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Abstract: Membrane fouling has been recognized as a serious barrier in microfiltration and ultrafiltration of secondary
effluent. Feed pre-treatment is a frequent use for fouling extenuation. Numerous techniques have been employed to monitor
membrane fouling. These include: Pre-treatment of the feedwater, modification of membrane properties, optimization of module
configuration and operating conditions, periodic membrane cleaning, evaluation of system performance using pilot plant, and use
of predictive models. However, membrane fouling remains complicated task for both technico-economic reasons depending on
water characteristics and pre-treatment processes and efficiencies. The large majority of the membranes employed in water and
wastewater treatment are produced of polymeric materials. Nevertheless, it has been expected that ceramic membranes will be

competitive options in the following years.
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1. Introduction

Through the entire world, water officials are looking for
substitutional water sources to satisfy the augmenting demand
because of augmenting population [1]. It is established that
reusing municipal wastewater will importantly elevate water
availability. As an example, Australian water authorities have
launched several water reuse and seawater desalination
projects. One of these was the raise of the treatment
techniques at a municipal wastewater treatment plant (WWTP)
in Victoria. This WWTP treats sewage upon 4 steps:
preliminary, primary, and secondary treatments followed by
disinfection. A small quantity (< 5%) of the disinfected
secondary effluent is employed as recycled water, mostly for
irrigation and cleaning, and the remaining is discharged to the
ocean. The target of this upgrade was to give the means the
WWTP to produce “Class A” recycled water, which is

appropriate for use in new housing estates, agriculture, and
industry. It would as well assist to decrease flow to the ocean
outfall and aid the WWTP to satisfy progressively more strict
regulatory needs on the quality of discharged water [1].
Microfiltration (MF) and ultrafiltration (UF) of the
secondary effluent to eliminate suspended solids (SS) and
pathogens were viewed as tertiary treatment choices for the
recycled water [2]. A main worry with this effluent was its
brownish yellow color, which may restrict customer readiness
to purchase and reuse the effluent. Thus, the WWTP as well
pursued to decrease the true color (i.e., color after filtration
through a 0.45 um membrane) of the activated sludge (AS)
effluent (which can vary across 65-120 Pt-Co units) by about
75-80%; for this reason, the final effluent would have a true
color of 15-25 Pt-Co units, which looks almost colorless [1].
Membrane processes for the treatment of water and
wastewater have been largely trusted because of their elevated
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quality treated water and inexpensiveness [1]. Nevertheless,
for this technique to be employed efficaciously, membrane
fouling requires to be reduced [3]. Fouling of filtration
membranes conducts to a diminution of water treatability,
requiring process stop, membrane cleaning [4, 5], and more
usual membrane substitution [6].

The fouling process is complicate and affected by numerous
parameters, like feedwater (FW), membrane features, and
working situations [1]. Feed pre-treatment is frequently
applied to decrease membrane fouling [7]. Nevertheless, the
difficulty of the fouling process renders it hard to expect the
efficiency of pre-treatment techniques on fouling diminution
[8]. As an illustration, both useful and unfavorable impacts of
coagulation on membrane fouling have been noticed [9-12].
Moreover, while secondary effluents at some WWTPs have a
brownish yellow color (most probably because of the elevated
content of humic substances (HSs) [13-16]), details
concerning the efficiency of various pretreatment techniques
for color elimination on fouling decrease in MF and UF of
municipal secondary effluent is rare.

Up to now, the large majority of the membranes employed
in water and wastewater treatment are produced of polymeric
materials [1]. Nevertheless, it has been expected that ceramic
membranes will be competitive options in the following ten
years [1, 17, 18]. Former researches on MF and UF of water
and municipal wastewater using ceramic membranes have
been directed on the permeate flux and quality. The impacts of
feed pre-treatments on membrane fouling have attracted little
concern. With the expanding usage of ceramic membranes, it
is helpful to have more developed comprehension of their
fouling comportment in these usages.

2. Classical Municipal Wastewater
Treatment Processes

The treatment of municipal wastewater is usually realized
through four steps: Preliminary, primary, secondary, and
tertiary [1].

2.1. Preliminary Treatment

The goal of this stage is to eliminate large solid particles
and grit from the wastewater to avoid deterioration to the
remaining of the unit operations. This is frequently performed
upon screening [1]. Coarse screens with openings of 6 mm or
bigger are employed to eliminate big solid particles and rags,
while fine screens can be employed to eliminate smaller
particles [19, 20].

2.2. Primary Treatment

Primary treatment is designed to decrease the SS content of
the wastewater and to eliminate floating matters like fat, oil,
and grease [1]. It is frequently performed employing settling
basins (or clarifiers) in which suspended particles heavier than
water settle by gravity upon calm situations and floating
materials are eliminated by skimming. The settling of
particulates may be improved under pre-aeration or chemical

coagulation [20-22].
2.3. Secondary Treatment

This implicates a biological treatment technique in which
microorganisms consume dissolved organic matter (DOM) in
wastewater to grow and reproduce; thus, decreasing the
biological oxygen demand of the wastewater [20]. Secondary
treatment may be performed employing fixed film, suspended,
or lagoon systems [1].

In fixed film systems, microbes grow on fixed objects (such
as rock, sand, or plastic) and are presented continuously to the
wastewater for adsorption of organic material and to the
atmosphere for oxygen [20]. In suspended systems (e.g. AS),
microbes are suspended in wastewater by mixing the
wastewater for many hours after which the biomass is settled
out as sludge in a secondary clarifier [1]. Lagoons are shallow
basins which carry the wastewater for many months to let
natural decomposition of sewage [20].

2.4. Tertiary Treatment

Secondary effluent may hold pollutants (like nitrogen and
phosphorus  species, disinfection by-products, color,
pathogens, metals and salts) at degrees higher than regulatory
needs and thus necessitate more treatment before being
discharged to local waters or recycled [1]. Such treatment
techniques may be physical (such as membrane filtration and
granular media filtration), biological (like oxidation ponds), or
chemical (such as precipitation of phosphorus, iron and
manganese) [19, 20].

3. Membrane Filtration in Water and
Wastewater Treatment

At the present days, a set of membrane processes (MF, UF,
nanofiltration (NF), and reverse osmosis (RO) (Figure 1))
have been employed to treat water and wastewater at several
facilities throughout the world [3]. Illustrations of municipal
WWTPs employing membrane filtration to treat secondary
effluent comprise West Basin Water Recycling Plant in Los
Angeles (California), Chandler Wastewater Reclamation Plant
in Chandler (Arizona), Scottsdale Water Campus in Scottsdale
(Arizona), the NEWater plants in Singapore, and the three
advanced WWTPs at Bundamba (Luggage Point), and Gibson
Island of the Western Corridor recycled water project in
Queensland, Australia. In these treatment plants, MF or UF is
employed as a pre-treatment for NF or RO [1].

There has been increasing attention in the incorporation of
membrane techniques into present water and WWTPs for
different causes [1], like to satisfy more strict regulatory needs
for reuse and discharge and/or elevate plant capacity [23]. The
benefits of membrane filtration upon classical filtration
employing granular media comprise superior quality of
treated water, small size, low energy consumption, easier
maintenance and capacity extension, and the capacity of
manipulating large variations in FW quality [24].
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Figure 1. RO membranes for drinking water purification [3].

MF and UF membranes have also been largely employed in
membrane bioreactors (MBRs) [25, 26]. In MBRs, the AS
process and membrane filtration are employed in incorporation
to attain biological treatment and solids/liquid separation [27].
Since the attention of this survey is on membrane fouling in MF
and UF of secondary effluent, membrane fouling in MBRs will
be shortly examined in this literature review [1].

3.1. Membrane Categorization

Membranes are frequently classified following their pore
size, the molecular weight (MW) of the rejected material, the
applied pressure, and their water affinity [1]. The pore size,
MW cut-off (MWCO), and operating pressure of the four
various types of membranes are listed in Table 1.

Table 1. Some features of various membrane types [23].

MF UF NF RO
MWCO (Da) > 100,000 >2,000-100,000 300-1000 100-200
Pore size (pm) 0.1-10 0.01-0.1 0.001-0.01 <0.001
Operating pressure (psi) 1-30 3-80 70-220 800-1200
Operating pressure (kPa) (7-207) (20-550) (480-1500) (5500-8250)

MF membranes are efficient to eliminate SS, certain
protozoan cysts (such as the pathogens Giardia and
Cryptosporidium), and bacteria (3-6 log removal) [1]. UF may
eliminate certain colloidal particles, dissolved
macromolecules, and certain viruses. NF and RO membranes
are able to eliminate dissolved solids (comprising ions) [28];
the separation capacity of NF membranes is comprised
between that of UF and RO membranes [29-32]. MF and UF
are performed at much lower transmembrane pressure (TMP)
than NF and RO and thus are frequently named low pressure
membrane filtration [33].

According to separation mechanism, filtration membranes
may be classified as either dense (NF and RO membranes) or
microporous (MF and UF membranes) [1, 8, 34]. The
separation mechanism of MF and UF membranes is size
exclusion (or sieving), i.e., components larger than the pore
size are blocked from penetrating across the membrane [35,

36]. For NF and RO membranes, in addition to size exclusion,
separation as well depends on the big gaps in the solubility and
diffusion rates of water and solutes [37]. The much slower
diffusion rate of solutes than water through the membranes
lets the generation of a solute-free permeate stream [23, 38].
Following water affinity, membranes can be classified into
two groups: to be specific hydrophobic membranes and
hydrophilic membranes [10, 34, 39].

3.2. Membrane Matters and Constructions

Membranes may possess symmetric or asymmetric
constructions [1]. Symmetric microporous membranes are
cast from one matter and their pore size may be either uniform
(isotropic) or diverse (anisotropic). For anisotropic
membranes, the surface possessing the smaller pore size is
employed as the filtering surface. Integral asymmetric
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membranes (or “skinned” membranes) are composed of a very
thin (< 1 pm) layer (skin) and a thicker (up to 100 um) porous
layer that provides support and is capable of elevated water
flux. A more modern advance is thin-film composite
membranes, produced by bonding a thin layer of cellulose
acetate, polyamide or other acetate-containing constituents to
a thicker porous substrate [23].

Filtration membranes obtainable on the market are formed
from a various collection of matters, which may be organic or
inorganic. The most largely employed organic materials
comprise polyvinylidene fluoride (PVDF), polysulfone (PS),
polyethersulfone (PES), polyacrylonitrile, polypropylene,
cellulose acetate, polyamide, and polytetrafluoroethylene [1].
PS and PES have been largely employed as the fundamental
matter for the great number of trade membranes employed in
water treatment plants in some countries like the United States
[9]. Each membrane matter possesses its benefits and
drawbacks in term of costs, thermal stability, chemical
resistance, and biodegradability [23, 29].

Polymeric MF membranes may be formed from
polytetrafluoroethylene, PVDF, polypropylene, polyethylene,
cellulose esters, polycarbonate, PS, PES, polyimide, poly
(ether imide), aliphatic polyamide, and polyetheretherketone
[40]. The first four polymers are hydrophobic while the others
are hydrophilic [34]. Various from MF membranes, which
may be symmetric or asymmetric, UF, NF and RO membranes
usually possess an asymmetric construction with a much
denser top layer and thus need a bigger applied pressure to
prevail over their higher membrane hydraulic resistance [1].
UF membranes are mostly produced from PS, PES, sulfonated
PS, PVDF, PAN (and linked block-copolymers), cellulosics
(e.g., cellulose acetate), aliphatic polyamide, poly (ether
imide), and polyetheretherketone. Exemplary matters
employed in the generation of RO membranes comprise
cellulose esters (nearly frequently cellulose diacetate and
cellulose triacetate), aromatic polyamide, and
polybenzimidazoles [34].

Ceramic membranes are as well obtainable. The great
number of ceramic membranes are produced from aluminum
oxide (alumina, Al,Os), titanium oxide (titania, TiO,), and
zirconium oxide (zirconia, ZrO,) [1]. Ceramic membranes

usually possess better thermal, chemical, and mechanical
resistances, and longer service life than their polymeric
counterparts (up to 15 years in comparison with 3-5 years) [41,
42]. Nevertheless, they need cautious working since the matter
is breakable. Different from the polymeric membranes, the
elevated thermal and chemical resistances of ceramic
membranes render it easy to clean the fouled membranes at
elevated temperatures [43] and with elevated contents of
cleaning agents; as a consequence, total flux recuperation may
be attained with easy chemical cleaning [44-46] with a lower
hazard of membrane deterioration. The elevated chemical
resistance as well lets ceramic membranes to treat ozonated
water without being deteriorated by elevated residual ozone
contents [47]. An additional benefit of ceramic membranes
comparatively with polymeric membranes is their higher
operating fluxes [42]. Moreover, with ceramic membranes it is
easy to integrate oxidation processes, like UV irradiation, with
filtration to eliminate pollutants in water and wastewater. In
such uses, titanium oxide plays the role of a photocatalyst
which launches the oxidation of pollutants [48]. Ceramic
membranes have been largely employed in the food, beverage,
and dairy industries and in the treatment of industrial
wastewater [49, 50]. Nevertheless, since they are more costly
than polymeric membranes, their application in water and
municipal wastewater treatment is until now rather restricted.
It is important to note here that they have been largely
employed in Japan for the treatment of drinking water. Lately,
reducing price has conducted to a rising attentiveness in the
usage of ceramic membranes in the water industry [1, 42, 51,
52].

3.3. Membrane Arrangements

Membrane organization (or design) and the manner IN
which the single membranes are accommodated to form
modules are extremely crucial parameters influencing the
global process efficiency [1]. Frequent membrane
arrangements in wastewater treatment comprise
plate-and-frame, spiral-wound cylinder, hollow-fiber, tubular,
and rotating flat-plate [29] (Table 2).

Table 2. Usual membrane arrangements in WWTPs [29].

Membrane organizations in WWTPs

This configuration is composed of a series of flat membrane sheets and support plates. Several membrane sheets are attached to a

Plate-and-frame
configuration
and parallel to the cartridges [23].

Spiral-wound

support plate on both sides, constituting a membrane cartridge. These cartridges are usually hold in a container (cassette) in which they
are slid into grooves for support. The cartridges are usually arranged 10 mm away from each other. FW is filtered as it flows between

This configuration is composed of numerous flat membrane sheets, each of which is closed on three sides and the open side is glued to
a perforated plastic collection tube. A flexible permeate spacer is placed between two successive membrane sheets [53, 54]. Flow

In this geometry, millions of fibers are coiled into a U-shape and the extremities are potted into a special epoxy resin which acts as a
tube sheet [20]. The prioritized direction of water flow in hollow-fiber systems is “outside in” (the FW enters the fibers from the fiber

immersed (as in MBRs) or contained in pressure vessels, which isolate the FW and the permeate. With its elevated packing densities

In this geometry, the membranes are cast on a support tube which is hold in a pressure vessel. Membranes of this configuration are

ti . .. L.

configuration through the spiral-wound configuration is outside-in [29].

Hollow-fiber external wall and the permeate flows inside the fiber lumen and is collected at the fiber extremity. This geometry may be either

configuration
and low pressure needs, which tend to conduct to low life-cycle cost, this geometry has the capacity to become the most frequent
membrane configuration for big municipal wastewater treatment facilities [23].

Tubular

configuration

frequently ceramic run in cross-flow mode where the FW flows axially within the tube, while the permeate flows radially through the
porous structure of the tube wall. The permeate is collected outside the tube while the concentrate continues to flow through it [23].
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Dead-end filtration using monolith type tubular membranes has also been practiced [42, 52].

3.4. Working Ways of Membrane Processes

Membrane filters may be used in either dead-end or
cross-flow mode, as shown in Figure 2 [34]. In the “dead-end”
way, the pressure pushing the liquid flow is exercised
perpendicularly to the membrane surface. In cross-flow
filtration, the FW is pushed to flow at fairly elevated velocity

in the direction tangential to the membrane surface [1]. A thin
cake layer may generate because of the deposition of the
solutes in the FW on the membrane. Elevated liquid velocity is
employed to clean away some of the rejected materials from
the cake layer, avoiding it from building up and thus
decreasing fouling [34].

Feedwater
|+ l l l l l —= Retentate
Feedwater —{=
L - Membrane Membrane —/
Permeate Permeate
@ (b)

Figure 2. Schematic presentations of (a) dead-end mode and (b) cross-flow mode [34].

Filtration may be worked in either constant-pressure way or
constant-flux way [55]. Constant-flux mode needs varying the
applied pressure to keep a fixed permeate flux [1].

3.5. FW for Membrane Processes for Water Reuse

In WWTPs, the FW for membrane processes is frequently

secondary effluent. The organic tenor of this effluent is usually
called effluent organic matter (EfOM), which holds different
complicate and heterogeneous constituents [1]. EfOM may be
categorized into three various groups following their origins
[56] (Table 3).

Table 3. Three groups of EfOM according to their origin [56].

EfOM’s groups following their origins

Refractory natural organic matter (NOM)

Synthetic organic compounds
4 g P wastewater treatment.

This group originates from potable water [57].
This group is produced through domestic usage and disinfection by-products generated upon water and

This group is extracted from the biological processes of wastewater treatment. Constituents in SMP comprise

Soluble microbial products (SMP)

polysaccharides, proteins, aminosugars, nucleic acids, extracellular enzymes, antibiotics, steroids, and
structural components of cells [58].

To decrease membrane fouling, the secondary effluent is
frequently pre-treated to eliminate the foulants. The most
efficient pre-treatment technique depends on the features of
the secondary effluent [1].

Distinct from MF and UF of secondary effluent, in which
the FW holds EfOM and a relatively small tenor of SS (usually
< 25 mg/L), the feed to the filtration process in MBRs is a
mixed liquor containing [27, 59, 60]:

1) The AS (mixed liquor SSs) with elevated degrees of SS

(3000-31000 mg/L [61]),

2) Bound extracellular polymeric substances (EPS)
(composed of polysaccharides, proteins, nucleic acids,
lipids and humic acids (HAs) [62] which adhere to the
surface of microbial cells in the sludge), and

3) Colloidal and soluble organic matter, including soluble
EPS (SMP, originating from substrate metabolism of
micro-organisms) [1, 63].

4. Membrane Fouling and Parameters
Influencing Fouling

Membrane fouling may be described as the build-up of
pollutants on the membrane which results in an augmentation
in the TMP need (in constant-flux filtration) or a decrease in
the permeate flux across the membrane (in constant-pressure
operation) [1]. It may happen at the surface (macro-fouling) or
inside the pore (pore fouling or micro-fouling) [64].

There are several manners in which a membrane is fouled,
comprising [65, 66]:

1) Deposition of particulates and SSs on the membrane
(particulate fouling). This kind of fouling may be minimized
upon membrane backwashing and/or air scrubbing;

2) Precipitation of DOM on the membrane surface or in
membrane pores (organic fouling);

3) Aggregation of biological growth in the system and/or its
fixation to the membrane (biofouling) [67]. EPS formed
by the fixed microorganisms may constitute a viscous
slimy gel, which delay the permeate flow;

4) Physical or chemical reactions between certain
constituents of the FW and the membrane surface [1].

The principal source of fouling of MF and UF membranes is
organic fouling [68], following from the aggregation of DOM
in the FW in the membrane pores or on the membrane surface
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[69]. Biofouling can happen in long-term working. Membrane
fouling in MBRs is more difficult than that in MF and UF of
secondary effluent, because of the existence of AS and linked
EPS in the mixed liquor [1, 27].

Fouling is ordinarily categorized as reversible and
irreversible fouling [70]. Foulants in hydraulically reversible
fouling usually appear as a cake layer on the membrane
surface and can be eliminated by hydraulic cleaning like
backwashing the membrane with the permeate. Irreversible
fouling is likely generated by the adsorption or pore plugging
of solutes in and within the membrane pores [71]. Chemically
irreversible fouling is the proportion of fouling that cannot be
eliminated by chemical cleaning of the membrane [1].

The quality and level of fouling are influenced by reciprocal
actions of numerous parameters, comprising the features of
the FW and the membranes, membrane geometry, and

working situations [1].
4.1. Effect of FW Content

DOM, inorganic matters (e.g., silica, alumino-silicates, iron,
and aluminium), SS, and microorganisms (bacteria and fungi)
are possible foulants in membrane filtration of surface water
and wastewater [1, 72].

The fouling capacity of DOM is determined by solution
chemistry, membrane features, and working situations [73].
FWs with higher DOM levels do not every time produce more
serious fouling, showing that several organic portions have a
more elevated fouling capacity than others [23, 74].
Nevertheless, there have been differences of opinion
concerning which constituent is mostly important for
membrane fouling (Table 4) [1].

Table 4. Three fractions of EfOM following their interaction with water [1].

EfOM’s portions following their interaction with water

HSs, the main constituent of NOM, are mostly hydrophobic and usually classified into three portions: HA, fulvic acid (FA), and humin.
HA and FA are anionic polyelectrolytes with negatively charged carboxyl (COOH), methoxyl carbonyl (C=0), and phenolic hydroxyl

Hydrophobic

and alcoholic hydroxyl (OH) functional groups. HA is not soluble in water at pH under 2 but begins to be soluble at more elevated pH.
FA is water soluble while humin is water insoluble at all pH values [75]. HA carries fewer carboxylic and hydroxyl functional groups and

is more hydrophobic than FA. The MW of aquatic HA is between 2000 Da and 5000 Da while MW of FA is usually less than 2000 Da.
HA is thus considered to be colloidal. There are more color centers on HA molecules than on FA molecules [76, 77].
Several scientists studied the fouling capacities of the portions derived from bulk NOM and EfOM solutions (employing resin

Hydrophilic

fractionation) and observed that the hydrophilic (non-humic) constituents, which carried polysaccharide-like and protein-like constituents,
were the main foulants in membrane filtration [78-80]. Researchers [81] proposed that these foulants have their origin from SMP

produced through the biological processes of wastewater treatment.
Fan et al. [82] classified the fouling capacity of NOM portions on hydrophobic PVDF MF membranes as hydrophilic neutral >

Transphilic

hydrophobic acids > transphilic acids > hydrophilic charged. These results were confirmed by more recent investigations which analyzed
the feeds and the permeates in dead-end UF of EfOM with size exclusion chromatography with organic carbon detection and observed

that the constituents kept by the membranes were protein-like and polysaccharide-like constituents [83-85].

However, different scientists detected that the hydrophobic
portion of DOM (mainly HS) was the most significant
constituent playing a part in fouling [86, 87]. The elevated
aromaticity, adsorptive capacity, hydrophobicity, and elevated
MW of HA were suggested to be in charge of its more
increased trend to deposit on membrane surface [71, 88].
Researchers [89] examined the fouling of UF membranes and
established that the HA portion was in charge of irreversible
pore adsorption and plugging, while FA and the hydrophilic
NOM produced a smaller and mainly reversible flux decline.
Other scientists [90] as well mentioned that HA was a crucial
foulant in MF and UF. Kim and Dempsey [91] observed that
organic acids (which possibly carried HA, as shown by their
elevated UVA,s4), fouled MF and UF membranes more
seriously than any other constituents (comprising colloidal
organic matter and hydrophilic bases/neutrals) in a municipal
wastewater [1]. The paradoxical conclusions shown previously
may be affected to gaps in water sources and membrane
features. They as well establish the necessity for distinguishing
the foulants for a specified wastewater and membrane type [92,
93].

The existence of inorganic solids in the FW was observed to
influence the fouling comportments of organic matters [94].
Inorganic particles like clay minerals participated with organic
constituents to adsorb onto the membrane surface or in the

pores [1]. Moreover, the elevated surface area of clay minerals
might favor the adsorption of DOM on the inorganic layer.
This process may possess fundamental impact on fouling
features. It may conduct to improved deposition of inorganic
solids on the membrane and a decrease in the sorption of
DOM onto the membrane, which augments membrane
permeability [71].

Until now, the most important part of the researches into the
characterization of the foulants has been performed in
dead-end filtration mode employing polymeric membranes.
Obviously, it may be concluded that the constituents of the
DOM in charge of fouling in dead-end filtration would as well
be the membrane foulants in cross-flow filtration with ceramic
membranes. Earlier researches, nevertheless, have not tried to
confirm this conclusion, specifically with municipal
secondary effluents. Data concerning the performance of feed
pre-treatments on fouling decrease in cross-flow MF and UF
of municipal wastewater with ceramic membranes is as well
rare [1].

4.2. Effect of Solution Chemistry

Solution chemistry (pH, ionic strength, content of
multivalent cations, and water hardness) was established to
participate importantly to the nature and extent of fouling [95,
96]. It significantly influences the construction and hydraulic
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resistance of the foulant layer through monitoring the charge
and arrangement of organic macromolecules [97]. It was
detected that HS are inclined to assemble more at low pH and
elevated multivalent cation (specifically Ca®") levels [1]. At
neutral pH and low ionic strength, the molecules are inclined
to dilate to more linear forms [98].

Numerous researches observed that membrane fouling by
NOM was augmented in solutions of low pH, elevated ionic
strength and elevated divalent cation content [99]. This
process may be interpreted by variations in intra- and
inter-molecular electrostatic mutual actions between organic
molecules; specifically those carrying negatively charged
functional groups like carboxylic, phenolic and carbonyl [1].
It is suggested that augmenting ionic content shielded the
charges on solute molecules and assisted their coiling and
agglomeration, which conducted to the aggregation of these
molecules on the membrane surface [71].

4.3. Effect of Membrane Features

Membrane features like MWCO, pore size, surface charge
and hydrophobicity/hydrophilicity are crucial parameters
influencing the rejection, types of kept solutes, rate of flux
decline, and fouling stages [1].

Electrostatic repulsion and hydrophobic attraction are the
two main forces monitoring the mutual action between
NOM/EfOM and membranes in MF and UF [1]. Electrostatic
repulsion between DOM and the membrane surface is the
consequence of the likeness in the surface charge of these two
constituents. In the pH interval of typical natural water and
wastewater (pH 5-8), most membranes and DOM constituents
hold net negative surface charges, and thus DOM and
membranes are inclined to electrostatically repel each other
[100]. For this explanation, researchers [101] proposed that
membranes with negatively charged surfaces must be chosen
to decrease fouling provoked by DOM.

4.4. Effect of Membrane Geometry

Membrane geometry is an important parameter influencing
the efficiency of the filtration process [1]. Geometries that are
simple to clean and generate elevated turbulence in the water
flow are better in reducing fouling. Elevated turbulence
enhances mass transfer on the feed side and thus diminishes
the aggregation of matter near the membrane surface.
Additional selection criteria for good membrane geometry
comprise [29]: (1) High membrane area to module bulk
volume ratio, (2) Easy to modularize, (3) Low cost per unit
membrane area, and (4) Low energy consumption per unit
volume of treated water.

4.5. Effect of Working Situations

Working in “dead-end” mode is disposed to conduct to
quick fouling because of the speedy formation of a cake layer
of kept matters. In cross-flow procedure, the generation of the
cake layer is decelerated by the high-velocity liquid flow [1].
Working parameters like applied pressure, cross-flow velocity,
and backwash frequency as well importantly influence the

ratio and size of fouling [102-104]. The starting flux in MF
and UF as well influences the significance of flux decrease. It
has been observed that working at more elevated fluxes
conducted to quicker fouling [105].

5. Resistances in Membrane Filtration
and Fouling Models

The global hydraulic resistance in membrane filtration
comprises resistances applied by the membrane, pore blocking,
pore adsorption, the cake layer, and by concentration
polarization [106]. The membrane hydraulic resistance is a
membrane constant and is independent of the feed
composition and applied pressure. Pore blocking may happen
in porous membranes, when solutes of the same size as the
membrane pore block the pore entrance [1]. Adsorption of
solute molecules on the membrane surface or within
membrane pores, if it happens, as well participates to the total
resistance [34]. Cake formation happens when the feed holds
particles bigger than the membrane pores. Pore blocking, pore
adsorption, and cake formation are seen as the three
mechanisms of membrane fouling formed by DOM, while
concentration polarization, even if generating flux decrease, is
not viewed as a fouling mechanism [107].

6. Fouling Extenuation

Numerous techniques have been employed to monitor
membrane fouling [1]. These include [1]:

1) Pre-treatment of the FW,

2) Modification of membrane properties [108],

3) Optimization of module configuration and operating

conditions,

4) Periodic membrane cleaning,

5) Evaluation of system performance using pilot plant, and

6) Use of predictive models [109].

Secondary effluent is frequently pre-treated to decrease
membrane fouling and/or enhance the permeate quality before
being passed to MF or UF processes [1]. Convenient
pre-treatment techniques are chosen following the
constituents to be eliminated and the level of their elimination.
Frequent pre-treatment techniques for MF and UF comprise
[23, 110, 111]:

1) Coagulation (habitually with lime, alum, or ferric salts)

and flocculation [112-120],

2) Adsorption (most frequently employed material is

powdered activated carbon (PAC)),

3) Pre-oxidation (utilizing ozone) [121],

4) Pre-filtration (employing large pore size membranes,

granular media, filter cloth, etc.).

Practically, these processes [1] may be used in integration,
as an illustration, coagulation followed by pre-filtration,
coagulation followed by adsorption with PAC [122, 123], and
ozonation followed by coagulation [124].

7. Conclusions
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The main points drawn from this review are listed as below:

Membrane processes for the treatment of water and
wastewater have been largely trusted because of their elevated
quality treated water and inexpensiveness. Nevertheless, for
this technique to be employed efficaciously, membrane
fouling requires to be reduced. Fouling of (filtration
membranes conducts to a diminution of water treatability,
requiring process stop, membrane cleaning, and more usual
membrane substitution.

The fouling process is complicate and affected by numerous
parameters, like FW, membrane features, and working
situations. Feed pre-treatment is frequently applied to
decrease membrane fouling. Nevertheless, the difficulty of the
fouling process renders it hard to expect the efficiency of
pre-treatment techniques on fouling diminution. Both useful
and unfavorable impacts of coagulation on membrane fouling
have been noticed.

Up to now, the large majority of the membranes employed in
water and wastewater treatment are produced of polymeric
materials. Nevertheless, it has been expected that ceramic
membranes will be competitive options in the following years.

Numerous techniques have been employed to monitor
membrane fouling. These include: Pre-treatment of the FW,
modification of membrane properties, optimization of module
configuration and operating conditions, periodic membrane
cleaning, evaluation of system performance using pilot plant,
and use of predictive models. However, membrane fouling
remains complicated task for both technico-economic reasons
depending on water characteristics and pre-treatment
processes and efficiencies.

List of Abbreviations

AS Activated sludge

DOM Dissolved organic matter
EfOM Effluent organic matter
EPS Extracellular polymeric substances
FA Fulvic acid

FwW Feedwater

HA Humic acid

HS Humic substance

MBR Membrane bioreactor

MF Microfiltration

MW Molecular weight

MWCO MW cut-off

NF Nanofiltration

NOM Natural organic matter
PAC Powdered activated carbon
PES Polyethersulfone

PS Polysulfone

PVDF Polyvinylidene fluoride
RO Reverse osmosis

SMP Soluble microbial products

SS Suspended solids

TMP Transmembrane pressure
WWTP Wastewater treatment plant
UF Ultrafiltration

References

(1]

(2]

(4]

(3]

(6]

[12]

[13]

[14]

S. T. Nguyen, Mitigation of membrane fouling in
microfiltration and ultrafiltration of activated sludge effluent
for water reuse, PhD Thesis, RMIT University, Melbourne,
Australia, December 2012.

Kennedy, MD, Kamanyi, J, Heijman, BGJ, Amy, G 2008,
‘Colloidal organic matter fouling of UF membranes: role of NOM
composition & size’, Desalination, vol. 220, pp. 200-13.

Xiang, Y 2016, ‘Understanding membrane fouling mechanisms
through computational simulations’, PhD Thesis, George
Washington University, Washington.

Blandin, G, Vervoort, H, Le-Clech, P, Verliefde, ARD 2016,
‘Fouling and cleaning of high permeability forward osmosis
membranes’, Journal of Water Process Engineering, vol. 9, pp.
161-9.

You, M, Wang, P, Xu, M, Yuan, T, Meng, J 2016, ‘Fouling
resistance and cleaning efficiency of stimuli-responsive reverse
osmosis (RO) membranes’, Polymer, vol. 103, pp. 457-67.

Al-Amoudi, AS 2010, ‘Factors affecting natural organic matter
(NOM) and scaling fouling in NF membranes: A review’,
Desalination, vol. 259, pp. 1-0.

Huang, W, Chu, H, Dong, B 2012, ‘Characteristics of algogenic
organic matter generated under different nutrient conditions
and subsequent impact on microfiltration membrane fouling’,
Desalination, vol. 293, 104-11.

Qu, F, Liang, H, Tian, J, Yu, H, Chen, Z, Li, G 2012,
‘Ultrafiltration (UF) membrane fouling caused by cyanobateria:
Fouling effects of cells and extracellular organics matter
(EOM)Y’, Desalination, vol. 293, pp. 30-7.

Adham, S, Chiu, K-P, Lehman, G, Howe, K, Marwah, A,
Mysore, C, Clouet, J, Do-Quang, Z & Cagnard, O 2006,
Optimization of Membrane Treatment for Direct and Clarified
Water Filtration, AWWA Research Foundation.

Kim, JO, Jung, JT, Yeom, IT, Aoh, GH 2006, ‘Electric fields
treatment for the reduction of membrane fouling, the
inactivation of bacteria and the enhancement of particle
coagulation’, Desalination, vol. 202, pp. 31-7.

Maartens, A, Swart, P, Jacobs, EP 1999, ‘Feed-water
pretreatment: methods to reduce membrane fouling by natural

organic matter’, Journal of Membrane Science, vol. 163, pp.
51-62.

Dixon, M, Staaks, C, Fabris, Vimonses, V, Chow, CWK,
Panglisch, S, van Leeuwen, JA, Drikas, M 2013, ‘The impact
of optimised coagulation on membrane fouling for
coagulation/ultrafiltration process’, Desalination and Water
Treatment, vol. 51, pp. 2718-25.

D. Ghernaout, B. Ghernaout, A. Saiba, A. Boucherit, A. Kellil,
Removal of humic acids by continuous electromagnetic
treatment followed by electrocoagulation in batch using
aluminium electrodes, Desalination 239 (2009) 295-308.

D. Ghernaout, B. Ghernaout, A. Boucherit, M. W. Naceur, A.
Khelifa, A. Kellil, Study on mechanism of electrocoagulation
with iron electrodes in idealised conditions and
electrocoagulation of humic acids solution in batch using
aluminium electrodes, Desalin. Water Treat. 8 (2009) 91-99.



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[30]

31]

American Journal of Chemical Engineering 2018; 2(1): 25-36 33

D. Ghernaout, A. Mariche, B. Ghernaout, A. Kellil,
Electromagnetic treatment-bi-electrocoagulation of humic acid
in continuous mode using response surface method for its
optimization and application on two surface waters, Desalin.
Water Treat. 22 (2010) 311-29.

D. Ghernaout, S. Irki, A. Boucherit, Removal of Cu?* and Cd*",
and humic acid and phenol by electrocoagulation using iron
electrodes, Desalin. Water Treat. 52 (2014) 3256-70.

Zhu, H, Wen, X, Huang, X 2012, ‘Characterization of
membrane fouling in a microfiltration ceramic membrane
system treating secondary effluent’, Desalination, vol. 284, pp.
324-31.

Chen, D, Weavers, LK, Harold W. Walker, HW, Lenhart, JJ
2006, ‘Ultrasonic control of ceramic membrane fouling caused
by natural organic matter and silica particles’, Journal of
Membrane Science, vol. 276, pp. 135-44.

Rowe, D & Abdel-Magid, IM 1995, Handbook of Wastewater
Reclamation and Reuse, 1 Ed., CRC Press, New York.

Vesilind, AP (Ed.) 2003, Wastewater Treatment Plant Design,
1** Ed., Water Environment Federation, USA.

Yu, W, Qu, J, Gregory, J 2015, ‘Pre-coagulation on the
submerged membrane fouling in nano-scale: Effect of
sedimentation process’, Chemical Engineering Journal, vol.
262, pp. 676-82.

Yu, W, Graham, N, Liu, H, Li, H, Qu, J 2013, ‘Membrane
fouling by Fe-Humic cake layers in nano-scale: Effect of in-situ
formed Fe (III) coagulant’, Journal of Membrane Science, vol.
431, pp. 47-54.

Water Environment Federation, 2006, ‘Membrane Systems for
Wastewater Treatment’, 1 Ed., McGraw-Hill, USA.

Clever, M, Jordt, F, Knauf, R, Rébiger, N, Riidebusch, M &
Hilker-Scheibel, R 2000, Process water production from river
water by ultrafiltration and reverse osmosis', Desalination, vol.
131, no. 1, pp. 325-36.

Sui, P, Wen, X, Huang, X 2008, ‘Feasibility of employing
ultrasound for on-line membrane fouling control in an
anaerobic membrane bioreactor’, Desalination, vol. 219, pp.
203-13.

Cerén-Vivas, A, Morgan-Sagastume, JM, Noyola, A 2012,
‘Intermittent filtration and gas bubbling for fouling reduction in
anaerobic membrane bioreactors’, Journal of Membrane
Science, vol. 423-424, pp. 136-42.

Le-Clech, P, Chen, V, Fane, AG 2006, 'Review: Fouling in
membrane bioreactors used in wastewater treatment', Journal
of Membrane Science, vol. 284, no. 1-2, pp. 17-53.

Contreras, AE, Kim, A, Li, Q 2009, ‘Combined fouling of
nanofiltration membranes: Mechanisms and effect of organic
matter’, Journal of Membrane Science, vol. 327, pp. 87-95.

Stephenson, T, Judd, S, Jefferson, B, Brindle, K 2000,
‘Membrane Bioreactors for Wastewater Treatment’, TWA
Publishing, London, UK.

Teixeira, MR, Sousa, VS 2013, ‘Fouling of nanofiltration
membrane: Effects of NOM molecular weight and
microcystins’, Desalination, vol. 315, pp. 149-55.

Gautam, AK, Menkhaus, TJ 2014, ‘Performance evaluation and
fouling analysis for reverse osmosis and nanofiltration membranes

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[43]

during processing of lignocellulosic biomass hydrolysate’, Journal
of Membrane Science, vol. 451, pp. 252-65.

Li, Q, Elimelech, M 2006, ‘Synergistic effects in combined
fouling of a loose nanofiltration membrane by colloidal
materials and natural organic matter’, Journal of Membrane
Science, vol. 278, pp. 72-82.

Lee, S, Cho, J, Elimelech, M 2005, ‘Combined influence of
natural organic matter (NOM) and colloidal particles on
nanofiltration membrane fouling’, Journal of Membrane
Science, vol. 262, pp. 27-41.

Mulder, M 1996, Basic Principles of Membrane Technology, 2™
Ed., Kluwer Academic Publishers, Dordrecht, The Netherlands.

Huang, X, Leal, M, Li, Q 2008, ‘Degradation of natural organic
matter by TiO, photocatalytic oxidation and its effect on
fouling of low-pressure membranes’, Water Research, vol. 42,
pp. 1142-50.

Heng, L, Yanling, Y, Weijia, G, Xing, L, Guibai, L 2008,
‘Effect of pretreatment by permanganate/chlorine on algae
fouling control for ultrafiltration (UF) membrane system’,
Desalination, vol. 222, pp. 74-80.

Antony, A, Subhi, N, Henderson, RK, Khan, SJ, Stuetz, RM,
Le-Clech, P, Chen, V, Leslie, G 2012, ‘Comparison of reverse
osmosis membrane fouling profiles from Australian water
recycling plants’, Journal of Membrane Science, vol. 407-408,
pp. 8-16.

Bellona, C, Drewes, JE, Xua, P & Amy, G 2004, 'Factors
affecting the rejection of organic solutes during NF/RO
treatment - a literature review', Water Research, vol. 38, no. 12,
pp. 2795-809.

Li, Q, Xu, Z, Pinnau, I 2007, Fouling of reverse osmosis
membranes by biopolymers in wastewater secondary effluent:
Role of membrane surface properties and initial permeate flux,
Journal of Membrane Science, vol. 290, pp. 173-81.

Chae, SR, Yamamura, H, Ikeda, K, Watanabe, Y 2008,
‘Comparison of fouling characteristics of two different
poly-vinylidene fluoride microfiltration membranes in a
pilot-scale  drinking water treatment system using
pre-coagulation/sedimentation, sand filtration, and
chlorination’, Water Research, vol. 42, pp. 2029-42.

Owen, G, Bandi, M, Howell, JA & Churchouse, SJ 1995,
'Economic assessment of membrane processes for water and
waste water treatment', Journal of Membrane Science, vol. 102,
no. 1-2, pp. 77-91.

Heijman, SGJ & Bakker, S 2007, ‘Ceramic microfiltration as
the first treatment step in surface water treatment (report to the
European Commission)’, TECHNEAU, Europe.

Jin, X, Jawor, A, Kim, S, Hoek, EMV 2009, ‘Effects of feed
water temperature on separation performance and organic
fouling of brackish water RO membranes’, Desalination, vol.
239, pp. 346-59.

Bottino, A, Capannelli, C, Borghi, AD, Colombino, M & Conio,
O 2001, 'Water treatment for drinking purpose: ceramic
microfiltration application', Desalination, vol. 141, no. 1-3, pp.
75-9.

Ning, RY, Troyer, TL, Tominello, RS 2005, ‘Chemical control
of colloidal fouling of reverse osmosis systems’, Desalination,
vol. 172, pp. 1-6.



34

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[58]

[59]

Djamel Ghernaout ef al.: Water Reuse: Extenuating Membrane Fouling in Membrane Processes

Babel, S, Takizawa, S 2011, ‘Chemical pretreatment for
reduction of membrane fouling caused by algae’, Desalination,
vol. 274, pp. 171-6.

Schlichter, B, Mavrov, V & Chmiel, H 2004, 'Study of a hybrid
process combining ozonation and microfiltration/ultrafiltration
for drinking water production from surface water', Desalination,
vol. 168, no. 1-3, pp. 307-17.

Djafer, L, Ayral, A & Ouagued, A 2010, 'Robust synthesis and
performance of a titania-based ultrafiltration membrane with
photocatalytic properties', Separation and Purification
Technology, vol. 75, no. 2, pp. 198-203.

Daufin, G, Escudier, J-P, Carrére, H, Bérot, S, Fillaudeau, L &
Decloux, M 2001, 'Recent and emerging applications of
membrane processes in the food and dairy industry', Trans
IChemE, vol. 79, no. 2, pp. 89-102.

Finley, J 2005, 'Ceramic membranes: a robust filtration
alternative', Filtration & Separation, vol. 42, no. 9, pp. 34-7.

Ciora, RJ & Liu, PKT 2003, 'Ceramic membranes for
environmental related applications', Fluid/Particle Separation
Journal, vol. 15, no. 1, pp. 51-60.

Mueller, U & Witte, M 2008, Ceramic membrane applications
for filter backwash water treatment (report to the European
Commission), TECHNEAU, Germany.

Park, HG, Cho, SG, Kim, KJ, Kwon, YN 2016, ‘Effect of feed
spacer thickness on the fouling behavior in reverse osmosis
process — A pilot scale study’, Desalination, vol. 379, pp.
155-63.

Park, M, Lee, J, Boo, C, Hong, C, Snyder, SA, Kim, JH 2013,
‘Modeling of colloidal fouling in forward osmosis membrane:
Effects of reverse draw solution permeation’, Desalination, vol.
314, pp. 115-23.

Howell, JA, Arnot, TC, Chua, HC, Godino, P, Hatziantoniou, D
& Metsdmuuronen, S 2002, 'Controlled flux behaviour of
membrane processes', Macromolecular Symposia, vol. 188, no.
1, pp. 23-35.

Drewes, JE & Fox, P 1999, 'Fate of natural organic matter
(NOM) during groundwater recharge using reclaimed water',
Water Science and Technology, vol. 40, no. 9, pp. 241-8.

Lee, NH, Amy, G, Croué, JP 2006, ‘Low-pressure membrane
(MF/UF) fouling associated with allochthonous versus
autochthonous natural organic matter’, Water Research, vol. 40,
pp- 2357-68.

Barker, DJ & Stuckey, DC 1999, 'A review of soluble microbial
products (SMP) in wastewater treatment systems', Water
Research, vol. 33, no. 14, pp. 3062-82.

Jiang, T, Kennedy, MD, van der Meer, WGJ, Vanrolleghem, PA
& Schippers, JC 2003, 'The role of blocking and cake filtration
in MIBR fouling', Desalination, vol. 157, no. 1-3, pp. 335-43.

Meng, F, Chae, S-R, Drews, A, Kraume, M, Shin, H-S & Yang,
F 2009, 'Review — Recent advances in membrane bioreactors
(MBRs): Membrane fouling and membrane material', Water
Research, vol. 43, no. 6, pp. 1489-512.

Brindle, K & Stephenson, T 1996, 'The application of
membrane biological reactors for the treatment of wastewaters',
Biotechnology and Bioengineering, vol. 49, pp. 601-10.

Mousa, HA 2007, ‘Investigation of UF membranes fouling by

[63]

[64]

[65]

[66]

[67]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

humic acid’, Desalination, vol. 217, pp. 38-51.

Al-Halbouni, D, Traber, J, Lyko, S, Wintgens, T, Melin, T,
Tacke, D, Janot, A, Dott, W, Hollender, J 2008, ‘Correlation of
EPS content in activated sludge at different sludge retention
times with membrane fouling phenomena’, Water Research,
vol. 42, pp. 1475-88.

Sagle, AS 2009, ‘PEG hydrogels as anti-fouling coatings for
reverse osmosis membranes’, The University of Texas at
Austin.

Barger, M & Carnahan, RP 1991, 'Fouling prediction in reverse
osmosis processes', paper presented to The Twelfth
International Symposium on Desalination and Water Re-Use,
Malta, April 15-18.

Caothien, S, Liu, C & O’Connell, P 2003, Reducing fouling and
the cost of membrane systems, Pall Corporation, accessed 22
March 2018,

<http://www.pall.com/pdf/wat_pdf HEFMPaper6 30 03.pdf
>,

Kim, JY, Lee, JH, Chang, IS, Lee, JH, Yi, CW 2011, ‘High
voltage impulse electric fields: Disinfection kinetics and its
effect on membrane bio-fouling’, Desalination, vol. 283, pp.
111-6.

She, F, Wong, YKW, Zhao, S, Tang, CY 2013, ‘Organic fouling in
pressure retarded osmosis: Experiments, mechanisms and
implications’, Journal of Membrane Science, vol. 428, pp. 181-9.

Cong, CS 2015, ‘Membrane fouling in engineering osmosis
processes’, PhD Thesis, National University of Singapore.

Kimura, K, Maeda, T, Yamamura, H, Watanabe, Y 2008,
‘Irreversible membrane fouling in microfiltration membranes
filtering coagulated surface water’, Journal of Membrane
Science, vol. 320, pp. 356-62.

Zularisam, A, Ismail, A & Salim, R 2006, 'Behaviours of natural
organic matter in membrane filtration for surface water treatment -
areview', Desalination, vol. 194, no. 1-3, pp. 211-31.

Lin, YL, Chiou, JH, Lee, CH 2014, ‘Effect of silica fouling on
the removal of pharmaceuticals and personal care products by
nanofiltration and reverse osmosis membranes’, Journal of
Hazardous Materials, vol. 277, pp. 102-9.

Katsoufidou, K, Yiantsios, SG, Karabelas, AJ 2008, 'An
experimental study of UF membrane fouling by humic acid and
sodium alginate solutions: the effect of backwashing on flux
recovery', Desalination, vol. 220, pp. 214-27.

Her, N, Amy, G, Chung, J, Yoon, J & Yoon, Y 2008,
'Characterizing dissolved organic matter and evaluating
associated nanofiltration membrane fouling', Chemosphere, vol.
70, no. 3, pp. 495-502.

MacCarthy, P & Suffet, IH 1989, 'Aquatic Humic Substances
and Their Influence on the Fate and Treatment of Pollutants', in
IH Suffet & P MacCarthy (eds), Aquatic Humic Substances:
Influence on Fate and Treatment of Pollutants, American
Chemical Society, Washington, pp. xvii-xxx.

[76] Vik, EA & Eikebrokk, B 1989, 'Coagulation process for
removal of humic substances from drinking water', in [H Suffet
& P MacCarthy (eds), Aquatic Humic Substances: Influence on
Fate and Treatment of Pollutants, American Chemical Society,
Washington, pp. 385-408.



[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

(87]

[88]

[89]

[90]

[91]

American Journal of Chemical Engineering 2018; 2(1): 25-36 35

Bessiere, Y, Jefferson, B, Goslan, E, Bacchin, P 2009, ‘Effect of
hydrophilic/hydrophobic fractions of natural organic matter on
irreversible fouling of membranes’, Desalination, vol. 249, pp.
182-7.

Jarusutthirak, C, Amy, G & Croué, J-P 2002, 'Fouling
characteristics of wastewater effluent organic matter (EfOM)
isolates on NF and UF membranes', Desalination, vol. 145, no.
1-3, pp. 247-55.

Lee, N, Amy, G, Croue, J-P & Buisson, H 2004, '[dentification
and understanding of fouling in low-pressure membrane
(MF/UF) filtration by natural organic matter (NOM)', Water
Research, vol. 38, no. 20, pp. 4511-23.

Lee, M, Kim, J 2012, 'Analysis of local fouling in a pilot-scale
submerged hollow-fiber membrane system for drinking water
treatment by membrane autopsy', Separation and Purification
Technology, vol. 95, pp. 227-34.

Jarusutthirak, C & Amy, G 2006, 'Role of soluble microbial
products (SMP) in membrane fouling and flux decline',
Environmental Science & Technology, vol. 40, no. 3, pp.
969-74.

Fan, L, Harris, JL, Roddick, FA & Booker, NA 2001, 'Influence
of the characteristics of natural organic matter on the fouling of
microfiltration membranes', Water Research, vol. 35, no. 18, pp.
4455-63.

Laabs, C, Amy, G & Jekel, M 2006, 'Understanding the size
and character of fouling-causing substances from effluent
organic matter (EfOM) in low-pressure filtration',
Environmental Science & Technology, vol. 40, no. 14, pp.
4495-9.

Haberkamp, J, Ruhl, AS, Ernst, M & Jekel, M 2007, 'Tmpact of
coagulation and adsorption on DOC fractions of secondary
effluent.

Henderson, RK, Subhi, N, Antony, A, Khan, SJ, Murphy, KR,
Leslie, GL, Chen, V, Stuetz, RM, Le-Clech, P 2011,
'Evaluation of effluent organic matter fouling in ultrafiltration
treatment using advanced organic characterisation techniques',
Journal of Membrane Science, vol. 382, no. 1-2, pp. 20-59.

Schifer, Al 1999, 'Natural organics removal using membranes',
PhD thesis, The University of New South Wales.

Shon, HK, Vigneswaran, S, Kim, IS, Cho, J] & Ngo, HH 2006,
'Fouling of ultrafiltration membrane by effluent organic matter:
A detailed characterization using different organic fractions in
wastewater', Journal of Membrane Science, vol. 278, pp. 232-8.

Wang, J, Guan, J, Santiwong, SR, David Waite, T 2008,
‘Characterization of floc size and structure under different
monomer and polymer coagulants on microfiltration membrane
fouling’, Journal of Membrane Science, vol. 321, pp. 132-8.

Aoustin, E, Schifer, AI, Fane, AG & Waite, TD 2001,
'Ultrafiltration of natural organic matter', Separation and
Purification

Combe, C, Molis, E, Lucas, P, Riley, R & Clark, M 1999, 'The
effect of CA membrane properties on adsorptive fouling by
humic acid', Journal of Membrane Science, vol. 154, no. 1, pp.
73-87.

Kim, HC & Dempsey, BA 2010, 'Removal of organic acids
from EfOM using anion exchange resins and consequent
reduction of fouling in UF and MF', Journal of Membrane

Science, vol. 364, no. 1-2, pp. 325-30.
[92] Kim, HC & Dempsey, BA 2012, ‘Comparison of two
fractionation strategies for characterization of wastewater
effluent organic matter and diagnosis of membrane fouling’,
Water Research, vol. 46, pp. 3714-22.
[93] Elimelech, M, Zhu, X, Childress, AE, Hong, S 1997, ‘Role of
membrane surface morphology in colloidal fouling of cellulose
acetate and composite aromatic polyamide reverse osmosis
membranes’, Journal of Membrane Science, vol. 127, pp.
101-9.

Kabsch-Korbutowicz, M, Majewska-Nowak, K, Winnicki, T
1999, ‘Analysis of membrane fouling in the treatment of water
solutions containing humic acids and mineral salts’,
Desalination, vol. 126, pp. 179-85.

Nanda, D, Tung, KL, Li, YL, Lin, NJ, Chuang, CJ 2010, ‘Effect of
pH on membrane morphology, fouling potential, and filtration
performance of nanofiltration membrane for water softening,
Journal of Membrane Science, vol. 349, pp. 411-20.

[96] Dong, BZ, Chen, Y, Gao, NY, Fan, JC 2006, ‘Effect of pH on
UF membrane fouling’, Desalination, vol. 195, pp. 201-8.

[97] Seidel, A & Elimelech, M 2002, 'Coupling between chemical and
physical interactions in natural organic matter (NOM) fouling of
nanofiltration membranes: implications for fouling control',
Journal of Membrane Science, vol. 203, pp. 245-55.

[98] Ghosh, K & Schnitzer, M 1980, 'Macromolecular structures of
humic substances', Soil Science, vol. 129, no. 5, pp. 266-76.
[99] Ahn, WY, Kalinichev, AG, Clark, MM 2008, ‘Effects of
background cations on the fouling of polyethersulfone
membranes by natural organic matter: Experimental and
molecular modeling study’, Journal of Membrane Science, vol.
309, pp. 128-40.

[100] Liu, C, Caothien, S, Hayes, J, Caothuy, T, Otoyo, T & Ogawa,
T 2001, 'Membrane chemical cleaning: from art to science',
paper presented to The AWWA Water Quality Technology
Conference, San Antonio, Texas, USA, March 4-7.

[101] Cho, J, Amy, G & Pellegrino, J 2000, 'Membrane filtration of
natural organic matter: factors and mechanisms affecting
rejection and flux decline with charged ultrafiltration (UF)
membrane', Journal of Membrane Science, vol. 164, no. 1-2, pp.
89-110.

[102] Cheryan, M 1986, <Ultrafiltration handbook’, 1%
Technomic Publishing, Lancaster, Pennsylvania.

Ed.,

[103] Crozes, GF, Jacangelo, JG, Anselme, C & Lainé, JM 1997,
'Impact of ultrafiltration operating conditions on membrane
irreversible fouling', Journal of Membrane Science, vol. 124,
no. 1, pp. 63-76.

[104] Sheikholeslami, R 1999, 'Fouling mitigation in membrane
processes', Desalination, vol. 123, no. 1, pp. 45-53.

[105] Field, RW, Wu, D, Howell, JA & Gupta, BB 1995, 'Critical flux
concept for microfiltration fouling', Journal of Membrane
Science, vol. 100, no. 1-2, pp. 259-72.

[106] Van den Berg, GB & Smolders, CA 1990, 'Flux decline in
ultrafiltration processes', Desalination, vol. 77, pp. 101-33.

[107] Jung, CW, Son, HJ 2009, ‘Evaluation of membrane fouling
mechanism in various membrane pretreatment processes’,
Desalination and Water Treatment, vol. 2, pp. 195-202.



36 Djamel Ghernaout ef al.: Water Reuse: Extenuating Membrane Fouling in Membrane Processes

[108] Ghernaout, D, El-Wakil, A 2017, ‘Requiring reverse osmosis
membranes modifications — An overview’, American Journal
of Chemical Engineering, vol. 5, pp. 81-8.

[109] Ghernaout, D 2017, ‘Reverse osmosis process membranes
modeling — A historical overview’, Journal of Civil Construction
and Environmental Engineering Civil, vol. 2, pp. 112-22.

[110] Huang, H, Schwab, K & Jacangelo, J 2009, 'Pretreatment for low
pressure membranes in water treatment: a review', Environmental
Science & Technology, vol. 43, no. 9, pp. 3011-9.

[111]Mao, R, Wang, Y, Zhang, B, Xu, W, Dong, M, Gao, B 2013,
‘Impact of enhanced coagulation ways on flocs properties and
membrane fouling: Increasing dosage and applying new
composite coagulant’, Desalination, vol. 314, 161-8.

[112] Ghernaout, D 2017, ‘Entropy in the Brownian motion (BM)
and coagulation background’, Colloid Surface Science, vol. 2,
pp. 143-61.

[113]Ghernaout, D, Simoussa, A, Alghamdi, A, Ghernaout, B,
Elboughdiri, N, Mahjoubi, A, Aichouni, M, El-Wakil, AEA
2017, ‘Combining lime softening with alum coagulation for
hard Ghrib dam water conventional treatment’, International
Journal of Advanced and Applied Sciences, vol. 5, pp. 61-70.

[114] Ghernaout, D, Ghernaout, B, Kellil, A 2009, ‘Natural organic
matter removal and enhanced coagulation as a link between
coagulation and electrocoagulation’, Desalination and Water
Treatment, vol. 2, pp. 209-28.

[115] Ghernaout, B, Ghernaout, D, Saiba, A 2010, ‘Algae and
cyanotoxins removal by coagulation/flocculation: A review’,
Desalination and Water Treatment, vol. 20, pp. 133-43.

[116] Ghernaout, D 2014, ‘The hydrophilic/hydrophobic ratio vs.
dissolved organics removal by coagulation - A review’, Journal
of King Saud University — Science, vol. 26, pp. 169-80.

[117] Ghernaout, D, Al-Ghonamy, Al, Boucherit, A, Ghernaout, B,

Naceur, MW, Ait Messaoudene, N, Aichouni, M, Mahjoubi,
AA, Elboughdiri, NA 2015, ‘Brownian motion and coagulation
process’, American Journal of Environmental Protection, vol. 4,
pp. 1-15.

[118] Ghernaout, D, Al-Ghonamy, Al, Naceur, MW, Boucherit, A,
Ait Messaoudene, N, Aichouni, M, Mahjoubi, AA, Elboughdiri,
NA 2015, ‘Controlling coagulation process: From Zeta
potential to streaming potential’, American Journal of
Environmental Protection, vol. 4, pp. 16-27.

[119] Ghernaout, D, Boucherit, A 2015, ‘Review of coagulation’s
rapid mixing for NOM removal’, Journal of Research &
Developments in Chemistry, DOI: 10.5171/2015.926518.

[120] Ghernaout, D, Badis, A, Braikia, G, Mataam, N, Fekhar, M,
Ghernaout, B, Boucherit, A 2017, ‘Enhanced coagulation for
algae removal in a typical Algeria water treatment plant’,
Environmental Engineering Management Journal, vol. 16, pp.
2303-15.

[121] Van Geluwe, S, Braeken, L, Van der Bruggen, B 2011, ‘Ozone
oxidation for the alleviation of membrane fouling by natural
organic matter: A review’, Water Research, vol. 45, pp.

3551-70.
[122] Abdessemed, D, Nezzal, G & Aim, RB 2000,
'Coagulation-adsorption-ultrafiltration for wastewater

treatment reuse', Desalination, vol. 131, no. 1-3, pp. 307-14.

[123] Guo, WS, Vigneswaran, S, Ngo, HH & Chapman, H 2004,
'Experimental investigation of
adsorption-flocculation-microfiltration  hybrid system in
wastewater reuse', Journal of Membrane Science, vol. 242, no.
1-2, pp. 27-35.

[124] Lehman, SG & Liu, L 2009, 'Application of ceramic
membranes with pre-ozonation for treatment of secondary
wastewater effluent', Water Research, vol. 43, no. 2, pp.
2020-8.



