrane surface that increases
the local osmotic pressure and reduces the driving force (AP - Am) for
reverse osmosis (Ibrar et al., 2019).

Although a variety of mineral salts have been identified in mem-
brane autopsy studies, the two most commonly encountered salts in
the desalination of surface and ground waters are CaCO3 and CaSO,
(Hoang, 2015). The two proposed mechanisms for scale formation are
homogeneous crystallization (nuclei formation in bulk solution), and
heterogeneous precipitation (nuclei formation on membrane surface)
(Shmulevsky et al., 2017). In the majority of scenarios, the latter mech-
anism prevails due to more favorable energetics and thermodynamics.
However, it is widely believed that in actual situations, mineral scale
formation typically occurs by a combination of the two contrasting
mechanisms. In addition to the two major scale-forming salts men-
tioned above, Ca3(P0O,); is a cause of concern in desalination of waste-
water for domestic use (Rathinam et al., 2018).

2.2. Organic

Organic fouling is caused by the deposition and attachment of or-
ganic macromolecules on the membrane surface. The presence of a
wide variety of organic matter, e.g. proteins, polysaccharides and
humic substances, is ubiquitous in any water system, and depending
upon the type of feedwater, their concentrations may vary. The two
major categories of organic matter are: (i) Natural organic matter
(NOM) produced by the degradation & decomposition of living organ-
isms, and (ii) Transparent exopolymer particles (TEPs) derived from or-
ganic substrates released by aquatic organisms (Meng and Liu, 2015).
Organic fouling is widespread and occurs in seawater desalination as
well as wastewater reclamation; it is the most common fouling type
after biofouling (Fig. 5).

It is well known that upon immersion in water, a conditioning film
forms on the surface of most substrates that is composed of the organic
substances mentioned above. The adsorbed organic compounds are ca-
pable of recruiting other types of foulants, e.g. microorganisms, to the
surface (Dobretsov, 2009). The consequences of organic fouling are

(@

(©

Fig. 4. FESEM images depicting salt crystals deposition on membranes surfaces (a) Square-shaped CaCOj; crystals after 10 h of operation with pretreated seawater (b) CaSO, grains of
rhombohedral structure after cross-flow filtration without a scale inhibitor (Rahman, 2013) (c) Silica scaling after filtration studies with a laboratory setup at moderate pressure and

cross-flow velocity (Tong et al., 2017).
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Fig. 5. The incidence of different fouling types excluding biofouling from the autopsies of
150 different membranes. Note the dominant presence of organic fouling in exactly half
of the cases (Kucera, 2019).

similar to its inorganic counterpart, a permanent decline in water flux as
well as an increase of salt passage through the membrane. The organic
compounds bind themselves to the polyamide layer of the membrane
due to forces of adhesion that result from electrostatic and van der
Waals interactions between the functional moieties from both sides
(Yang et al., 2010). Further fouling development occurs as a result of
foulant-foulant interactions that are facilitated by divalent cations (e.g.
Ca®™). Fig. 6 shows some images and pictures of RO membranes fouled
by organic matter during cross-flow filtration.

Natural Organic Matter (NOM) is the main organic foulant in the
membrane treatment of surface waters, brackish waters and seawater
and is made up of hydrophilic and hydrophobic fractions (Silva et al.,
2019). The hydrophobic components are the major contributors to the
permeate flux decline due to their greater adsorption on the membrane
surface (Lee et al.,, 2020a, 2020b).

2.3. Biofouling

Biofouling refers to the attachment of different bacterial species to the
membrane surface. Microorganisms are almost always present in the feed
water and their attachment to any immersed substrate is facilitated by the
formation of a conditioning film comprised of organic macromolecules
described in the previous section on organic fouling. The attached bacteria
grow, multiply and excrete extracellular polymeric substances (EPS) to
form a biofilm that is slimy in nature and difficult to remove. This type
of fouling has been referred to as the “Achilles heel of membrane pro-
cesses” and is the most problematic among the different types

(a)

(b)
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(Flemming et al., 1997). Biofouling is of the highest concern in wastewa-
ter treatment and reuse, followed by seawater desalination; statistics re-
veal that almost half of the cases of membrane fouling are caused by
excessive growth of biomass (Komlenic, 2010). Fig. 7 is a collection of
some pictures and images of biofouled RO membranes showing presence
of bacterial cells and the biofilm on the membrane surface.

Biofouling occurs because the feed water for RO operation contains a
variety of microorganisms that grow, multiply and form colonies in the
presence of nutrients. In actual practice, multiple pretreatment proce-
dures such as pre-filtration and disinfection are applied (Jamaly et al.,
2014; Kim et al., 2015), however, even if 99.999% of the bacteria are elim-
inated, the remaining few will attach to the membranes surface and ulti-
mately form a biofilm (Chinu et al, 2009). Membrane surface
characteristics such as wettability, charge and roughness constitute an
important parameter that has a strong influence on microbial attachment
and hence, on biofilm formation, and as such membrane surface proper-
ties, such as wettability; charge; and topography, seem to be crucial
(Habimana et al., 2014). Typically, hydrophobic negatively charged and
rough surfaces are more prone to initial bacterial adhesion and biofouling.

A variety of microbial species/strains has been observed to
contribute to biofilm formation in water desalination systems e.g.
Acinetobacter, Flavobacterium, Fusobacteria, Sphingobacteria,
Arthrobacter, Cyanobacteria, and Aeromonas (Vitzilaiou et al., 2019).
In addition to the above species, studies have shown that microalgae
produce EPS that play a crucial role in the formation of biofilms (Xiao
and Zheng, 2016). One of the main precursors of membrane biofoul-
ing in desalination processes has been identified as transparent
exopolymer particles (TEPs) (Nguyen et al., 2012). These comprise
of sticky organic microgels that also include EPS, polysaccharides,
proteins, acids, sulfates, etc. (Villacorte et al., 2009).

The consequences of biofouling on membrane processes are similar
to other fouling types but more pronounced and can be summarized as
follows (Kochkodan and Hilal, 2015):

(a) Permanent decline in permeate flux due to presence of gel-like
barrier in the form of biofilm.

(b) Increase in salt passage across the membrane due to enhanced
solute concentration polarization (back-diffusion of solutes hin-
dered (Herzberg and Elimelech, 2007)

() Increase in the differential pressure across the membrane mod-
ule.

(d) Degradation of the membrane and/or similar material in the RO
module.

24. Colloidal

Colloidal fouling is a result of the accumulation of particles interme-
diate in size between suspended solids and true dissolved solids

.

. B

(©)

Fig. 6. Images of RO membranes fouled by organic matter during cross-flow filtration with a salt solution at pressures of ~800 psi (a & b) FESEM images showing sodium alginate deposition

(Matin et al., 2016) (Shafi et al., 2017) (c) Camera pictures of humic acid deposition.
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(2)

(b)
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Fig. 7. Images depicting the presence of microorganisms on RO membranes (Abdulazeez et al., 2019) (a) B. subtilis cells in a colony formed after a few hour exposure to a suspension under
no-flow (b) Presence of a biofilm (brown colour) after 8 h of cross-flow filtration at ~800 psi (c) P. aeruginosa cells embedded in an EPS matrix after filtration studies.

(1-1000 nm) (Xia et al., 2019) on RO membranes. Colloidal particles are
difficult to deal with because they are small enough to pass through
most pretreatment systems (dual media filtration, sand filtration, etc.),
yet large enough to be rejected and concentrated at the membrane sur-
face (Aimar and Bacchin, 2010). In practice, most of these particles are
aluminosilicates with sizes ranging from 0.3 to 1.0 um in diameter. Col-
loidal fouling is more pronounced in nanofiltration (NF) membranes as
compared to reverse osmosis (RO) due to lower level of pretreatment
carried out for the former (Yaun and Kilduff, 2010). However, inspite
of the extensive pretreatment that removes a majority of particulate
matter, this type of fouling still occurs in seawater reverse osmosis
(Ruiz et al., 2020), in addition to brackish water desalination.

The colloids present in natural waters can be of different types
(Chang, 2016); inorganic (SiO-, Fe;03/Fe (OH)s3, AlSiOy, etc.), organic
(polysaccharides, proteins, NOM, etc.), or biological (microorganisms,
viruses, etc.) An important aspect that governs this type of fouling is
the physicochemical interaction between the suspended particles and
with the membrane surface (Yiantsios et al., 2005). The reversibility or
irreversibility of the particle attachment to the surface is dictated by
these interactions. Fig. 8 shows some images of membrane surfaces
fouled by colloidal silica under different types of feed waters.

The main mechanism by which colloidal fouling interferes with the
membrane performance is thought to be cake-enhanced concentration
polarization (Ju and Hong, 2014). In this phenomenon, a porous cake
layer enhances the concentration polarization near the membrane sur-
face that increases the osmotic pressure and hence the driving force for
permeate water passage, resulting in flux decline (Gutman and
Herzberg, 2013). The other mechanism usually associated with bio-
colloids is the increase in hydraulic resistance due to the presence of
an additional foulant layer (Dreszer et al., 2013). The increase in overall
thickness through which the water has to pass reduces the membrane

permeability necessitating a higher operational pressure to maintain a
constant flux.

3. Current practices in fouling control
3.1. Pretreatment of feedwater

An effective route for the control of different types of fouling is the
use of feed water pretreatment system to remove foulants and their
precursors. The pretreatment of seawater, or for that matter any other
feed water, is performed to make it suitable for the main purification
process (RO in this case) by lowering the levels/concentrations of rele-
vant parameters namely total dissolved solids (TDS), turbidity, silt den-
sity index (SDI), bacterial species, and colloidal particles, to acceptable
levels (Kavitha et al., 2019).

A reliable and adequate pretreatment system will ensure provision
of good quality RO feedwater resulting in stable, long-term performance
of RO membrane elements (Voutchkov, 2017). Moreover, slower foul-
ing rates of the membrane and spacer will increase membrane lifetime,
decrease cleaning frequency and hence, lower the overall maintenance
costs associated with the plant. On the contrary, an ineffective or unre-
liable pretreatment may adversely affect plant productivity and opera-
tional costs due to one or more of the following: (i) high rates of
membrane fouling resulting in more frequent membrane cleaning as
well as reduced membrane life, (ii) low recovery rates, (iii) high operat-
ing pressure, and (iv) poor product quality (Anis et al,, 2019).

The major pretreatment techniques and the configurations used in
industrial RO plants and their utility are presented in Fig. 9. The usual se-
quence is as follows: after the initial screening to remove relatively large
particles (> 1 mm), the seawater undergoes coagulation or a combina-
tion of coagulation and flocculation to facilitate the removal of algae and

(a)

(b)

(©)

Fig. 8. FESEM images of different types of colloidal fouling on RO membranes (a) feed solution with 4200 ppm silica (Ho et al., 2016) (b) silica fouling with paper mill effluent (Ang et al.,

2015) (c) fouling due to silica after aluminum addition (Gabelich et al., 2005).
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Fig. 9. A schematic sketch showing the possible configurations for RO pretreatment of seawater (Abushaban et al., 2017).

organic biopolymers such as humic substances. The most popular choice
for the coagulant in RO plants is FeCls due to the high-charge density of
the cation and its relatively low solubility in seawater (Tabatabai et al.,
2014). This is usually followed by dissolved air flotation (DAF) or sedi-
mentation for the removal of suspended matter and algae. It is worth
mentioning that DAF plants are also being used to remove oil slicks
and reduce turbidity in addition to the foulants mentioned earlier. The
feed is then flowed across an Ultrafiltration (UF) membrane either di-
rectly or via a granulated media filter (GMF).

With an average pore size in the range 20-50 nm, UF membranes are
able to effectively block the passage of suspended particulates, colloidal
materials, algae and pathogens and protect the RO module by physically
separating the solids (Bonnélye et al., 2008). This results in excellent RO
feedwater quality with very low levels of turbidity (< 0.1 NTU), SDI
(1.0-2.5), and TSS (< 2 mg/L) (Valavala et al.,, 2011). In addition, com-
pared to conventional pretreatment, the use of these membranes all
but eliminates the need for RO disinfection/cleaning and can bring
~30% cost saving due to less space requirements.

Inspite of the above-mentioned advantages, there does exist a limi-
tation with using UF for RO feed pretreatment. For example, UF mem-
branes are very effective in the removal of microorganisms and
suspended solids as confirmed by the findings from several pilot plant
and commercial studies, yet they allow the passage of much smaller or-
ganic molecules that ultimately cause biofouling.

In addition to the above-mentioned techniques, chemicals for reduc-
ing the likelihood for biofouling and mineral scaling are added to the
feed seawater. These include biocides, e.g. chlorine and sodium hypo-
chlorite that mainly target the different bacterial species present in
the RO feed water (Ayache et al., 2013; Sanchez, 2018). Similarly,
scale inhibitors that are usually polyelectrolytes are added to interfere
with the precipitation of sparingly soluble mineral salts such as CaCOs,
CaS0y, etc., (Lee et al., 2020a, 2020D).

Some of the pretreatment technologies result in the control of mul-
tiple fouling types. For example, coagulation not only destabilizes
suspended solids in water (Harif et al., 2012) but is also effective in re-
ducing the content of dissolved organic carbon (DOC) (Hakizimana

etal., 2015), which contributes to both organic and biofouling. Similarly,
both suspended solids and microorganisms can be removed by media
filtration (Monnot et al., 2016) using granular activated carbon that
has the ability to remove a variety of toxic substances from water
(Gamage and Sathasivan, 2017).

However, the conventional pretreatment techniques discussed
above are not very efficient and produce feedwater of unsteady quality.
The following major disadvantages of these techniques contribute to
higher rates of RO membrane fouling and shorter RO membrane life:
(i) Particles smaller than 10 um in size are removed in less proportions,
(ii) During filter backwash, there is a likelihood of breakthrough, and
(iii) Significant fluctuations in the RO feed quality due to changing
raw water conditions. Similarly, the use of biocides no matter how effec-
tive they may be, does not guarantee effective prevention of biofouling.
Even if few microorganisms remain, they will still attach to the mem-
brane surface, grow, multiply and eventually form a biofilm that will
interfere with permeate water flux. Likewise, a particular antiscalant
might be very effective in suppressing the precipitation of a certain min-
eral salt, but virtually ineffective against other salts. Also, findings of re-
cent studies have shown common scale inhibitors to accelerate
biofouling by acting as nutrients for the microorganisms (Ashfaq et al.,
2019).

No matter how effective a certain pretreatment strategy is, it has al-
ways some limitations or drawbacks. For instance, dissolved organic
carbon (DOC), identified as the dominant foulant in most RO membrane
plants (Sioutopoulos and Karabelas, 2012), cannot be removed effec-
tively by MF/UF membranes alone. The ideal strategy is to use a combi-
nation of different techniques in a manner that they complement each
other. (Zhang et al., 2015) investigated the efficacy of different pretreat-
ment combinations in mitigating organic fouling from a wastewater
feed. They observed that a combination of ozonation, microfiltration
and Biological Activated Carbon (BAC) resulted in minimal fouling as
well as easy foulant removal from the membranes.

In some instances, the combination of a conventional technique with
a membrane-based one did not significantly affect the proportion of
foulant removal, but was helpful in reducing membrane fouling. For
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example, Ghaffour and co-workers (Li et al., 2016) investigated the re-
moval efficiency of transparent exopolymer particles (TEP) by a combi-
nation of coagulation and ultrafiltration for minimizing SWRO fouling.
They observed that coagulation with FeCls at a pH of 5 resulted in a sig-
nificant increase in the average size of TEPs; from colloidal range
(0.1-0.4) to particulate size >0.4 pm. Although the UF membranes re-
moved most of the colloidal and particulate TEP when used alone, mem-
brane fouling was significantly reduced after the coagulation step.

3.2. Membrane surface & spacer modification

3.2.1. Membrane surface

A novel strategy for fouling control and prevention in the spotlight
for the last couple of decades is surface modification of the membranes
(Rana and Matsuura, 2010). The main theme of this route is to alter the
affinity of one or more foulant types to the membrane surface in a man-
ner that its attachment and/or subsequent activity on the surface will be
discouraged (Shahkaramipour et al., 2017). For example, it is well-
known that a majority of bacterial species readily adhere to hydropho-
bic and non-polar surfaces (Yuan et al., 2017) due to initial interactions
that are hydrophobic in nature. Therefore, a feasible option explored by
many researchers is to make the surface more hydrophilic. However, it
should be kept in mind that such a surface will be more susceptible to
fouling by hydrophilic organic matter that are usually present in feed
waters (Mustafa et al., 2016).

Typically, for a surface modification technique to be effective for
fouling control, one or more of the following surface properties need
be modified: (i) wettability (Yin et al., 2017), (ii) roughness (Jiang
et al., 2020), and (iii) electric charge (Wang et al., 2020). It is well-
known that the adhesion of different types of foulants e.g. bacteria, or-
ganics and to some extent salt crystals is influenced by the combination
of these factors.

Researchers have explored several approaches to modify the sur-
faces of commercial RO membranes. These include:

1. Thin film deposition or surface coating (Jee et al., 2016).

2. Grafting of molecules (Liu et al., 2019) with desired functional
groups.

3. Physical adsorption on the surface (Asadollahi et al., 2017).

Thin film deposition is perhaps the simplest of the above approaches
and has been utilized by many researchers for membrane surface mod-
ification. A wide variety of techniques have been used under this cate-
gory including, sol-gel (Kim et al., 2018a, 2018b), initiated Chemical
Vapor Deposition (iCVD) (Ince et al., 2013; Yang et al., 2011), spin coat-
ing (Fadhillah et al., 2012), layer by layer assembly (Rahman et al.,
2014) (Lbl). The materials used for surface modification are quite di-
verse and include polymeric molecules (PEG (Louie et al., 2011),

Table 1
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(Sagle et al., 2009), PVA (Hachisuka and Ikeda, 2001), (Wu et al.,
2006), QA compounds (Hibbs et al., 2016), organic compounds (silanes
(Saffarimiandoab et al., 2019), zwitterionic (Azari and Zou, 2012; Shafi
etal., 2015), polyelectrolytes, etc.), metals (Ag, Cu, etc.) and their oxides
(TiO,,) as well as oxides of non-metals (e.g. graphene oxide). A sum-
mary of the different fouling control/prevention mechanisms associated
with the different materials used for surface modification of RO mem-
branes is provided in Table 1.

Gleason and co-workers (Matin et al., 2014a, 2014b) used an initi-
ated CVD technique to deposit random amphiphilic copolymer films
on commercial RO membranes. Two monomers with contrasting wet-
ting properties, the hydrophilic HEMA and the hydrophobic PFA were
polymerized and simultaneously deposited on flat sheet membranes.
They observed that the presence of these coatings at near equal ratios
of the two monomers significantly reduced the adsorption of a model
protein (Baxamusa and Gleason, 2009), BSA, as well as attachment of
E. coli cells in static flow conditions. Furthermore, in cross-flow filtration
testing, the deposition of model organic foulants e.g. sodium alginate
and humic acid was greatly reduced (Matin et al., 2016) and it was re-
versible (Shafi et al., 2017) compared to the commercial membrane.

Matin and co-workers recently fabricated antifouling and biocidal
membranes by the deposition of a thin silane film and quaternization
of its N atoms using a facile technique. The modified membranes not
only discouraged the irreversible attachment of microorganisms but
also inactivated the majority of bacteria that were able to attach. More
importantly, the silane coating was able to maintain its efficacy in
cross-flow conditions reminiscent of actual RO plants with negligible
flux decline after prolonged operation with bacteria containing water.

An interesting approach to improve the fouling resistance of filtra-
tion membranes is to nano-structure their surface and tailor the surface
topography (Bernards et al., 2008; Kang et al., 2008). In some instances,
such a manipulation resulted in increased resistance to multiple and di-
verse types of fouling. For example, Cohen and co-workers grafted
brush layers of two different polymers, the hydrophilic poly
(methacrylic acid) (PMAA) and poly(acrylamide) (PAA), onto polyam-
ide RO membranes. On comparison with low fouling commercial RO
membranes, the modified membranes exhibited improved resistance
to inorganic (Kim et al., 2010) and biofouling (Varin et al., 2013) and
comparable resistance to organic compounds (BSA and SA) (Lin et al.,
2010). The proposed antifouling mechanism is the screening of the
polyamide layer from the different foulants types by the Brownian mo-
tion of the grafted polymeric chains that have been anchored terminally
(Cohen et al., 2013).

3.2.2. Spacer modification
Spacers, particularly the ones on the feed side, are important compo-
nents of RO membrane modules with two main functions (i) separation

A summary of the surface modification techniques used for fouling control and prevention in RO membranes.

Mechanism Materials used Findings Limitations

Antifouling . Lo . . . .

(Hydration layer Hydrophilic polymers (PEG, PDA (Baek et al., 2017) Reduction in organics adsorption (BSA, Fouling occurs in Long-term
formation) Zwitterions (PSBMA (Markovic et al., 2015), PCBMA) SA, HA) & cell attachment testing

Antimicrobial Nanoparticles of Ag (Yang et al., 2009), TiO, (Khorshidi et al., 2018), GO Good killing of different bacterial strains  Unstable in high-pressure

(Huang et al., 2016), CNTs (Ihsanullah et al., 2016)

Fouling release Low surface energy polymers (PSVBP (Meng et al., 2014)

Antifouling & . . . .
Antimicrobial Silanes with Quaternizable Nitrogen
Antiadhesive &
Fouling Release PAN-g-PEO (Asatekin et al., 2007)
Antifouling
Antimicrobial

Fouling release biocidal QA

Amphiphilic copolymers (HEMA-PFDA (Matin et al., 2014a, 2014b)

HFBM + TOB (Wang et al., 2018 (hydrophilic OH, low surface energy CF and

flow conditons
Organic fouling occurs in
long-term filtration

in static testing

Good resistance to organics adsorption
and easy release

High bacterial killing

Minimal flux decline in long-term testing
Low bacterial adhesion in static

conditions Biofouling occurs in
Good resistance to organic fouling (BSA,  long-term tests
SA, HA)

Reduced foulant adhesion & high
bacterial killing
Good stability in long-term filtration

Tedious surface preparation
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of the adjacent membranes layers, and (ii) reducing concentration po-
larization by the proper mixing of feed water (Haidari et al., 2018).
They are typically made of polymers and optimized to maintain stable
performance of membrane elements in feed waters of different compo-
sitions and varying process parameters. The hydraulic conditions of the
feed channel; i.e. pressure drop and cross-flow velocity, are very much
dependent on the geometry and configuration of the spacers.

Recent experimental investigations with NF/RO spiral wound mem-
branes have shown the feed spacers to be the main contributors to bio-
fouling by providing support to the microbes to attach and grow
(Vrouwenvelder et al., 2009). It is the biomass accumulation on the
spacer rather than on the membrane itself that causes most of the pres-
sure drop increase in the feed channel and changes the flow velocity
profile affecting the performance of membrane systems. Furthermore,
the net-like structure of feed spacers, hinders the complete removal of
the biofoulants (Creber et al., 2010) (inactivated by chemical cleaning
agents) by trapping them (Bereschenko et al., 2011), resulting in rapid
regrowth of the biofilm.

There are several characteristics of the spacer material that may in-
fluence bacterial adhesion and ultimate biofilm formation. These in-
clude the surface condition, geometry and thickness of the spacers
used. Recent attempts by researchers on spacer modification for im-
proved fouling control/prevention have been directed at one or more
of these attributes. The surface modification of membranes using thin
film deposition, molecular grafting, etc. has been extensively investi-
gated by researchers in the last couple of decades and was discussed
in detail in the previous section. In this section, we will begin by
reviewing efforts made at altering the surface chemistry or morphology
of feed spacers.

Vrouwenvelder and colleagues (Aradjo et al., 2012) modified the
surfaces of both membranes and spacers with hydrophilic, antimicro-
bial and biocidal coatings. Although very effective in short-term static
bacterial adhesion and protein adsorption tests, none of the approaches
were able to prevent or limit biofouling in long-term cross-flow condi-
tions. In experiments carried out using a membrane fouling simulator,
there was no significant reduction in the two major indicators of bio-
fouling: (i) feed channel pressure drop, and (ii) biofilm accumulation
as measured by ATP and TOC content. The failure of spacer surface mod-
ification with biocidal materials, e.g. Cu, is attributed to the coating
agent toxicity being rendered ineffective by EPS secreted by the micro-
organisms. The bacterial strains possessing a higher antibiotic resis-
tance, attach to and form colonies on the coating metal ultimately
covering it with their extracellular polymeric substances, thus making
it favorable for other micro-organisms to accumulate and join the EPS
matrix.

(Ronen et al., 2016) experimented with feed spacers coated with dif-
ferent types of coatings deposited by different techniques that exhibited
distinct antifouling mechanisms. One of the spacers was modified by co-
valently binding polymeric quaternary ammonium groups (pQAs) by
atom transfer radical polymerization (ATRP), while the other was em-
bedded with silver nanoparticles (nAg) by sonochemical deposition.
Cross-flow experiments were then conducted with a feed containing
different microbial species at high concentrations and hydrodynamics
simulating spiral wound modules. Permeate flux decline was consider-
ably lower in both cases with a more steadier profile for the nano-Ag
coated spacer probably due to the release of antibacterial species into
the feed; the QA spacer showed a more localized killing upon contact
strategy.

Kemperman and co-workers (Wibisono et al., 2015) experimented
with a unique two-pronged approach in that they modified the feed
spacer for reduced microbial attachment and then used the coated
spacer for more effective cleaning. The antifouling properties of the
spacers were enhanced by the deposition of hydrogels with different
surface charge (positive, negative and neutral) using a plasma-
induced polymerization. The negatively charged spacer showed re-
duced attachment of E. coli and significantly delayed biofilm formation.
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Furthermore, when this spacer was employed for biofilm removal in 2-
phase flow cleaning, the cleaning efficiency was enhanced as witnessed
by a good flux recovery.

Other studies have focused on the influence of spacer geometry on
fouling. The geometrical parameters include the spacer thickness, the
internal strand angle, and the distance between the strands (mesh-
size). For example, (Park et al., 2016a, 2016b) investigated the effect
of feed spacer thickness on membrane fouling behavior and the subse-
quent cleaning efficiency in a pilot plant operated almost a month. In
addition, they also studied the fouling load distribution among the indi-
vidual elements in pressure vessels by measuring normalized differen-
tial pressure. They observed that the use of spacers with more
thickness not only reduced the fouling rate but also resulted in the ele-
ments being fouled uniformly.

(Radu et al., 2014) investigated deposition of microspheres mimick-
ing bacterial cells in feed spacer channels for various spacer orientations
under cross-flow conditions. They carried out both in situ microscopic
observations as well as predictions of numerical models for particle tra-
jectory calculations. The spacer orientations examined were the dia-
mond orientation (D, o =45°) and the ladder orientation (L, « =
90°). They observed particle deposition patterns specific to the type of
spacer orientation and also influenced by cross-flow velocity.

(Siddiqui et al., 2016) performed a comprehensive and detailed
study that included numerical modeling, 3-D printing and experi-
mental fouling investigations with modified feed spacers. The fol-
lowing geometrical modifications with respect to the commercial
ones were carried out: (i) reduction in filament angle (ii) increase
in mesh size, and (iii) reduction in angle combined with mesh size
increase. Based on mathematical modeling, they found that the pres-
sure drop as a function of linear flow velocity was lowest for the
spacers with a higher mesh size and the reduction in filament angle
alone did not affect the pressure drop. These results were confirmed
by experimental findings that revealed significantly lower pressure
drop increase for the modified spacers (~ 500 mbar) as compared
to the commercial ones (800 mbar) during the biofouling tests
with the same amount of accumulated biomass as verified by the
ATP measurements.

Since hydrodynamic conditions in the RO module are known to in-
fluence fouling, an interesting strategy is to combine spacer modifica-
tion with manipulations in the flow conditions. Vrouwenvelder and
colleagues used this approach (Vrouwenvelder et al., 2011) when they
reduced the linear flow velocity in lead modules, changed the design
for feed spacer and used an advanced cleaning strategy. They observed
that this unique combination resulted in formation of biofilms that were
fluffy in nature and can be easily removed from the lead membrane
modules by the application of a reversed enhanced flush.

It is worth mentioning that a majority of surface modification en-
deavors discussed in the literature have shown to be effective only in
short-term static testing for adhesion of microorganisms and/or bio-
polymer adsorption. The dilemma is that lab-scale static experiments
use concentrated cultures of a particular species e.g. E. coli, whereas, in
actual feedwaters, the fouling community is very diverse and highly
complex (Bereschenko et al., 2008). The situation is very different in ac-
tual RO plants due to the complex nature of foulants, hydrodynamic
conditions and the presence of other components such as feed and per-
meate spacers.

For instance, polymer brushes are considered for antibiofouling ap-
plications because of their proven ability to strongly discourage protein
adsorption and hence, the attachment of microorganisms (Aubin et al.,
2011; Bog et al., 2017). However, it has been shown that large shear
forces during high-pressure cross-flow filtration may readily disrupt
the structure of adsorbed polymer brush layers (Brzozowska et al.,
2011), destroying the complex coacervate-brush structure. In a similar
manner, biocidal nanoparticles of Ag, TiO,, GO, etc. deposited or incor-
porated in the membrane surface, gradually leach out in filtration
studies.
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Another aspect worth considering is that a majority of surface mod-
ification strategies mentioned in literature have been directed against a
certain type of fouling e.g. biofouling or organic fouling. This is a major
handicap from a practical point of view since in actual feedwaters the
chemistry is far too complex and synergistic effects of different fouling
types play an important role. Therefore, there is a need to develop and
design materials and techniques that will be simultaneously effective
against multiple fouling types.

There have been some recent efforts in this direction. For example,
Emadzadeh and co-workers (Emadzadeh et al., 2017) modified the sur-
faces of TFC membranes by incorporating nanoporous titanate nanopar-
ticles (synthesized by solvothermal method) into the selective
polyamide layer. Long-term filtration tests were performed with
feedwater containing different types of foulants: organic, inorganic
and multicomponent synthesized water, brackish water or seawater.
In all scenarios, the flux decline of the modified membranes was signif-
icantly lower than the virgin one.

3.3. Membrane cleaning

Cleaning of membranes after a certain time interval is essential to re-
move the mass of foulants irreversibly deposited on the membrane sur-
face and to restore the permeate water flux and salt rejection to their
pre-fouled levels during water and wastewater treatment processes
(Yang et al., 2013). The major types of cleaning methods are
(i) physical, and (ii) chemical (Madaeni and Samieirad, 2010); although
there exist some biological techniques (Erkan et al., 2018), as well. The
main indicators of the efficiency or effectiveness of any cleaning method
are determined by hydraulic resistance removal and flux recovery
(Sohrabi et al., 2011). Periodic cleaning results in significant flux recov-
ery even after considerable flux decline. It is worth emphasizing that
cleaning should be initiated when flux decline is around 10% because
greater decline increases the irreversible proportion of the fouling that
may not be overcome by cleaning.

3.3.1. Chemical cleaning

Of all the membrane remediation strategies after fouling has oc-
curred to cause significant flux decline, chemical cleaning is indispens-
able (Vrouwenvelder et al.,, 2010). Based on their nature and
mechanism of action, the commonly used chemical agents may be di-
vided into the following categories: (i) acids, (ii) alkalis, (iii) surfactants,
(iv) chelating agents, and (v) enzymes. Typically, a certain type of
chemical is more effective against a particular fouling type (Table 2).
For example, acids, such as HCI, HNOs; and H,SO, are effective in remov-
ing mineral scaling formed by the deposition of sparingly soluble inor-
ganic salts e.g. CaC0s, CaSO4 (Filloux et al., 2015). On the other hand,
alkaline solutions such as NaOH are more effective in removing organic
and biofouling (Al-Amoudi and Lovitt, 2007).

The mechanism by which alkaline solutions (NaOH) work is to in-
crease the solution pH that increases the negative charge on the organic
foulant layer due to deprotonation (e.g. COO~) and hence it solubility.
On the other hand, acids react with sparingly soluble salts e.g. CaCOs,
CaS04 to convert them into their more soluble counterparts such as
CaCl,. Chelating/sequestration agents form an integral part of any
chemical cleaning procedure for RO membranes. For example, it is

Table 2
Typical combinations of chemical cleaning agents for the different fouling types.

Fouling type Chemicals used

Colloidal/Organic

Metal oxides

Silica

Carbonate scales (CaCOs)
Sulphate scales (CaSO4, BaSO,4)

Alkali, surfactants & chelating agents

Citric acid (pH ~ 2) or sodium hydrosulfite

NaOH at pH ~ 12

Citric/HCl acid at pH ~ 2

HCl solutions or sequestration agents (EDTA)
NaOH solutions, chelating or sequestration agents,

Biofilms surfactants and disinfectants
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well-known that divalent ions esp. Ca>* form a bridge between organic
macromolecules such as alginate and humic acid that bound the foulant
irreversibly to the membrane surface. Metal chelating agents remove
such metal ions that weaken the structural integrity of the organic
foulants (Fig. 10) and facilitate their removal (Hong and Elimelech,
1997). The commonly used chelating agent is ethylene diamine tetra
acetic acid (EDTA) whose cleaning efficiency is very sensitive to solution
pH (Chong et al., 2019). Similarly, surfactants increase the solubility of
organic macromolecules by forming micelles around them (Cui et al.,
2008).

The cleaning efficiency of any chemical used is thought to depend on
two factors: (i) chemical reaction between the cleaning agent and the
foulant(s) present, and (ii) mass transfer of the cleaning molecules
from bulk phase to the foulant layer. In the case of biofouling, it has
been observed that some cleaning chemicals acted more effectively on
moderately fouled membranes as compared to heavily-fouled ones.
One possible explanation is a lower mass transfer due to the more com-
pact nature of the biofilm for the latter that may have reduced the per-
meability of the chemical into the fouling layer (Ang et al., 2011).

However, there are several inherent disadvantages associated with
the use of chemicals in cleaning of fouled membranes. The first and fore-
most being the degradation of membranes as the polyamide layer is vul-
nerable to chemical attack by the different reagents used e.g. acids,
alkalis and surfactants. In addition, since chemical cleaning requires fre-
quent stoppage of the RO operation, this will result in lower production.
Finally, the environmental issues related to the waste chemical disposal
is also an important aspect that cannot be ignored (Qin et al., 2010). It
should be noted that even with aggressive chemicals, a complete
(100% effective) performance recovery of the RO membrane is rarely
achieved.

3.3.2. Physical cleaning

Physical cleaning methods use mechanical forces to dislodge and re-
move foulants from the membrane surface. This type of cleaning usually
detaches loosely bound cake layers from the membrane surface, but is
limited in its ability to eliminate all fouling layers. The effectiveness of
physical cleaning tends to decrease over time, so that some portion of
the fouling layer becomes irreversible. Based upon their configuration
and the mode of force application, the conventional techniques in this
category are as follows: (i) Flushing, (ii) Backwashing, (iii) Sponge
Ball cleaning, and (iv) CO, back permeation.

Flushing is done by passing the permeate water at high cross-flow
velocities along the feed channel of the membrane module. Due to the
shear forces caused by increased turbulence in the flow, many particu-
late matter adsorbed to the surface are removed and washed away. In
forward flushing, the flow direction is from the feed to the brine and
is particularly useful in the removal of colloidal matter (Ebrahim,
1994). On the other hand, in reverse flushing the flow direction is oppo-
site and is beneficial to remove organic matter (Fig. 11).

Backwashing is a technique in which the original direction of perme-
ate flow is reversed, i.e. from the permeate to the feed side. Regular
backwashing is accomplished by applying a larger pressure on the per-
meate side of the membrane. This forces the permeate to flow across the
membrane with some velocity and dislodge the contaminants present
on the active layer. A special type of backwashing is osmotic
backwashing, wherein, the flow reversal is achieved by replacing the
regular feed with a highly concentrated salt solution. This is discussed
in more detail in the next section.

Sponge ball cleaning involves the insertion of sponge balls made
from polyurethane or a similar material into the membrane module
for a very short duration and scrubbing the foulant deposited on the sur-
face. It is usually used for cleaning membranes that have been heavily
fouled by wastewater or industrial process water. Experiments con-
ducted with secondary effluent from the terminal plant at Osaka,
Japan, showed that scrubbing the foulant by a rubber sponge alone
was sufficient to restore the permeate flux to the original level without
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Fig. 10. Schematic sketch showing the mechanism of organic foulant removal from membrane surface. Successive foulant layers are linked to each other by Ca®>* ions that form a bridge.
Introduction of a cleaning agent disrupts the link between different layers that are then easily removed by hydrodynamics and mass transfer.

a need for sand filtration or cleaning chemicals (Yanagi and More,
1980).

4. Emerging eco-friendly fouling control technologies

Although many of the fouling control and remediation techniques
mentioned in the previous section are effective and some are imple-
mented on an industrial scale, yet there are some major disadvantages
or handicaps associated with them. For example, none of the feedwater
pretreatment routes have proved to significantly improve biofouling
control primarily due to the fact that complete elimination of microor-
ganisms present in the feedwater is quite impossible. Similarly, no anti-
fouling/biocidal coating has shown the ability to completely resist
bacterial adhesion or inactivate all the microorganisms upon contact
and hence, cannot be implemented for full-scale plant operation.

Chemical cleaning of the fouled membranes, although very effective
in removing most of the foulants and restoring the membrane perfor-
mance to near initial levels, degrades the membranes, resulting in a con-
siderable shortening of the expected lifetime, thereby necessitating
frequent change and replacement, leading to higher operating costs.
Furthermore, safe disposal of the used chemicals is a major challenge
and a threat to the surrounding environment. Therefore, intense efforts
are indispensable and underway to develop non-conventional technol-
ogies that will be both effective and implementable in real situations as
well as friendly to the environment.

Here we present a brief description of some selective emerging tech-
nologies that have been under the research spotlight during the
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previous decade and possess the potential of overcoming the current
obstacles and hurdles to cost-effective and sustainable desalination.
Each of these techniques falls under one of the main categories
discussed in the previous section: feedwater pretreatment, RO module
surface modification, and membrane cleaning.

4.1. Pretreatment

4.1.1. Microbial based

Rapid sand filtration (RSF) or filtration through granular media is
currently the most popular pretreatment technique for the removal of
suspended solids (>0.35 mm) and reduction of silt density index
(SDI) levels to ~ 4 in raw seawater. Recent investigations have also
proven its capability of reducing particulate and dissolved organic car-
bon, chlorophyll and transparent exopolymeric particles (TEP). In com-
parison, slow sand filtration (SSF) with much higher residence times
(12-24 h) and lower flow velocities is the obvious choice for wastewa-
ter treatment. The main advantage of SSF is the occurrence of
biofiltration i.e. the decomposition of different types of organic pollut-
ants present in the wastewater by microorganism that have the ability
to form biofilm on the granular filter bed medium surface. It is thought
that combining RSF with biofiltration will eliminate the need for using
coagulants that represent an environmental hazard.

Zeev et al. (2013) investigated the effectiveness of a chemical-free,
microbial-based pretreatment methodology based on bioflocculation.
They utilized a novel RSF configuration with a highly porous filter
media that provided a large surface area for bacterial growth and
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Fig. 11. Schematic sketch of DI water flushing of RO membrane modules (a) normal flushing (b) reverse flushing. The only difference is the reversing in the direction of water flow.

biofilm development. The decline in key parameters related to fouling
such as silt density index (SDI), turbidity and transparent exopolymer
particles (TEP) was monitored to assess the efficacy of this technology
in reducing fouling potential. The findings after 1 year of continuous op-
eration showed that the use of this 2-stage rapid bioflocculation filter
(RBF) without any chemical additive was as effective as a regular RSF
used with a coagulant Fe5(SO4),.

Another innovative and environment-friendly route for fouling con-
trol is the removal of organic nutrients present in feed water that sup-
port biofilm formation by using biological reactors, as proposed by
Researchers at the Center for Biofilm Engineering at the University of
Montana (Wend et al., 2003). Deliberate encouragement of biological
growth within a component of the pretreatment train to substantially
reduce the undesirable growth on reverse osmosis membranes was
also a part of the strategy. The biological pretreatment columns used 2
types of packing media; (i) sand coated with Fe,O5 for adsorption of
natural organic matter (NOM), and (ii) biologically activated carbon
(BAC) to promote biological growth. The findings showed that the bio-
logical treatment was capable of reducing downstream membrane foul-
ing compared to untreated control water: reduction of fouling layer
thickness by half and cell counts by four- to five-fold.

4.1.2. Gas purging

(Shahid et al.) utilized CO, purging to control scale formation on RO
membranes used for wastewater reclamation. The introduction of CO,
lowered the pH of the feed solution and consequently increased the sol-
ubility of scale-forming salts that were discharged in the concentrate
stream rather than depositing on the membrane surface. In fact, several
characterization findings such as membrane surface morphology (SEM/
EDS) and surface chemistry (FTIR) indicated that gas purging alone was
superior compared to the use of antiscalant in suppressing scale forma-
tion as well as better operational stability. In addition, CO, is more
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environment friendly in comparison to scale inhibitors that result in dis-
charge of by-products in the concentrate stream.

In other instances, gas purging has been found to be effective in foul-
ing control when used in combination with another strategy. Horseman
and co-researchers (Horseman et al., 2019) combined periodic gas
purging with the use of superhydrophobic membranes when using
Membrane Distillation (MD) to concentrate a highly saline feed by 5-
fold. They observed that there was almost no crystal deposition and
consequently no flux decline for the superwetting membranes as com-
pared to a commercial hydrophobic membrane that had the presence of
many crystal anchors and significant flux decline.

4.1.3. Electromagnetic fields & ultrasonic waves

Electromagnetic fields (EMFs) have been used for many years to
control deposition/scaling of inorganic salts on pipe walls of public
and industrial water system (Lipus et al., 2011). Several researchers
have investigated the efficacy of using electromagnetic fields for the
control and prevention of mineral scale formation in RO membranes.
The findings have been contrasting with ~15% of the studies showing
the application of EMF to be virtually ineffective for fouling mitigation
(Piyadasa et al., 2017). This is attributed mainly to the complex config-
uration in membrane modules including the presence of feed and per-
meate spacers and the hydrodynamic conditions prevailing near the
membrane surface (Taherinejad et al., 2017). In addition, other param-
eters such as permeate water recovery are also thought to influence the
efficacy of this eco-friendly technique for fouling control.

The suggested mechanism of fouling control/prevention is that EMFs
enhance the coagulation of salt crystals such as CaCO3, which in turn de-
creases the likelihood of scale deposition on membrane surface. To con-
firm this hypothesis, (Piyadasa et al., 2017) examined the precipitation
characteristics of CaCO3 under the influence of pulsed electromagnetic
fields (PEMFs) from two commercially available devices under
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controlled conditions. Ca(NOs), and NaCOs were used as the parent so-
lutions to precipitate CaCOs, the rate and profile of which was tracked,
in parallel, by UV absorption at 350 nm and by turbidity measurements.
The findings from the experiments coupled with the crystal morphol-
ogy images (from SEM analysis) indicated that exposure to PEMFs
from one of the devices enhanced the coagulation of the crystals.

(Jiang et al., 2019) investigated the effectiveness of EMF in fouling
control during desalination of brackish groundwater using a pilot
plant. The devices generating EMF were installed at two different loca-
tions: (i) before the cartridge filter, and (ii) in the RO feed inlet. The de-
cline in permeate water flux was observed to reduce by 38.3% and 14.3%
after >6 days and 15 days operation, respectively. Moreover, the foulant
layer formed during the EMF application was less dense and easily re-
moved by hydraulic flushing.

In addition to inorganic fouling, the application of EMFs has also
been investigated for the control of biofouling. Similar to the above-
mentioned study on mineral scaling, Orbell and colleagues (Piyadasa
et al.,, 2018) investigated the effect of two commercial pulsed EMF de-
vices on the culturability of bacteria under controlled flow conditions.
The findings showed the presence of both inhibitory as well as stimula-
tory effects on the viability of bacterial cells depending upon several fac-
tors such as device type, degree of flow and exposure time. An
important observation from the experimental data was that generally,
static conditions encouraged stimulatory effects i.e. enhanced the mi-
crobial activity, whereas flow conditions favored inhibitory effects im-
plying reduced cell viability. This was very much consistent with
findings from other studies (Faraj and Muhamad, 2012), (Bayir et al.
2015) reporting better microbial inactivation at a higher flow rate at-
tributed to better mixing, allowing uniform treatment.

In addition to EMFs, ultrasound technology has also been investi-
gated as a pretreatment option for fouling control. (Al-Juboori et al.,
2012) studied the efficacy of using ultrasonic waves for controlling bio-
fouling in an RO system. The ultrasound treatment was able to deacti-
vate around~1000 colony forming units (CFUs) of E. coli per milliliter
of the broth-based suspension and injuring >10% of the log survival of
bacterial cells. This translated into a permeate flux recovery >0.1 L/
m?2.h of the treated feed during the entire duration of the filtration test
that lasted for two and a half days.

4.1.4. Membrane-based

Membrane-based pretreatment has seen a recent increase in popu-
larity as the conventional methods have not been very successful
against deteriorating quality of feedwater. Micro- and ultrafiltration
(UF) are mainly used for this purpose with some recent focus on
nanofiltration (NF) (Kaya et al., 2015). (Herzberg et al. 2015) found
that the salt rejection of RO membranes increased from ~94% to
~98.5% when microfiltration was used for pretreating secondary waste-
water effluent. Similarly, Bae and co-researchers observed a 3-fold de-
crease in biofilm-forming bacteria with MF pretreatment as compared
to the conventional media filtration (Bae et al.,, 2011). In addition to bio-
fouling, membrane pretreatment was also found to be effective in the
mitigation of particulate and colloidal fouling resulting in a lower per-
meate flux decline and an increase in the oxygen uptake rate.

Due to the vulnerability of polymeric MF membranes to fouling by
biological and organic matter (Di Profio et al.,, 2011), a new and emerg-
ing concept is the use of low pressure ceramic membranes (Shang et al.,
2014). Compared to their polymeric counterparts, these membranes are
more oxidation-resistant, can tolerate backwashing at higher pressures
(Hamad et al., 2013), and do not experience fiber breakage. In addition,
ceramic membranes have a much lower fouling potential (Hofs et al.,
2011) and are robust to chemical cleaning.

A promising alternative is to use NF membranes that are often
termed as loose RO. With an average pore size of around few nanome-
ters, these membranes are able to reject almost all particulate including
colloidal and pathogenic matter and multivalent ions except for mono-
valent ions. The occurrence of inorganic fouling due to mineral scale
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formation is a pervasive problem in RO membrane desalination of in-
land water sources due to very high recovery ratios (70-90%). Operat-
ing at pressures around ~200 psi, NF membranes are able to reject
between 75% and 90% of scale-forming divalent ions such as Ca®™,
Mg?*, S03~, and HCO3 (AbdelKader et al., 2018).

The high rejection of divalent salt ions as well as partial rejection of
monovalent ions by the NF membrane have important practical applica-
tions as the osmotic pressure of the RO feed is lowered considerably.
This implies possible operation at lower pressures resulting in a
25-30% decrease in energy consumption as well as the possibility of
achieving a recovery rate > 70% for SWRO plants (Zhou et al., 2015).
In addition, compared to actual RO membranes, these possess the inher-
ent advantage of much higher water permeability that may be beneficial
for the overall process economics. In a recent study, Tang and co-
researchers (Yao et al., 2019) synthesized an NF-like FO (forward osmo-
sis) membrane and used it for pretreatment of seawater. They observed
that the fabricated membranes exhibited much higher water perme-
ability and divalent (Ca®*, SO3~, etc.) to monovalent (Na™, C17, etc.)
salt selectivity compared to a commercial reverse-osmotic-like (RO-
like) FO membrane. Furthermore, the percentage rejection of both algi-
nate and sulfate for the NF membranes was comparable to RO
counterparts.

Another emerging concept is the application of hybrid organic-
inorganic membranes for pretreatment of feed waters. Antar and co-
researchers (AbdelKader et al., 2019) synthesized such a membrane
by depositing a layer of graphene oxide (GO) on the surface of PolyE-
therSulfone (PES) using Polyacryl Amide (PAM) as an adhesive layer.
The deposited GO was then reduced by using hydrogen iodide (HI) as
a reducing agent and its attachment to the PES surface improved by
PAM. Filtration tests with seawater revealed that the synthesized mem-
brane gave a higher rejection for two important divalent cations, Mg ™
and Ca?", compared with commercial nanofiltration membrane
(NF270).

4.2. In situ methods

The previous section discussed techniques that target the feed
reaching the RO membrane with the objective of minimizing the pres-
ence of one or more foulant types that are potential troublemakers.
The following section focuses on membrane performance remediation
after fouling has occurred to an extent that the membrane output, and
hence, the process economics, have been significantly affected and
need to be compensated. As discussed earlier, both of these strategies
have their own limitations and therefore are not very efficient in fouling
mitigation when used alone. This section will talk about the intermedi-
ate stage, that is, the techniques possessing the ability to interfere with
the activities of the individual foulants on the membrane surface that
lead to fouling aggravation.

Quorum sensing is a mechanism by which bacteria regulate gene ex-
pression in accordance with population density through the use of sig-
nal molecules. This allows microbial populations to regulate
phenotype expressions, which in turn result in communication between
them and coordination of group behavior. Formation of biofilms, pro-
duction of EPS, and cell aggregation is a common phenotype associated
with species such as P. aeruginosa (Sauer et al., 2002) and Acinetobacter
(Bhargava et al., 2010), with the former also possessing the ability of
rapid adaptation to changes in the surroundings.

Interfering with the QS regulatory system to disrupt the bacterial
metabolism leading to EPS production and biofilm formation is a non-
disinfectant biological approach to control membrane biofouling. A pos-
sible disruption pathway is to inhibit/suppress the production of mole-
cules involved in QS signaling. (Ham et al., 2019) used structural
derivatives of ginger, 6-gingerol analogs, to mitigate biofouling in RO
membranes. They observed that these natural compounds were very ef-
fective in suppressing the formation of P. aeruginosa biofilms when used
at low concentrations without affecting the growth of bacterial species.
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The resulting increase in permeate flux was in the range 35-50%, and
moreover, there was no physical or chemical damage to the membrane
surface.

Another strategy is to incorporate QS inhibitors into the membranes
as deployed by Katebian and co-researchers (Katebian et al., 2018) who
physically attached vanillin and cinnamaldehyde on RO membrane sur-
faces. Unlike the above study, in this case the membrane surface charac-
teristics most notably the hydrophilicity was altered to reflect the QSI
property. Biofilm formation was significantly disrupted as witnessed
by >50% reduction in live & dead bacterial cells counts as well as poly-
saccharide production.

In some instances, the use of QSIs did not prevent biofilm formation,
but the formed biofilm did not interfere with the RO performance. (Kim
et al. 2019) used a fatty acid from a plant source, linoleic acid, to sup-
press P. aeruginosa biofilm formation. The film thickness was reduced
by one third after application of small volumes of this natural product.
Likewise, when used in a lab-scale RO system from the beginning, a
highly porous biofilm formed that resulted in negligible flux decline
when compared to control systems.

An important class of signaling molecules in quorum sensing are N-
acyl homoserine lactones (AHLs) (Lade et al., 2014) produced by Gram-
negative bacteria. Therefore, an effective biofouling control strategy is to
target the activities of these molecules. (Siddiqui et al., 2012) investi-
gated the efficacy of Piper betle extract (PBE) in suppressing the activi-
ties of AHLs for mitigation of membrane biofouling. They observed
that this natural compound significantly reduced biofouling by
inhibiting the production of AHL-related autoinducers (Als). This was
manifested by the decrease in EPS content of the biocake layer as
shown by the reduced amounts of proteins and polysaccharides, two
major components of the EPS. SEM images, showed the microbial
count on the PBE-included surface to be much lower than the control.

4.3. Membrane cleaning

4.3.1. Osmotic backwashing

In micro- and ultrafiltration membrane systems, periodically revers-
ing the permeate flow direction has proven to be effective in reducing
fouling-related flux decline at both the laboratory and commercial
scale (Raffin et al., 2012). This is accomplished by applying a larger pres-
sure on the permeate side, causing the reverse flow of permeate into the
feed side, and in the process removing deposited foulants as well as
flushing the membrane pores. The same concept can be utilized in RO
with the major difference being that the regular feedwater (brackish
or seawater) is replaced by a salt solution of much higher concentration
e.g. 1.5 M NaCl. The osmotic pressure causes the permeate water to flow
in the opposite direction with some force and to dislodge the foulants
attached to the membrane surface (Fig. 12).

Recently, researchers have also investigated this idea for the
cleaning of RO membranes. For example, Elimelech and co-workers
(Zeev and Elimelech, 2014) experimented this novel technique for a
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commercial membrane fouled by an artificial wastewater. After heavy
fouling of the membrane and formation of a dense and thick biofilm,
the feed was replaced by a 1.5 M NaCl solution while maintaining an ap-
plied pressure of ~200 psi. The resulting backwashing by the permeate
water resulted in the perforation and detachment of the biofilm accom-
panied by significant reduction in biofouling parameters, e.g. 70-90% in
biovolume, > 70% removal of TOC and proteins. Approximately, 63% of
the original flux was recovered.

Other studies investigated the efficacy of this potential technique for
the removal of organic foulants from RO membranes. In a recent study,
Hoek and co-researchers (Ramon et al,, 2013) studied the effect of salt
concentration and chemistries of the cleaning solution on the removal
of a model organic foulant, alginic acid. They observed that the flux
recovery and permeation rates of the membranes after cleaning in-
creased with cleaning solution salinity (32, 64 and 96 g/L NaCl). Also,
the best results for osmotic backwashing alone were comparable with
a chemical cleaning combination of an alkali (NaOH) and a chelating
agent (EDTA).

In addition to foulant layer perforation and detachment by the pres-
surized permeate flowing in the reverse direction, another mechanism
is proposed for the removal of organic fouling from the membrane sur-
face. Elimelech and co-workers2® carried out a detailed and systematic
study on cleaning of organic-fouled RO membranes using solutions of
different monovalent cations (Na™, K™, Cs*, NHZ) at different concen-
trations (25 mM, 100 mM). They observed the highest cleaning effi-
ciency (75%) for NaCl at 25 mM and similar efficiencies (~ 90%) for all
the salts at 100 mM. It was hypothesized that the foulant layer removal
occurred in the following sequence (Fig. 13): (i) swelling in the pres-
ence of water, (i) depletion of Ca>* in the foulant due to ion exchange
with monovalent ions in cleaning solution, (iii) washing away of the
loosened foulant by mass transfer.

Similarly, Semiat and colleagues experimented this emerging tech-
nology for membranes fouled by an inorganic salt, CaCOs, They observed
that an osmotic backwash cycle of only 20 s was sufficient to remove the
salt crystals that had clogged the membrane and restore the permeate
flux to its initial value. However, it should be noted that this was possi-
ble only when the cleaning was carried out immediately after the salt
precipitation. It is well-known and observed that with the passage of
time, the mineral scale hardens and becomes difficult to be removed“®.

However, it is important to highlight that the majority of studies per-
formed at laboratory-scale, including the studies reported above, deal
with a single fouling type, e.g. biofouling alone, or a certain type of or-
ganic foulant. In actual RO plants, the fouling chemistry is very complex
with the different types of fouling occurring simultaneously and
influencing each other. Moreover, the hydrodynamics in the spiral-
wound RO modules is altogether different when compared to a simple
lab setup that utilizes flat membrane sheets. Lastly, since backwashing
involves pressurized flow in the opposite direction, the membranes
being used must have pressure durability in both direction, which is
generally not the case for spiral-wound membranes.

Osmotic Backwashing

Foulants removed

Water Flux

Permeate Water

Fig. 12. Schematic sketch showing the comparison of reverse osmosis and osmotic backwashing. Note that in the latter, the permeate water is forced to flow in the reverse direction due to
the high osmotic pressure and in the process dislodges the foulants that are transported away by high cross-flow velocity.
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Fig. 13. Schematic sketch showing the stages of foulant deposition and its ultimate removal from the membrane surface using concentrated salt solution as the feed. The passage of saline
water after fouling results in swelling of the foulant layer and its loosening due to replacement of the Ca with Na. The individual foulant layers are then swept away by the high cross-flow

velocity (taken from Lee and Elimelech, 2007).

A group of scientists at the Saline Water Conversion Corporation
(Farooque et al., 2014) in Jubail, Saudi Arabia, made an attempt for per-
formance restoration of actual commercial RO membrane module using
the OBW technique. They carried out both online and offline cleaning
using a salt solution of very high concentration ~ 25% NaCl. However,
the backwashing flux generated was only around half of the permeate
flux during regular RO and not sufficient to cause significant foulant de-
tachment and removal from the membrane surface. In fact, online
cleaning with the hypersaline solution accelerated membrane fouling
instead of mitigating it.

In spite of the uncertainty surrounding the implementation of this
promising technique at the industrial scale, there exist some success
stories in real plants. Desalination plants at the Gold Coast (Bartels
et al,, 2009), Australia, utilize the osmotic flushing offline i.e. when the
high pressure pumps for RO plant are shut down. The permeate water
is accumulated in elevated tanks in each train and is forced into the
feed channels when the system is shut down for a very short duration
~30 s. This procedure facilitates in the removal of different foulant
types e.g. biological, organic and colloidal present in the channel and/
or deposited on the membrane surface.

4.3.2. Enzymatic cleaning

An alternate route for membrane cleaning is the use of
environment-friendly enzymes to remove the biofoulants from RO
membranes. In particular, enzymes have been found to be very effective
in the removal of EPS protein foulants from the membrane surface by
breaking the protein into small fragments (Puspitasari et al., 2010).
The cleaning mechanism is hypothesized to be the hydrolysis of the pro-
teinaceous and glycoprotein exopolymers surrounding the bacteria em-
bedded in the biofilm matrix (Allie et al.,, 2003).

Although, the focus of recent attention, enzymes have been investi-
gated for this application long before. (Whittaker et al., 1984) evaluated
the effectiveness of different types of chemicals including surfactants,
biocides, enzymes, etc. for the removal of biofilms from RO membranes.
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They found that a combination of enzyme-dispersant and anti-
precipitant was one of the most effective way in cleaning as it reduced
the original bacterial count by >90%.

The advantage of using enzymes for membrane cleaning is that they
can function in mild conditions of pH, temperature and concentration
that are not harmful to the RO membranes (Argiiello et al,, 2005). In ad-
dition, the use of eco-friendly enzymes significantly reduces the cost as-
sociated with chemicals and energy (Chen et al., 2006). Furthermore,
unlike chemicals, enzymes have the ability to remove foulants from
the membrane surface without altering the physico-chemical proper-
ties of the membrane.

(Khan et al., 2014) investigated the efficacy of several different en-
zymes in cleaning RO membranes operated continuously for almost
2 months in a rotating disk reactor. The initial screening shortlisted 3
of the most effective enzymes which were then utilized for removal of
biofoulants accumulated on the membrane surface in neutral pH condi-
tions and low dosage (50-150 ppm). The findings from the biofilm anal-
ysis and bacterial quantification indicated that protease and lipase-
based enzymes had the highest cleaning efficiency and were able to re-
store the surface properties (wettability, roughness, etc.) to their origi-
nal values. Even at lower dosing of 50 ppm, the enzymes were able to
reduce the number of culturable cells in the biofilm by five logs.

In some instances, the use of enzymes alone for cleaning fouled
membranes became more of a liability than improvement. (Rudolph
et al., 2018) investigated the cleaning efficiency of polysaccharide-
degrading and extractive-degrading enzymes on UF membranes used
in the pulp and paper industry. They observed that the membrane per-
meability was lower after enzyme cleaning alone when compared to
rinsing with DI water. Careful examination with SEM showed that the
enzymes became additional foulants on the membrane surface. How-
ever, when the enzyme-cleaned membrane was cleaned with an alka-
line chemical, the permeate flux was restored to the original level.

In general, investigations on the use of enzymes for cleaning fouled
RO membranes are very limited. Further detailed studies need to be
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performed to gain further insights into the underlying mechanisms. It
should also be kept in mind that enzymatic cleaning targets bio and or-
ganic fouling only; therefore, for effective cleaning of RO modules used
in seawater desalination, it should be combined with other cleaning
procedures that address the other fouling types i.e. inorganic scales
and colloidal fouling.

4.3.3. Ultrasonic waves

The application of ultrasonic waves for enhancing permeation
through the membrane has been extensively studied (Zhang et al.,
2019). The underlying mechanism associated with this technique is cav-
itation that refers to the formation of bubbles in liquid, their growth and
implosive collapse. Cavitation results in formation of hot spots in the lig-
uid with extremely high local temperatures and pressures as well as
high velocity microjet streams near the solid surface. The resulting com-
bination of acoustic streaming and shear forces reduces the thickness of
the boundary layer and hence its resistance to diffusion of water,
resulting in an increased mass transfer coefficient and water
permeability.

In addition to permeate flux enhancement, ultrasonic techniques
have also been identified for membrane cleaning (Qasim et al., 2018).
The effectiveness of an energy-efficient method was investigated
using a focused ultrasound beam to produce cavitations for membrane
cleaning. They observed that the membrane performance can be signif-
icantly restored with lower power.

(Feng et al.,, 2006) conducted a study to investigate the impact of on-
line ultrasonic cleaning for a commercial RO membrane that was uti-
lized for the filtration of synthetic solutions representing both organic
(cellulose) and inorganic (CaSO,4, FeCls) foulants present in wastewater
effluents. The findings showed significant increase (50-250%) in per-
meate flux after the cleaning procedure with no compromise on solute
rejection for the different solutions. SEM images confirmed the near
complete removal of the foulants by ultrasound with a surface morphol-
ogy near identical to the original membrane.

The downside with ultrasound cleaning is the vulnerability of mem-
branes to be damaged due to the intense cavitational collapse contin-
gent on the power density, frequency, and the irradiation time of
ultrasound. Zhang et al. conducted a detailed investigation on the
main factors of ultrasonic technology influencing the filtration charac-
teristics of a membrane as well as the influence of ultrasonic waves on
membrane structure. They observed that although the use of ultrasound
improved the membrane permeation yet in some cases membranes
were damaged.

However, the membrane damage depended to a large extent on the
ultrasonic power used. Generally, at low powers, no damage was re-
ported, yet the cleaning efficiency and permeation enhancement were
significant. For instance, Juboori and colleagues (Naji et al., 2020) inves-
tigated the direct application of low-power ultrasound (8-23 W), as an
in-line cleaning and performance boosting technique for Air Gap Mem-
brane Distillation used for treating RO reject streams. They observed a
100% increase in flux for the fouled membranes without any damage
to the membranes.

Another important handicap is from the economy point of view.
Weavers and co-workers (Lamminen et al., 2006) estimated the
power requirement for ultrasound cleaning of DOW Chemical Filmtec
NF270-4040 spiral wound NF membrane module used for processing
~4.5 million gallons of drinking water daily. It was calculated to be
approx. 8.5 MW, that implied an additional cost of 0.45 cents per gallon
of water produced. The operational cost will be further aggravated by
the use of ultrasound transducers such as lead zirconate titanate (PZT)
ceramics that could handle a high power to produce cavitations (Lu
et al., 2009).

Table 3 summarizes the status of the above-mentioned eco-friendly
fouling control/prevention technologies in terms of the level of ad-
vancement. As can be seen from the table, most of the techniques are
still under investigation at the laboratory-scale and/or pilot plant level.
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Table 3
Status of emerging eco-friendly fouling control/prevention strategies with regards to level
of advancement.

Technology & category Current Status

Pretreatment
Microbial-based Pilot-plant testing
Gas purging Laboratory-scale experiments

Electromagnetic field application
Membrane-based

In situ

Quorum sensing

Pilot plant level
Pilot-plant (Park et al. 2016)

Laboratory scale experiments

Membrane cleaning

Lab-scale investigations, pilot plant studies
& field application

Laboratory studies (membrane bioreactor
Experimental stage (cross-flow testing with flat
sheet membranes)

Osmotic backwashing
Enzymatic cleaning 214)

Ultrasonic waves

This is because further investigations and findings are required for
their full-scale integration into an RO plant. Of all these techniques, os-
motic backwashing (OBW) is the only one that has been implemented
in actual plants.

5. Conclusions

Membrane fouling is a major impediment in sustainable desalina-
tion and water reuse by reverse osmosis. Fouling in actual plants is a
very complex phenomenon that involves the synergistic effects of dif-
ferent fouling types on each other. Typical lab-scale fouling studies are
carried out using a specific kind of foulant and are not representative
of the actual conditions in RO plants. Among the fouling control strate-
gies, feed water pretreatment using a sequence of different techniques,
is perhaps the most effective on an industrial scale. However, a combi-
nation of conventional techniques alone is not sufficient to obtain a
feed of good quality and delay fouling. More attention need to be fo-
cused on the integration of emerging and promising technologies such
as nanofiltration, novel biocides and eco-friendly techniques e.g. elec-
tromagnetic fields with the conventional ones. In addition, combina-
tions of individual processes should be selected in such a manner that
they complement each other. For instance, the use of MF/UF mem-
branes for the effective removal of suspended solids should be preceded
by ozonation to increase the content of biodegradable organics and
hence the fouling propensity of the membranes, and followed by BAC
filters to remove the biodegradable organics.

Another strategy, membrane surface modification, has been investi-
gated by many researchers and still remains a promising technique.
However, there remains a big question mark over the scalability of
most of the techniques and their effectiveness and consistency if
scaled-up to the plant level. Another concern is their long-term stability
under conditions of high pressure, variable temperature and continuous
exposure to highly saline water with a complex foulant chemistry. As far
as the antifouling performance is concerned, one can find many success
stories in short-term static bacterial/protein adhesion tests; however,
the surface-modified membranes have generally been found ineffective
in long-term biofouling tests reminiscent of actual plant conditions.

Conventional cleaning with chemicals such as acids, alkalis, chelat-
ing agents and surfactants, is the current practice in industrial RO plants
and no doubt is very effective in performance restoration of the fouled
membranes. Given the inability of the current available physical
cleaning methods in removing irreversibly attached foulants, it is con-
sidered absolutely essential when the permeate flux decline becomes
significant resulting in operational cost increase. However, it has some
major disadvantages, most notably lifetime shortening of membranes,
high costs and environmental hazards. Furthermore, as discussed in
this review, usually the chemicals are unable to completely remove
the inactivated biomass due to obstruction by feed spacers. The
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remaining biomass results in rapid reformation of biofilms necessitating
more frequent cleaning cycles.

Several innovative fouling control and remediation technologies are
discussed in the penultimate section. Findings of studies at the labora-
tory scale are promising; however, none of them are in a ready state
for implementation in actual plants. Further detailed investigations
need to be carried out under varying conditions and with different
types of foulants to develop a sound understanding of the fouling con-
trol mechanisms. Moreover, the feasibility at the pilot-plant level
needs to be explored as the conditions are entirely different from the
lab-scale.

Among the chemical-free cleaning methods, osmotic backwashing
(OBW) appears to be promising as it has shown to be effective against
different fouling types: biofouling, mineral scaling and organic fouling.
In contrast, enzymatic cleaning mainly targets biofouling and has the in-
herent disadvantage of fouling aggravation instead of its mitigation. The
other advantage with OBW is the easiness in scaling-up as it does not re-
quire any extra equipment as is the case with ultrasonic cleaning. How-
ever, once again, the efficacy of this technique needs to be proven at the
pilot scale as one study showed otherwise.

To summarize, the global water situation is bleak and expected to
worsen with the passage of time due to growing freshwater scarcity. Al-
ready, around a billion people do not have access to clean and potable
water and this figure is expected to increase rapidly in the coming
years. Due to their highly-efficient purification capabilities as well as en-
ergy efficiency, membrane processes such as reverse 0smosis are ex-
pected to become more popular compared to other technologies for
water treatment applications. However, there is a pressing need to im-
prove the economics of these techniques to provide sustainable supplies
of clean water at affordable cost throughout the planet, one of the two
greatest challenges of this century (Geise et al.,, 2010).
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