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2.1 Introduction

Biofouling is an inevitable phenomenon demonstrated by the attachment and
buildup of microorganisms and the development of a biofilm (She et al. 2016)
on the inner surfaces of pipelines and on membranes used in water treatment
and desalination (Wingender, Neu, and Flemming 1999). The biofouling phe-
nomena and remedies are the same for pipelines and reverse osmosis mem-
branes used in seawater desalination and wastewater treatment for reuse.
Two other chapters in this book discuss on biofouling in pipelines and their
characterization methods. Thus, this chapter discusses mainly on biofouling
in reverse osmosis membranes. This chapter aims to elucidate the biofouling
mechanisms and their adverse effects, biofouling detection, and remediation
methods. It also highlights the key issues related to the use of pretreatment
schemes for biofouling mitigation.

The researchers reported that within a few years of the service, potable
water distribution pipelines were found to be accumulated with a fine film of
microbes that also pose major public health issues (van der Kooij, Visser, and
Hijnen 1982). The microorganisms can regrow on the water-carrying pipe
network in the presence of certain most significant constituents in water such
as biodegradable organic matter (BOM), ammonia, iron, manganese, nitrite,
soluble hydrogen, and reduced sulfur compounds. Moreover, it makes water
biologically unstable due to the biofilm development caused by biodegradable
organic matter (BOM), ammonia, iron, manganese, nitrite, dissolved hydro-
gen, and sulfur in reduced form. Water quality often adversely is affected by
chlorine dosing that produces undesirable disinfection by-products (DBPs),
which are unsafe and carcinogenic in nature.

In the seawater desalination process, RO membrane fouling is a major hur-
dle that reduces permeate flux and increases operating cost OMBRs (Sun et al.
2018). RO membrane commonly encounters colloidal fouling, organic fouling,
inorganic scaling, and biofouling (Matin et al. 2011). The deposition of col-
loidal particles on membranes is called colloidal fouling and deposition and
adsorption of macromolecular organic compounds on membranes is termed
as organic fouling. The precipitation of dissolved inorganic compounds on
the membrane surface is called inorganic scaling, while biofouling is the
adhesion and accumulation of microorganisms on the membrane surface (She
et al. 2016; Vrouwenvelder et al. 2009). The complex biofouling phenomena
occur at the inner surface of pipes and on the RO membrane surface, which
is accompanied by the agglomeration of soluble microbial products (SMP)
and extracellular polymeric substance (EPS), thereby forming biofilm on the
respective surface (Wingender, Neu, and Flemming 1999; Chun et al. 2017).

In response, the feed water pretreatment (such as microfiltration, ultra-
filtration, chlorine dosing, and biocides addition) is highly effective in the
elimination of 99.99% of microbes. Though only a few colonies of bacteria
enter the system, they stick to the surfaces and then reproduce and grow on
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the surfaces in contact with even an oligotrophic environment (Chun et al.
2017). Therefore, biofouling is significant and inevitable in the RO membrane
process even after periodic cleaning cycles and adapting other antifouling
pretreatment strategies such as ozone and chlorine dosing or biocides appli-
cation (Flemming et al. 1997). Furthermore, the polyamide RO membrane is
susceptible to oxidation by free chlorine species (HOCI and OCI-). However,
the growth of resilient strains of microbes can be adversely affected by the
constant use of disinfectants (Kang et al. 2007; Shannon et al. 2008). Biofouling
leads to a drop in permeate velocity, selectivity, and membrane service life.
Furthermore, it increases cleaning frequency and operational cost of chemi-
cals and electricity (Luo et al. 2018; Vrouwenvelder, van Loosdrecht, and
Kruithof 2011; Flemming et al. 1997).

In RO desalination, plant fouling is a major concern that requires frequent
cleaning, shortens the membrane life, reduces permeate flow, and increases
up to 50% total operating cost (Ridgway 2003; Bell, Holloway, and Cath
2016). Different cleaning tactics include the use of antiscalants and acids and
importantly all such chemicals act very differently, and even certain com-
mercially available chemicals cause biofouling (Vrouwenvelder et al. 2000).

2.2 Biofouling Mechanisms

Biofouling is a thin and compact gel-like biofilm layer formed on the inner
surface of pipes or on the RO membrane surface. This biofilm formation
involves three subsequent phases as shown in Figure 2.1.

i. Movement of microbes to the membrane surface,
ii. Adhesion to the surface, and

iii. Formation of nuclei and layer-by-layer addition of microbes on the
surface (Al-Juboori and Yusaf 2012).

Biofilm formation in the membrane process is separate from the simple depo-
sition of particles on the membrane, which are readily removed by physical
washing (Miura, Watanabe, and Okabe 2007).

The first stage which occurs in minutes to hours is a reversible process. The
initial attachment of organic matter, colloids, nutrients, and bacterial cells onto
a membrane surface occurs at the time of contact of feed water and RO mem-
brane (Subramani and Hoek 2010). During the second stagg, cell attachment and
micro-colony formation begin on the membrane surface where attached bacte-
ria consolidate the bonding by secreting soluble microbial products that form
complex with organic constituents. Consequently, biofilm adhesion becomes
irreversible, and the organism becomes attached to the surface in a stack. This
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FIGURE 2.1
Schematic of biofilm formation.

phenomenon happens so rapidly when feed water meets the membrane skin
layer. This biofilm is extremely hard to disengage from the membrane surface,
which demands rigorous feed water pretreatment prior to its contact with the
membrane (Adham et al. 1991; Habimana, Semido, and Casey 2014).

The adhesion of microbes onto the membrane surface is caused by com-
plex physicochemical and biological processes. Feed characteristics, tempera-
ture, membrane properties, and module geometry play a role in this (Miura,
Watanabe, and Okabe 2007, Subramani and Hoek 2010). The feed charac-
teristics include pH, TDS, conductivity, and dissolved organic carbon. The
properties of the membrane and pipes such as surface roughness, charge,
and hydrophobicity are also significant parameters. The water flux is also an
important factor in cell attachment to the membrane surface; however, the
microbial community can attach via Brownian deposition in the absence of
permeation (Subramani and Hoek 2010; Schneider et al. 2005).

2.3 Biofouling Control and Prevention Strategies

Biofouling poses major challenges, and its monitoring and control incur a
huge financial burden on the RO water plants (Flemming 2002). Biofouling
can be minimized by fouling control and prevention techniques. In the
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biofouling control strategy, chemical cleaning is performed to reestablish
permeate flow. This can be achieved by increasing cleaning cycles. However,
the frequency of chemical cleaning must be minimized as it increases the
operating cost of chemicals and decreases the membrane life (Onoda 2016).

On the other hand, biofouling prevention is a more suitable option as com-
pared to fouling control. Two common strategies for biofouling prevention
are:

1. Membrane modification

2. Feed water pretreatment

Membrane modification technically controls the adhesion of microbes or
inactivates the bacteria that get attached to the surface. This technique is still
in the experimental stage and not explored yet for fouling prevention. On the
other hand, the second alternative of feed pretreatment removes microbes,
organics, and nutrients from the feed water. To achieve this objective, various
pretreatment techniques are employed. They are MF/UF membrane filtration,
ultraviolet light treatment, hypochlorite disinfection, or biocide use prior to
RO filtration. The prevention techniques are beneficial as they incur less cost
and energy consumption due to fewer amounts of chemicals used and lessen
the adverse impact on the ecosystem. Furthermore, seawater desalination by
the RO process becomes smooth and economical as feed pretreatment pro-
duces consistent water quality with a negligible amount of potential foulants
to RO inlet. Raw water characteristics vary with geographical location and
influent water quality analysis is essential to quantify biofouling potential.
As a result, it is important to visualize and characterize the spatial distribu-
tion and transport of key membrane foulants. These fouling characteristics
provide insights into the design of the pretreatment process and fouling miti-
gation strategies (Adham et al. 1991; Luo et al. 2018; Chun et al. 2017).

The design and operation of seawater reverse osmosis desalination (SWRO)
processes relies heavily on the feed water characteristics. Thus, SWRO plant
performance and selectivity are governed by the pretreated RO influent.
Hence, the pretreatment process is a very significant section of the desali-
nation plant. In this pretreatment stage, all particulate matters, colloidal
particles, organics, nutrients, scalants, and bacterial impurities are removed
from saline water in order to prevent them from reaching the sensitive RO
membrane skin layer and prevent membrane fouling. The peculiarities and
number of contaminants in source saline water (influent) directly relate to
the pretreatment processes, produced water yield, and selectivity.

Preston (2005) reported that dissolved organic carbon (DOC) in seawa-
ter varies from 1 to 3 mg/L. The seawater analysis data can be obtained by
performing laboratory analysis for certain target compounds (Lu and Wang
2019). Also, instrument analysis with liquid chromatography-organic carbon
detection (LC-OCD) is based on the size-exclusion chromatography. It is uti-
lized to characterize the water-soluble organic carbon (OC) and it provides
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MW fractions of organic matters in seawater in terms of biopolymers includ-
ing polysaccharides and proteins (>20,000 Da), humic substances (highly
UV-absorbable, hydrophobic, 800-1,000 Da), building blocks (Breakdown
products of humic substances, 350-600 Da), low molecular weight (LMW)
acids (aliphatic and low molecular weight organic acids, biogenic organic mat-
ter, 350 Da), and low molecular weight (LMW) neutrals (alcohols, aldehydes,
ketones, amino acids, biogenic organic matter, 350 Da) (Huber et al. 2011).

2.4 Pretreatment and Membrane-Based Systems

Leparc et al. (2007) reported that for seawater pretreatment, conventional
treatments such as dual media filtration (DMF) and cartridge filters and
advanced pretreatments such as MF/UF filtration are employed (Leparc
et al. 2007). The advanced pretreatment is getting more acceptance due
to the complete removal of seawater contaminants as compared to DMF.
Furthermore, few chemicals are consumed and MF/UF-based membrane
filtration techniques are robust. MF/UF-based membrane filtration is gain-
ing more popularity and acceptance as a pretreatment to RO. MF/UF pro-
vides consistent quality of safe and secure water to RO due to its absolute
rejection for suspended solids irrespective of source seawater quality (Baig
and Al Kutbi 1998; Pearce 2007). MF filters are available in pore sizes of
0.1-0.2 um. UF membranes possess fine pores as compared to MF. UF is avail-
able in the range of 0.01-0.02 um and sometimes even smaller to 0.005 pm.
UF membranes are capable to reject all particulate matters and the majority
of dissolved substances, including bacteria and viruses. The UF has better
rejection than MF due to its low molecular weight cut-off (MWCO). The ME/
UF rejection is subjected to the feed water characteristics and molar mass of
the species (Baig and Al Kutbi 1998).

2.4.1 Biofilters

Biofilters are extensively used in air, water, and domestic sewage treatment
characterized by biomass attached to its septum. A variety of biofilters are
being used in water/wastewater treatment applications such as trickling
filters, granulated activated carbon (GAC), sand filters, and horizontal rock
filters to name a few. GAC-based biofilters were found useful typically in
potable water purification due to the re-growth of bacterial colonies in a
water distribution network pipe.

GAC-based biological treatments are more effective in oxidizing organic
matters responsible for bacterial growth in a drinking water pipe. GAC biofil-
ters are effective in water purification specifically after disinfection by ozone.
Organic substances present in water impair water quality by imparting odor
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and taste that are esthetically undesirable. Also, organic micropollutants and
organic precursors responsible for disinfection by-products (DBP) formation
are undesirable.

2.5 Biofouling Reduction Strategies

As stated in the previous section, biofouling strategies are biofouling control
and biofouling prevention. Chemical cleaning of the membrane is the major
biofouling control technique. The biofouling prevention technique poten-
tially includes feed water pretreatment, RO membrane surface modification,
and water disinfection.

2.5.1 Direct Methods

In ‘direct methods’, biofouling is controlled from the time when membrane
modules are manufactured. The immediate method is to control biofouling
in situ by applying cleaning chemicals to the membrane directly. RO mem-
brane life can be enhanced, and operational costs can be minimized by fol-
lowing appropriate cleaning protocols.

2.5.2 Modification

As a biofouling prevention strategy, antifouling agents are incorporated into
the membrane during the preparation stage. Thus, membrane modification
improves its physicochemical properties, thereby reducing biofouling. The
membrane properties to be improved for fouling prevention includes func-
tional group, smoothness, charge, and hydrophobicity (Louie et al. 2006;
Chae et al. 2009; Malaisamy et al. 2010; Miller et al. 2012).

By enhancing membrane surface properties, biomass adhesion and attach-
ment can be minimized and the bacterial species becomes inactive. Rough
membrane surfaces are prone to increase biomass attachment than smooth
surfaces (Louie et al. 2006). Microbes in the aqueous phase possess nega-
tive charge and so negatively charged membranes repel each other and thus
negative charge on a membrane surface helps in preventing biofouling (Hori
and Matsumoto 2010). However, negatively charged foulants are attracted to
the membrane surface.

The hydrophilic and hydrophobic nature of the membrane is also linked to
the membrane fouling. Kwon et al. (2005) reported that the more the hydro-
philicity of the membrane, the lesser the degree of biofouling. However,
a negatively charged organic foulant can easily attach to the membrane.
Membrane modification with a chemical surfactant is also a promising
option. The bio-surfactants are alternative to the chemical surfactants, which



20 Polymetallic Coatings to Control Biofouling in Pipelines

are derived from renewable materials. Bio-surfactants possess less inter-
facial and surface tensions in both water phase and organic solutions. The
use of bio-surfactants is beneficial because they are biodegradable in nature,
environmentally friendly, compatible under very high temperature, pH, and
saline conditions, less toxic, and have high form formation and selectivity
(Desai and Banat 1997; Wilbert, Pellegrino, and Zydney 1998).

One of the limitations of using bio-surfactants is the high cost. Furthermore,
in the beginning, microbes may not attach to the membrane surface in the
presence of bio-surfactants but in the longer run, microbes develop adapt-
ability to grow under hostile environmental conditions (Hori and Matsumoto
2010). To achieve the best biofouling prevention using bio-surfactants, feed
water must be free from any living biomass.

2.5.3 Cleaning

The strategies of membrane cleaning are plentiful and normally remain pro-
prietary. The literature report suggests that permeate flux can be restored
by adopting a proper cleaning protocol (Madaeni and Mansourpanah 2004).
Membrane cleaning is recommended when the transmembrane pressure
increases by 10% or the flux value drops by 10%. The major parameters that
affect the chemical cleaning performance are the type of chemical selected
for cleaning and its concentration, duration of cleaning, pH, and temperature
(Al-Amoudi and Farooque 2005). Fane (1997) reported that about 5%—-20% of
the operating cost component is consumed toward membrane cleaning in an
RO desalination plant.

Biofilms are attached to the membrane surface and to disengage the bio-
film, two main techniques are used.

1. Application of air scouring or high crossflow velocity (high shearing
velocity)

2. Detachment of the biofilm employing proper chemicals (Fleming 2002)

As a physical cleaning strategy, backwashing and/or relaxation are the
commonly used techniques. These methods are performed on a regular
basis, but their effectiveness will be reduced by filtration time. When irre-
versible fouling is observed on the surface ,different intensities of chemical
cleanings can be injected on a regular basis (weekly to yearly). In chemi-
cal cleaning techniques, chemicals inhibit the microbial bonding with the
membrane surface and loosen them. Sodium hydroxide (NaOH) (Kim et al.
2011) and sodium hypochlorite (NaOCl) (Subramani and Hoek 2010) are gen-
erally used cleaning chemicals. NaOH demonstrated excellent performance
removing 95% biofouling from membrane when cleaning was performed for
20 minutes. NaOCl (0.3%) is usually utilized as a major chemical agent in the
microfiltration membrane processes to remove the organic foulants, while
citric acid is normally used for inorganic foulants (Le-Clech 2010). However,
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chemical cleaning could not absolutely remove the attached biofilm, and fast
regrowth of biomass was observed (Kim et al. 2009; Vrouwenvelder et al.
2003; Bereschenko et al. 2011). Moreover, the thin polyamide skin layer gets
damaged with cleaning agents. Also, the production of less amount of pure
water and disposal of chemical waste are other issues that need to be tackled
(Khan et al. 2010; Kang et al. 2007).

2.5.4 Indirect Methods

MEF/UF-based membrane filtration and biofiltration are used as indirect pre-
treatment techniques to RO feed. Those pretreatment methods ensure that
organics, nutrients, particles, and microbes are physically separated from
raw water. Sometimes sodium bisulfite-based biocides and NaOCl as disin-
fectants are used to destroy microbes.

2.5.5 Pretreatment

Pretreatment is crucial in SWRO because it reduces the biofouling occurrence
and thereby improves RO desalination plant efficiency. To achieve this, sus-
pended solids, organics, nutrients, minerals, bacteria, and trace organics are
removed from the source water (Kumar and Sivanesan 2006). Thus, RO feed
water quality is improved, and it becomes free from biomass. This minimizes
bacterial tendency to attach to the RO membrane. RO feed water treatment
can be done either by employing conventional physicochemical methods or
by recently used membrane-based separation. Leparc et al. (2007) reported
that dual media filtration (DMF) and cartridge filters could not completely
reject source seawater contaminants. The advanced pretreatment is getting
more acceptance and MF/UF membranes could achieve better removal of
harmful impurities as compared to DMF. Furthermore, few chemicals are
consumed and MF/UF-based membrane filtration techniques are robust.
MF membranes are fabricated from polyvinylidene fluoride (PVDEF) as they
provide mechanical strength and resist chemical attack (Ding et al. 2013).
The MF membrane rejects suspended and dissolved particles, but absolute
elimination of bacteria is not obtained. The MF process operates around 2
bar pressure, which is usually lower than that of nanofiltration (NF) and UF
(Sachit and Veenstra 2014).

2.5.5.1 Deep Bed Biofilter (DBF)

Deep bed filters behave like a biofilter when they are operated at low fil-
tration rates and allow the formation of a biofilm on their surface. When
GAC is used as a filter medium, the process begins with sorption of organic
molecules onto the filter media followed by enzymatic hydrolysis (enzymes
secreted from bacteria are attached to the biofilm) of bigger molecules to the
tiny fractions. Those small fractions then transport to the biofilm, which



22 Polymetallic Coatings to Control Biofouling in Pipelines

further metabolizes the biodegradable organics and consumes as a substrate
from the feed water (Hu et al. 2005; Larsen and Harremoés 1994).

Naidu et al. (2013) examined the granular activated carbon (GAC) biofil-
ter performance in biomass adhesion on its surface when treating seawater.
Biomass activity was measured in terms of ATP and the bacterial population
was expressed in CFU. The biomass accumulation and DOC removal were
correlated. The authors reported that within 20 days of experimental opera-
tion, a high amount of bacterial mass (1.0x108 CFU/g media) was deposited
on the top surface of the biofilter. They observed that with decreasing thick-
ness of filter media, biomass accumulation was reduced. Moreover, in the
early phase of the study, the microbial concentration was 0.9+0.5 ng ATP/g
media within 0-5days period and after reaching the steady state within
15-20days, it increased to 51.0£11.8 pg ATP/g media and the filter produced
good quality of treated water (the DOC concentrations were 0.51£0.12 mg/L).
It was reported that compared to sand filter and anthracite, the GAC per-
formed better and this can be attributed to the high porosity of GAC capable
of providing more surface area and accumulation of higher biomass (Wang,
Summers, and Miltner 1995).

In another study, Jeong et al. (2013) evaluated the performance of GAC
and anthracite biofilter in seawater desalination. Terminal restriction frag-
ment length polymorphism (T-RFLP), principal component analysis (PCA),
and 165 rRNA gene sequencing techniques were used for bacterial consortia
analysis. The authors deduced that the GAC biofilter captured diverse het-
erotrophs and outperformed the anthracite filter during 75days of opera-
tion. High AOC removal was linked to the abundance of the microbial
community on GAC. When the process was in the early phase of the opera-
tion, effluent AOC concentration was high (18.0£1.4 pg-C glucose/L). After
attaining a steady state within a 15-20days period, AOC in the effluent was
low (0.6+0.2 pg-C glucose/L). The high AOC in the early phase was linked
to the higher molar mass of the organics, which assimilated to the low molar
mass fractions. Once the steady state is attained, the specific microbial con-
sortia proliferated over time and metabolized the low molecular weight
organic reducing AOC in the permeate (Naidu et al. 2013). On the other
hand, the anthracite biofilter was selective for sulfur-oxidizing and reduc-
ing bacteria. This can be attributed to the sulfur availability in the anthracite
as a contaminant.

Though biofilter is an attractive pretreatment alternative, it has some limi-
tations. When biofilter is put in service, it requires some time for acclimation.
In this acclimation phase, certain microbes and nutrients pass through the
biofilter and form a colony on the membrane surface. Similar phenomena
were observed during the backwashing cycle (Sadr Ghayeni et al. 1998; Chua,
Hawlader, and Malek 2003). Furthermore, for a biofilter to operate efficiently,
some vital factors need to be considered such as filter media, feed flowrate,
and cleaning cycles.
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2.5.5.2 Membrane Filtration

Membrane filtration is another effective pretreatment since commercial
membrane produces high water throughput and is cheaper. Furthermore, the
small footprint of the membrane plant and few inventory requirements are
the benefits of using membrane pretreatment.

The microbes can be rejected by employing membrane filtration and
researchers suggested that this bacterial removal mechanism is the combina-
tion of two processes: (i) the effect of physio-chemical interactions between
the membrane and microorganisms and (ii) the sieving effect (Kosuti¢ and
Kunst 2002; Van der Bruggen et al. 1999). A membrane typically rejects the
larger diameter of bacteria from passing through it. Also, the negatively
charged membrane and microbes repel each other.

The membrane pretreatment potentially rejects nutrients from the raw
water and thus prevents biofilm growth on the downstream RO system.
As such, microbes do not receive enough nutrients from the feed. This mal-
nourishment condition adversely affects reproduction and proper growth of
microbes resulting in a thinner and unevenly distributed biofilm with less
biofouling potential (Al-Juboori and Yusaf 2012; Flemming et al. 1997).

2.5.6 Biochemical Methods

Biochemical techniques such as bacteriophage, signaling molecules, and
enzymes are employed to remove a rigidly attached biofilm on the surface
(Flemming 2011). Bacteriophages are viruses that kill bacteria (Fu et al. 2010).
The recently invented quorum sensing method uses extremely specific sig-
naling biomolecules, which deliberately destroy cell-cell communication in
microbes of the biofouling layer (Davies and Marques 2009). Although quo-
rum sensing is a very promising biofouling removal method, it suffers from
certain downsides such as high cost associated to process such biochemi-
cal molecules on a commercial basis and lack of consistency and efficacy in
removing attached biomass using such methods (Richards and Cloete 2010;
Flemming 2011).

2.5.7 Water Disinfection Method

Introducing disinfectants prior to the RO membrane is proved to be a very
efficient pretreatment technique that simply prevents bacterial bonding onto
the membrane surface (Hori and Matsumoto 2010). Disinfection methods
include both chemical and thermal means as a conventional method and
by application of such pretreatment, microbes are destroyed at the source
and thus prevent them from reaching out to the membrane surface. Non-
conventional treatments such as ultraviolet (UV) light treatment, mechanical
treatment, and ultrasound treatment are also being employed.
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Chemical pretreatment employs chemicals such as hypochlorite (Cl, based)
and ozone molecules, which are generated in situ using an ozonizer. These
disinfectants have a very wide potential to destroy microbes and are cheaper
though the formation of disinfection by-products (DBPs) is a limitation with
this process.

In this regard, solar energy (Davies et al. 2009) is considered another attrac-
tive alternative to the chemical pretreatment. It is one of the most promising
economical pretreatments that suffers from limitations of low efficiency due
to varying topographical and weather conditions. Specifically, during night-
time, solar energy is not available, so solar system efficiency falls to zero and
storage is not much viable alternative techno-economically (Davies et al. 2009).

UV light source is also used as a disinfectant technique (Schwartz,
Hoffmann, and Obst 2003). The high cost of a UV lamp, energy consump-
tion, DBP formation are some of the issues associated with the application
of UV light. Furthermore, water characteristics such as turbidity and color
adversely affect UV light performance due to absorption and Tyndall effects
in the aqueous phase (Harris et al. 1987; Parker and Darby 1995).

Ultrasound has emerged as an attractive ecofriendly pretreatment option.
Ultrasound has the ability to destroy the microbes and detach the biomass
from the membrane surface (Gogate and Kabadi 2009; Joyce et al. 2003).

2.6 Detection of Fouling

The most significant factor that contributes to the decline in RO performance
in the desalination process is the fouling of the membranes caused by adsorp-
tion and accumulation of particulate and organic foulants into the pores and
onto the membrane surface (Inaba et al. 2017). Fouling impedes the effective-
ness and throughput of RO by declining water flux, membrane selectivity,
and permeate quality (Luo et al. 2018; Ng and Elimelech 2004). The root cause
and major fouling potential to the membrane process are feed water char-
acteristics (Vrouwenvelder et al. 2003) though operating parameters such as
operating flux and recovery are also contributing factors (Chen et al. 2004).

2.6.1 Organic Matter (OM) in Seawater

Organic contaminants of the feed water lead to the organic fouling, which
combines with other foulings such as colloidal and biofouling to contribute
to the overall fouling in the system. Biofouling is seen as a living form of
organic fouling and organic matters are believed to be a non-living form of
biofouling resulting from bacterial metabolisms and its cellular fractions
(Amy 2008) (Table 2.1).
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TABLE 2.1

Various OM Measurements and Characterization of Feed Water Samples

Measurement Category Protocol

Molecular weight (MW) distribution =~ OM in terms of chromatographic peaks

by size exclusion chromatography corresponding to high molecular weight (MW)
with online DOC detection polysaccharides (PS), medium MW humic substances
(SEC-DOC) (HS) consisting of humic and fulvic acids, and low

MW acids (LMA); this technique is conceptually
equivalent to LC-OCD, liquid chromatography with
organic carbon detection
Hydrophobic/transphilic/hydrophilic XAD-8/XAD-4 resin adsorption chromatography,
(HPO/TPI/HPI) DOC distribution revealing a polarity distribution of OM

3-Dimensional spectra fluorescence Distinguishing between humic-like and protein-like
excitation—-emission matrix OM as well as providing a fluorescence index (FI)
(3D-FEEM) that is related to the OM source

Source: Modified from Amy (2008).

2.6.2 Parameters Characterizing Biomass

Total direct cell count (TDC), adenosine 5-triphosphate (ATP), and hetero-
trophic plate count (HPC) are significant parameters to measure biomass
(Vrouwenvelder and van der Kooij 2001). The epifluorescence microscopy
is used for TDC measurements with different dyes such as SYTO, acridine
orange, and 4-6-diamidino-2-phenylindole (DAPI). The downside is that
those dyes unfortunately stain the whole microbial communities available
in the specimen. In other words, it stains both living and non-living cells.
On the contrary, ATP is a more reliable, rapid, and easy method of biomass
measurement that only considers and senses living cells. The active cells can
be determined by light production through the enzymatic process by means
of luciferin and firefly luciferase. The ATP amount and light produced had
a linear relationship that determines ATP concentration. In the HPC anal-
ysis, samples are kept at 20°C or 28°C for an incubation period of 57 days
on R2A plates to acquire heterotrophic bacterial cell counts in the mixed
liquor. However, all the above-mentioned methods have limitations in assess-
ing biomass when cells are in the cluster form. In this regard, still ATP is a
more reliable, precise, and distinct method. Certainly, biomass detection in
teed water and on the membrane employs a combination of ATP and TDC
(Vrouwenvelder et al. 2008).

The choice of the pretreatment process largely depends on the quantity
and the diversity of bacterial consortia (Schneider et al. 2005). A wide and
diverse bacterial community is reported in saline water. It has been reported
that certain groups of bacteria or dominant species are responsible for high
molecular weight organics concentration or SMP (polysaccharides/protein)
secretion (Frias-Lopez et al. 2002; Cottrell and Kirchman 2000).
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2.6.3 Fouling Potential of Water
2.6.3.1 Particulate Fouling Potential

To measure and detect particulate fouling in feed water and on the mem-
brane surface, a suitable fouling detection technique is essential (Boerlage
et al. 2003). Particulate fouling details are useful during the design of the
entire plant specifically for pretreatment. Also, this is significant to monitor
plant performance and efficiency.

The particulate matters fouling can be measured and indicated by the silt
density index (SDI) and modified fouling index (MFI). In the beginning, MFI
with 0.45 pm filter media was employed for particulate matters measurement
in feed water. Later, Moueddeb, Jaouen, and Schlumpf (1996) pointed out
shortcomings of this method and then Boerlage et al. (2003) established a
novel UF-MFIL UF-MFI is a promising technique in fouling characterization
for a certain source of feed water and records any variation in RO feed water
characteristics (Boerlage et al. 2003).

2.6.3.2 Extracellular Polymeric Substances

The amount of SMP and EPS significantly affects biofouling. Both are het-
erogeneous in nature and consist of a variety of organics mainly polysac-
charides, proteins, humic acid, glycolipids, and deoxyribonucleic acid (DNA)
(Wang et al. 2014). Thus, membrane biofouling is a dynamic and slow process
revealed by an addition of self-originated microbial cells to the membrane sur-
face by glue-like, autogenic soluble microbial products (Inaba et al. 2017). EPS
originated from biomass are the main component that contributes to biofoul-
ing and causes membrane permeability decline with time (Wang et al. 2016).

Berman (2010) deduced that transparent exopolymer particles (TEP) are a
major contributor to the biofouling on a RO membrane. The TEP role is very
vital in bacterial growth and this gluelike TEP layer helps in biofilm forma-
tion over the RO membrane. In another report, it has been reported that about
68% of the total microbial community were attached to the TEP component
and this TEP measurement and monitoring is very useful to understand RO
fouling phenomena (Villacorte et al. 2009).

2.6.3.3 Biofouling Potential

The omnipresence of bacteria and the amount of nutrients actually decide the
growth of biomass and thus biofilm formation on the membrane surface. The
biofilm formation growth depends on various operating parameters such as
shear velocity, nutrient type (N, P, K), concentration, and robustness of the bio-
film attached to the surface (Flemming 1997). The cleaning chemicals usage
such as biocides and disinfectant quality directly depends on the biofouling
detection (Vrouwenvelder et al. 2000; Vrouwenvelder, van Loosdrecht, and
Kruithof 2011; Vrouwenvelder et al. 2007).
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The biodegradable organic matter (BOM) is measured as assimilable
Organic Carbon (AOC) and biodegradable dissolved organic carbon (BDOC)
and the BOM is a limiting constituent for biomass growth (LeChevallier,
Schulz, and Lee 1991). The AOC component of BOM is linked to the microbial
population in feed water (Hambsch and Werner 1996; Weinrich, Schneider,
and LeChevallier 2011) and it represents low molecular weight compounds
such as acetic acids and amino acids.

2.6.3.4 Assimilable Organic Carbon (AOC)

The assimilable organic carbon (AOC) is typically 0.1%-9.0% of the TOC, which
can easily be taken up by microbes for their metabolism and growth. This
biomass growth is measured by the colony count in AOC analysis. For this, a
standard concentration plot is prepared to show microbial growth yield and
assimilable organic concentration. The growth monitored during the incuba-
tion is converted to the AOC from the standard curve. van der Kooij in 1992
reported that when AOC was <10 pg/L, the heterotrophic bacterial growth
was limited. Based on van der Kooij’s (1992) concept, many analytical tech-
niques were developed to estimate AOC. Table 2.2 presents the representative
AQOC analysis techniques. Furthermore, some of these methods deviate from
adapting natural bacterial consortia (Hammes and Egli 2005; Kaplan, Bott,
and Reasoner 1993), rather than using pure cultures. Moreover, a majority of
AQOC available uses various growth measuring methods such as plating, ATP,
turbidity, flow cytometry, and luminescence. The current research efforts are
aiming at user-friendly and rapid AOC detection methods development.

Jeong et al. (2013) introduced a novel AOC measurement technique called
the Vibrio fischeri method. In this method, frozen V. fischeri stock is allowed
for incubation for a short time in seawater. Glucose is used as a carbon sup-
ply. The luminescence meter measures natural bioluminescence after the
incubation period at 25°C wherein marine agar plate is employed for strain
preparation. The distinctive feature of this method is the very less (30 min-
utes) incubation time due to the directly used marine agar plate for strain
preparation. Moreover, V. fischeri strain outperformed the previously used V.
harvey strain for AOC detection due to its good correlation with cell number
and luminescence. Furthermore, as V. fischeri strain was derived from sea-
water, it can therefore be well adopted to high TDS concentration of source
saline water. The luminescence detection approach is also favorable to flow
cytometry as luminescence detection is much easier. Flow cytometry suffers
from the limitation of detecting too small cell counts (<10* cells/mL).

2.6.3.5 Biodegradable Organic Carbon (BDOC)

The portion of available dissolved organic carbon (DOC) of the feed, which
is easily metabolized by heterotrophic bacteria, is biodegradable dissolved
organic carbon (BDOC) (Servais, Billen, and Hascoét 1987). The BDOC is
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obtained by subtracting the initial DOC from the final DOC detected after
28days of incubation. For incubation, the inoculum chosen is simply envi-
ronmental microbes. The incubation happens under suspended and attached
growth conditions. For the attached growth mechanism, sand or porous bed
supports are provided. During suspended incubation, 28 or 5-7days are
recommended time for bacteria attached to the sand support. The BDOC
detection is a biodegradability indication parameter generally used in water
treatment. Nevertheless, van der Kooij (1992) deduced that due to lack of
proper correlation between bacteria and BDOC concentration, BDOC is not
reliable in accurately predicting bacterial regrowth, and due to its extremely
low detection limit (0.1 mg/L), it also measures AOC concentration (van der
Kooij 1992).

The Biomass Production Potential (BPP) test is performed when the bio-
degradable chemical of a water sample cannot be consumed by the AOC
test. BPP can detect maximum ATP of the microbial community of the water
under 25°C incubation. BPP is measured in terms of ATPmax/mg product or
liter of water (Vrouwenvelder et al. 2000). Another such parameter, the bio-
film formation rate (BFR), is expressed as pgATPcm?/day, which is nothing
but biotic bacteria (ATP) deposition on the glass ring surface measured by an
online biofilm monitor (van der Kooij et al. 1995).

References

Adham, Samer S., Vernon L. Snoeyink, Mark M. Clark, and Jean-Luc Bersillon. 1991.
“Predicting and verifying organics removal by PAC in an ultrafiltration sys-
tem.” American Water Works Association 83 (12). John Wiley & Sons, Ltd: 81-91.

Al-Amoudi, Ahmed S., and A. Mohammed Farooque. 2005. “Performance restoration
and autopsy of NF membranes used in seawater pretreatment.” Desalination 178
(1-3 SPEC. ISS.). Elsevier: 261-71.

Al-Juboori, Raed A., and Talal Yusaf. 2012. “Biofouling in RO system: Mechanisms,
monitoring and controlling.” Desalination, 302:1-23. Elsevier.

Amy, Gary. 2008. “Fundamental understanding of organic matter fouling of mem-
branes.” Desalination 231 (1-3). Elsevier: 44-51.

Baig, M. B., and A. A. Al Kutbi. 1998. “Design features of a 20 Migd SWRO desalina-
tion plant, Al Jubail, Saudi Arabia.” Desalination 118 (1-3). Elsevier Sci B.V.: 5-12.

Bell, Elizabeth A., Ryan W. Holloway, and Tzahi Y. Cath. 2016. “Evaluation of forward
osmosis membrane performance and fouling during long-term osmotic mem-
brane bioreactor study.” Journal of Membrane Science 517 (November). Elsevier
BV.: 1-13.

Bereschenko, L. A., H. Prummel, G. JW. Euverink, A. ]J. M. Stams, and M. C. M. van
Loosdrecht. 2011. “Effect of conventional chemical treatment on the microbial
population in a biofouling layer of reverse osmosis systems.” Water Research 45
(2). Elsevier Ltd: 405-16.



30 Polymetallic Coatings to Control Biofouling in Pipelines

Boerlage, Siobhan F. E., Maria D. Kennedy, Meseret Petros Aniye, Elhadi Abogrean,
Zeyad S. Tarawneh, and Jan C. Schippers. 2003. “The MFI-UF as a water quality
test and monitor.” Journal of Membrane Science 211 (2). Elsevier: 271-89.

Chae, So Ryong, Shuyi Wang, Zachary D. Hendren, Mark R. Wiesner, Yoshimasa
Watanabe, and Claudia K. Gunsch. 2009. “Effects of fullerene nanoparticles on
escherichia coli K12 respiratory activity in aqueous suspension and potential
use for membrane biofouling control.” Journal of Membrane Science 329 (1-2).
Elsevier: 68-74.

Chen, Kai Loon, Lianfa Song, Say Leong Ong, and Wun Jern Ng. 2004. “The devel-
opment of membrane fouling in full-scale RO processes.” Journal of Membrane
Science 232 (1-2). Elsevier: 63-72.

Chua, K. T, M. N. A. Hawlader, and A. Malek. 2003. “Pretreatment of seawater:
Results of pilot trials in singapore.” Desalination 159 (3). Elsevier: 225-43.

Chun, Youngpil, Dennis Mulcahy, Linda Zou, and In Kim. 2017. “A short review of
membrane fouling in forward osmosis processes.” Membranes 7 (2). MDPI AG: 30.

Cottrell, Matthew T., and David L. Kirchman. 2000. “Natural assemblages of marine
proteobacteria and members of the cytophaga-flavobacter cluster consum-
ing low- and high-molecular-weight dissolved organic matter.” Applied and
Environmental Microbiology 66 (4). Appl Environ Microbiol: 1692-97.

Davies, C. M., D. J. Roser, A.J. Feitz, and N. J. Ashbolt. 2009. “Solar radiation disin-
fection of drinking water at temperate latitudes: Inactivation rates for an opti-
mised reactor configuration.” Water Research 43 (3). Elsevier Ltd: 643-52.

Davies, David G., and Claudia N. H. Marques. 2009. “A fatty acid messenger is respon-
sible for inducing dispersion in microbial biofilms.” Journal of Bacteriology 191
(5). ] Bacteriol: 1393-403.

Desai, J. D., and I. M. Banat. 1997. “Microbial production of surfactants and their com-
mercial potential.” Microbiology and Molecular Biology Reviews : MMBR 61 (1).
American Society for Microbiology: 47-64.

Ding, Yi, Yu Tian, Zhipeng Li, Haoyu Wang, and Lin Chen. 2013. “Microfiltration
(MF) membrane fouling potential evaluation of protein with different ion
strengths and divalent cations based on extended DLVO theory.” Desalination
331 (December). Elsevier: 62-8.

Flemming, H. C. 2002. “Biofouling in water systems - cases, causes and countermea-
sures.” Applied Microbiology and Biotechnology, 59(6): 629-40.

Flemming, H. C., G. Schaule, T. Griebe, J. Schmitt, and A. Tamachkiarowa. 1997.
“Biofouling - The achilles heel of membrane processes.” Desalination 113 (2-3).
Elsevier: 215-25.

Flemming, Hans Curt. 1997. “Reverse osmosis membrane biofouling.” Experimental
Thermal and Fluid Science 14 (4). Elsevier Inc.: 382-91.

Flemming, Hans-Curt. 2011. “Microbial biofouling: Unsolved problems, insuffi-
cient approaches, and possible solutions.” 81-109. Biofilm Highlights, Springer:
Berlin, Heidelberg.

Frias-Lopez, Jorge, Aubrey L. Zerkle, George T. Bonheyo, and Bruce W. Fouke. 2002.
“Partitioning of bacterial communities between seawater and healthy, black
band diseased, and dead coral surfaces.” Applied and Environmental Microbiology
68 (5). Appl Environ Microbiol: 2214-28.

Fu, Weiling, Terri Forster, Oren Mayer, John J. Curtin, Susan M. Lehman, and Rodney M.
Donlan. 2010. “Bacteriophage cocktail for the prevention of biofilm formation by
pseudomonas aeruginosa on catheters in an in vitro model system.” Antimicrobial
Agents and Chemotherapy 54 (1). Antimicrob Agents Chemother: 397-404.



Biofouling in Industrial Water Systems 31

Gogate, Parag R., and Abhijeet M. Kabadi. 2009. “A review of applications of cavi-
tation in biochemical engineering/biotechnology.” Biochemical Engineering
Journal, 44(1): 60-72. Elsevier.

Habimana, O., A. J. C. Semido, and E. Casey. 2014. “The role of cell-surface inter-
actions in bacterial initial adhesion and consequent biofilm formation on
nanofiltration/reverse osmosis membranes.” Journal of Membrane Science,
454: 82-96. Elsevier.

Hambsch, B, and P. Werner. 1996. “The removal of regrowth enhancing organic mat-
ter by slow sand filtration.” In Advances in Slow Sand and Alternative Biological
Filtration, 21-7. Nigel Graham (Editor), Robin Collins (Editor). John Wiley &
Sons. https://www.wiley.com/en-us/Advances+in+Slow+Sand+and+Alternati
ve+Biological+Filtration-p-9780471967408.

Hammes, Frederik A., and Thomas Egli. 2005. “New method for assimilable organic
carbon determination using flow-cytometric enumeration and a natural micro-
bial consortium as inoculum.” Environmental Science and Technology 39 (9).
American Chemical Society : 3289-94.

Harris, George D., V. Dean Adams, Darwin L. Sorensen, and Michael S. Curtis. 1987.
“Ultraviolet inactivation of selected bacteria and viruses with photoreactiva-
tion of the bacteria.” Water Research 21 (6). Pergamon: 687-92.

Hori, Katsutoshi, and Shinya Matsumoto. 2010. “Bacterial adhesion: From mecha-
nism to control.” Biochemical Engineering Journal, 48(3): 424—434. Elsevier.

Hu, ]. Y, L. E Song, S. L. Ong, E. T. Phua, and W. J. Ng. 2005. “Biofiltration pretreat-
ment for reverse osmosis (RO) membrane in a water reclamation system.”
Chemosphere 59 (1). Elsevier Ltd: 127-33.

Huber, Stefan A. Andreas Balz, Michael Abert, and Wouter Pronk. 2011.
“Characterisation of aquatic humic and non-humic matter with size-exclusion
chromatography - organic carbon detection - organic nitrogen detection
(LC-OCD-OND).” Water Research 45 (2). Elsevier Ltd: 879-85.

Inaba, Tomohiro, Tomoyuki Hori, Hidenobu Aizawa, Atsushi Ogata, and Hiroshi
Habe. 2017. “Architecture, component, and microbiome of biofilm involved in
the fouling of membrane bioreactors.” NPJ Biofilms and Microbiomes 3 (1). Nature
Publishing Group: 5.

Jeong, Sanghyun, Gayathri Naidu, Saravanamuthu Vigneswaran, Chao Hoe Ma, and
Scott A. Rice. 2013. “A rapid bioluminescence-based test of assimilable organic
carbon for seawater.” Desalination 317 (May). Elsevier: 160—-65.

Joyce, E., T.]. Mason, S. S. Phull, and J. P. Lorimer. 2003. “The development and evalu-
ation of electrolysis in conjunction with power ultrasound for the disinfection
of bacterial suspensions.” Ultrasonics Sonochemistry, 10. Elsevier: 231-34.

Kang, Guo Dong, Cong Jie Gao, Wei Dong Chen, Xing Ming Jie, Yi Ming Cao, and
Quan Yuan. 2007. “Study on hypochlorite degradation of aromatic polyamide
reverse osmosis membrane.” Journal of Membrane Science 300 (1-2). Elsevier:
165-71.

Kaplan, L. A, T. L. Bott, and D. ]J. Reasoner. 1993. “Evaluation and simplification of
the assimilable organic carbon nutrient bioassay for bacterial growth in drink-
ing water.” Applied and Environmental Microbiology 59 (5). American Society for
Microbiology (ASM): 1532-39.

Khan, Mohiuddin Md Taimur, Philip S. Stewart, David ]J. Moll, William E. Mickols,
Mark D. Burr, Sara E. Nelson, and Anne K. Camper. 2010. “Assessing biofouling
on polyamide reverse osmosis (RO) membrane surfaces in a laboratory system.”
Journal of Membrane Science 349 (1-2). Elsevier: 429-37.


https://www.wiley.com
https://www.wiley.com

32 Polymetallic Coatings to Control Biofouling in Pipelines

Kim, Dooil, Seunghoon Jung, Jinsik Sohn, Hyungsoo Kim, and Seockheon Lee. 2009.
“Biocide application for controlling biofouling of SWRO membranes - an over-
view.” Desalination 238 (1-3). Elsevier: 43-52.

Kim, Lan Hee, Am Jang, Hye Weon Yu, Sung Jo Kim, and In S. Kim. 2011. “Effect of
chemical cleaning on membrane biofouling in seawater reverse osmosis pro-
cesses.” Desalination and Water Treatment 33 (1-3). Taylor and Francis Inc.: 289-94.

Kosuti¢, K., and B. Kunst. 2002. “Removal of organics from aqueous solutions by com-
mercial RO and NF membranes of characterized porosities.” Desalination 142 (1).
Elsevier: 47-56.

Kumar, K. Vasanth, and S. Sivanesan. 2006. “Pseudo second order kinetic models for
safranin onto rice husk: Comparison of linear and non-linear regression analy-
sis.” Process Biochemistry 41 (5). Elsevier: 1198-202.

Kwon, Boksoon, Sangyoup Lee, Jaeweon Cho, Hyowon Ahn, Dongjoo Lee, and
Heung Sup Shin. 2005. “Biodegradability, DBP formation, and membrane foul-
ing potential of natural organic matter: Characterization and controllability.”
Environmental Science and Technology 39 (3). Environ Sci Technol: 732-39.

Larsen, Tove A., and Poul Harremoés. 1994. “Degradation mechanisms of colloidal
organic matter in biofilm reactors.” Water Research 28 (6). Pergamon: 1443-52.

LeChevallier, M. W.,, W. Schulz, and R. G. Lee. 1991. “Bacterial nutrients in drink-
ing water.” Applied and Environmental Microbiology 57 (3). American Society for
Microbiology (ASM): 857-62.

Le-Clech, Pierre. 2010. “Membrane bioreactors and their uses in wastewater treat-
ments.” Applied Microbiology and Biotechnology, 88, 1253-1260. Springer Verlag.

Leparc, Jérdme, Sophie Rapenne, Claude Courties, Philippe Lebaron, Jean Philippe
Croué, Valérie Jacquemet, and Greg Turner. 2007. “Water quality and per-
formance evaluation at seawater reverse osmosis plants through the use of
advanced analytical tools.” Desalination 203 (1-3). Elsevier: 243-55.

Louie, Jennifer S., Ingo Pinnau, Isabelle Ciobanu, Kenneth P. Ishida, Alvin Ng, and
Martin Reinhard. 2006. “Effects of polyether-polyamide block copolymer coat-
ing on performance and fouling of reverse osmosis membranes.” Journal of
Membrane Science 280 (1-2). Elsevier: 762-70.

Lu, Guang Yuan, and Wen Xiong Wang. 2019. “Water analysis | Seawater: Inorganic
compounds for environmental analysis.” In Encyclopedia of Analytical Science,
353-58. Elsevier.

Luo, Wenhai, Benedicta Arhatari, Stephen R. Gray, and Ming Xie. 2018. “Seeing is
believing: insights from synchrotron infrared mapping for membrane foul-
ing in osmotic membrane bioreactors.” Water Research 137 (June). Elsevier Ltd:
355-61.

Madaeni, S. S., and Y. Mansourpanah. 2004. “Chemical cleaning of reverse osmosis
membranes fouled by Whey.” Desalination 161 (1). Elsevier: 13-24.

Malaisamy, Ramamoorthy, David Berry, Diane Holder, Lutgarde Raskin, Lori Lepak,
and Kimberly L. Jones. 2010. “Development of reactive thin film polymer
brush membranes to prevent biofouling.” Journal of Membrane Science 350 (1-2).
Elsevier: 361-70.

Matin, Asif, Z. Khan, S. M. J. Zaidi, and M. C. Boyce. 2011. “Biofouling in reverse
osmosis membranes for seawater desalination: Phenomena and prevention.”
Desalination, 281: 1-16. Elsevier.



Biofouling in Industrial Water Systems 33

Miller, Daniel J.,, Paula A. Aratjo, Patricia B. Correia, Matthew M. Ramsey, Joop
C. Kruithof, Mark C.M. van Loosdrecht, Benny D. Freeman, Donald R. Paul,
Marvin Whiteley, and Johannes S. Vrouwenvelder. 2012. “Short-term adhesion
and long-term biofouling testing of polydopamine and poly(ethylene glycol)
surface modifications of membranes and feed spacers for biofouling control.”
Water Research 46 (12). Elsevier Ltd: 3737-53.

Miura, Yuki, Yoshimasa Watanabe, and Satoshi Okabe. 2007. “Membrane Biofouling
in Pilot-Scale Membrane Bioreactors (MBRs) treating municipal wastewa-
ter: Impact of biofilm formation.” Environmental Science and Technology 41 (2).
American Chemical Society : 632-38.

Moueddeb, H,, P, J. P Jaouen, and F. Schlumpf. 1996. “Basis and limits of the fouling
index: Application to the study of the fouling powder of nonsolubles substances
in sea water.” In 67-71.7th World Filtration Congress. Budapest.

Naidu, Gayathri, Sanghyun Jeong, Saravanamuthu Vigneswaran, and Scott A. Rice.
2013. “Microbial activity in biofilter used as a pretreatment for seawater desali-
nation.” Desalination 309 (January). Elsevier: 254—-60.

Ng, How Y., and Menachem Elimelech. 2004. “Influence of colloidal fouling on rejec-
tion of trace organic contaminants by reverse osmosis.” Journal of Membrane
Science 244 (1-2). Elsevier: 215-26.

Onoda, S. 2016. “Development of a novel wastewater treatment system combined
direct up-concentration using forward osmosis membrane and anaerobic mem-
brane bioreactor.” Kobe University.

Parker, Jason A., and Jeannie L. Darby. 1995. “Particle-associated coliform in second-
ary effluents: Shielding from ultraviolet light disinfection.” Water Environment
Research 67 (7). Wiley: 1065-75.

Pearce, G. K. 2007. “The case for UF/MF pretreatment to RO in seawater applica-
tions.” Desalination 203 (1-3). Elsevier: 286-95.

Richards, Melanie, and Thomas Eugene Cloete. 2010. “Nanozymes for biofilm
removal.” In Nanotechnology in Water Treatment Applications, 1-196. Edited by T.
Eugene Cloete, Michele de Kwaadsteniet, Marelize Botes and J. Manuel Lépez-
Romero. Norfolk, UK: Caister Academic press.

Ridgway, H. F. 2003. Biological Fouling of Separation Membranes Used in Water Treatment
Applications. USA: AWWA Research Foundation.

Sachit, Dawood Eisa, and John N. Veenstra. 2014. “Analysis of reverse osmosis mem-
brane performance during desalination of simulated brackish surface waters.”
Journal of Membrane Science 453 (March). Elsevier: 136-54.

Sadr Ghayeni, S. B., P. J. Beatson, R. P. Schneider, and A. G. Fane. 1998. “Adhesion
of waste water bacteria to reverse osmosis membranes.” Journal of Membrane
Science 138 (1). Elsevier Sci BV.: 29-42.

Schneider, R. P, L. M. Ferreira, P. Binder, E. M. Bejarano, K. P. Gées, E. Slongo, C. R.
Machado, and G. M. Z. Rosa. 2005. “Dynamics of organic carbon and of bacte-
rial populations in a conventional pretreatment train of a reverse osmosis unit
experiencing severe biofouling.” Journal of Membrane Science 266 (1-2). Elsevier:
18-29.

Schwartz, Thomas, S. Hoffmann, and U. Obst. 2003. “Formation of natural biofilms
during chlorine dioxide and u.v. Disinfection in a public drinking water distri-
bution system.” Journal of Applied Microbiology 95 (3):591-601.



34 Polymetallic Coatings to Control Biofouling in Pipelines

Servais, Pierre, Gilles Billen, and Marie Claude Hascoét. 1987. “Determination of the
biodegradable fraction of dissolved organic matter in waters.” Water Research 21
(4). Pergamon: 445-50.

Shannon, Mark A., Paul W. Bohn, Menachem Elimelech, John G. Georgiadis, Benito
J. Marias, and Anne M. Mayes. 2008. “Science and technology for water purifi-
cation in the coming decades.” Nature, 452, 301-310. Nature Publishing Group.

She, Qianhong, Rong Wang, Anthony G. Fane, and Chuyang Y. Tang. 2016.
“Membrane fouling in osmotically driven membrane processes: A review.”
Journal of Membrane Science, 499: 201-233. Elsevier.

Subramani, Arun, and Eric M. V. Hoek. 2010. “Biofilm formation, cleaning, re-
formation on polyamide composite membranes.” Desalination 257 (1-3). Elsevier:
73-9.

Sun, Yan, Jiayu Tian, Liming Song, Shanshan Gao, Wenxin Shi, and Fuyi Cui. 2018.
“Dynamic changes of the fouling layer in forward osmosis based membrane
processes for municipal wastewater treatment.” Journal of Membrane Science 549
(March). Elsevier BV.: 523-32.

Van der Bruggen, B., J. Schaep, D. Wilms, and C. Vandecasteele. 1999. “Influence of
molecular size, polarity and charge on the retention of organic molecules by
nanofiltration.” Journal of Membrane Science 156 (1). Elsevier Science Publishers
BV.: 29-41.

van der Kooij, Dick, Harm R. Veenendaal, Cynthia Baars-Lorist, Daan W. van der
Klift, and Yvonne C. Drost. 1995. “Biofilm formation on surfaces of glass and
teflon exposed to treated water.” Water Research 29 (7). Pergamon: 1655-62.

van der Kooij, Dirk. 1992. “Assimilable organic carbon as an indicator of bacterial
regrowth.” Journal of American Water Works Association 84 (2): 57-65.

van der Kooij, Dirk, A. Visser, and W. A. M. Hijnen. 1982. “Dertermining the con-
centration of easily assimilable organic carbon in drinking water.” Journal of
American Water Works Association 74 (10). John Wiley & Sons, Ltd: 540-45.

Villacorte, Loreen O., Maria D. Kennedy, Gary L. Amy, and Jan C. Schippers. 2009.
“The fate of transparent exopolymer particles (TEP) in integrated membrane
systems: Removal through pre-treatment processes and deposition on reverse
osmosis membranes.” Water Research 43 (20). Elsevier Ltd: 5039-52.

Vrouwenvelder, J. S., and D. Van Der Kooij. 2001. “Diagnosis, prediction and preven-
tion of biofouling of NF and RO membranes.” Desalination 139 (1-3). Elsevier:
65-71.

Vrouwenvelder, J. S., D. A. Graf von der Schulenburg, J. C. Kruithof, M. L. Johns,
and M. C. M. van Loosdrecht. 2009. “Biofouling of spiral-wound nanofiltration
and reverse osmosis membranes: A feed spacer problem.” Water Research 43 (3).
Elsevier Ltd: 583-94.

Vrouwenvelder, J. S., J. W. N. M. Kappelhof, S. G. J. Heijman, J. C. Schippers, and D.
van der Kooij. 2003. “Tools for fouling diagnosis of NF and RO membranes
and assessment of the fouling potential of feed water.” Desalination 157 (1-3).
Elsevier: 361-65.

Vrouwenvelder, J. S, M. C. M. van Loosdrecht, and J. C. Kruithof. 2011. “Early warn-
ing of biofouling in spiral wound nanofiltration and reverse osmosis mem-
branes.” Desalination 265 (1-3). Elsevier: 206—12.

Vrouwenvelder, . S., S. A. Manolarakis, H. R. Veenendaal, and D. Van Der Kooij. 2000.
“Biofouling potential of chemicals used for scale control in RO and NF mem-
branes.” Desalination 132 (1-3). Elsevier: 1-10.



Biofouling in Industrial Water Systems 35

Vrouwenvelder, J. S., S. A. Manolarakis, J. P. van der Hoek, J. A. M. van Paassen, W.
G. J. van der Meer, ]. M. C. van Agtmaal, H. D. M. Prummel, J. C. Kruithof,
and M. C. M. van Loosdrecht. 2008. “Quantitative biofouling diagnosis in full
scale nanofiltration and reverse osmosis installations.” Water Research 42 (19).
Elsevier Ltd: 4856—68.

Vrouwenvelder, J. S., S. M. Bakker, L. P. Wessels, and J. A. M. van Paassen. 2007. “The
membrane fouling simulator as a new tool for biofouling control of spiral-
wound membranes.” Desalination 204 (1-3 SPEC. ISS.). Elsevier: 170-74.

Wang, Jack Z., R. Scott Summers, and Richard J. Miltner. 1995. “Biofiltration per-
formance: Part 1, relationship to biomass.” Journal - American Water Works
Association 87 (12). American Water Works Assoc: 55-63.

Wang, Xinhua, Yao Chen, Bo Yuan, Xiufen Li, and Yueping Ren. 2014. “Impacts of
sludge retention time on sludge characteristics and membrane fouling in a
submerged osmotic membrane bioreactor.” Bioresource Technology 161 (June).
Elsevier Ltd: 340-47.

Wang, Zhiwei, Junjian Zheng, Jixu Tang, Xinhua Wang, and Zhichao Wu. 2016. “A
pilot-scale forward osmosis membrane system for concentrating low-strength
municipal wastewater: Performance and implications.” Scientific Reports 6 (1).
Nature Publishing Group: 1-11.

Weinrich, Lauren A. Orren D. Schneider, and Mark W. LeChevallier. 2011.
“Bioluminescence-based method for measuring assimilable organic carbon in
pretreatment water for reverse osmosis membrane desalination.” Applied and
Environmental Microbiology 77 (3). American Society for Microbiology: 1148-50.

Wilbert, Michelle Chapman, John Pellegrino, and Andrew Zydney. 1998. “Bench-
scale testing of surfactant-modified reverse osmosis/nanofiltration mem-
branes.” Desalination 115 (1). Elsevier Sci B.V.: 15-32.

Wingender, Jost, Thomas R. Neu, and Hans-Curt Flemming. 1999. Microbial extracel-
lular polymeric substances : Characterization, structure and function. Microbial
Extracellular Polymeric Substances, 1: XIV, 258. Springer Berlin Heidelberg.



Polymetallic Coatings
to Control Biofouling
in Pipelines



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


https://taylorandfrancis.com

Polymetallic Coatings
to Control Biofouling

in Pipelines
Challenges and Potential

Vinita Vishwakarma
Dawn S S
K. Gobi Saravanan
A. M. Kamalan Kirubaharan
Saravanamuthu Vigneswaran
Gayathri Naidu

CRC Press
Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business




First edition published 2022
by CRC Press
6000 Broken Sound Parkway N'W, Suite 300, Boca Raton, FL 33487-2742

and by CRC Press
2 Park Square, Milton Park, Abingdon, Oxon, OX14 4RN

© 2022 Vinita Vishwakarma, Dawn S S, K. Gobi Saravanan, A. M. Kamalan Kirubaharan,
Saravanamuthu Vigneswaran, and Gayathri Naidu

CRC Press is an imprint of Taylor & Francis Group, LLC

Reasonable efforts have been made to publish reliable data and information, but the author and
publisher cannot assume responsibility for the validity of all materials or the consequences of
their use. The authors and publishers have attempted to trace the copyright holders of all material
reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write and
let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced,
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known
or hereafter invented, including photocopying, microfilming, and recording, or in any information
storage or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, access www.copyright.
com or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA
01923, 978-750-8400. For works that are not available on CCC please contact mpkbookspermissions@
tandf.co.uk

Trademark notice: Product or corporate names may be trademarks or registered trademarks and are
used only for identification and explanation without intent to infringe.

ISBN: 9781032044897 (hbk)
ISBN: 9781032044903 (pbk)
ISBN: 9781003193449 (ebk)

Typeset in Palatino
by codeMantra


http://www.copyright.com
http://www.copyright.com
mailto:mpkbookspermissions@tandf.co.uk
mailto:mpkbookspermissions@tandf.co.uk

Contents

LSt Of TADLES ...vevvivieeieteeeeteeteet ettt ettt et ere e eae e enas vii
List Of FIUIES ....oviiiiiiiiciicicicc s ix
PrEfACe...ueivieeeicteeeeeteeee ettt ettt ettt ettt et eae et e reeneens xi
AUTNOTS ..ottt ettt ettt e te et e reeteeraens xiii
INELOAUCHION «.ceveeveeet ettt ettt ettt e re et e aeeaees XV

1. Biofouling and Biocorrosion 1

Vinita Vishwakarma and K. Gobi Saravanan

2. Biofouling in Industrial Water Systems, Membrane Biofouling:
Assessment and Reduction Strategies 13
Sanghyun Jeong, Nirenkumar Pathak, Gayathri Naidu, and
Saravanamuthu Vigneswaran

3. Biofouling in Oil and Gas/Biofuel Pipelines 37
Dawn S S, Nirmala N, and Vinita Vishwakarma

4. Introduction to Surface Coatings 53
K. Gobi Saravanan, A. M. Kamalan Kirubaharan, and
Vinita Vishwakarma

5. Characterization of Surface Coatings 77
K. Gobi Saravanan, A. M. Kamalan Kirubaharan, and
Vinita Vishwakarma

6. Metallic Coatings 97
A. M. Kamalan Kirubaharan, K. Gobi Saravanan, and
Vinita Vishwakarma

7. Ethical Issues and Environmental Safety 107
Vinita Vishwakarma and A. M. Kamalan Kirubaharan

8. Future Prospects of the Coating Technology 111
Vinita Vishwakarma and Dawn S S

Index 117




Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


https://taylorandfrancis.com

List of Tables

Table 1.1

Table 2.1

Table 2.2
Table 3.1
Table 3.2

Table 3.3

Table 3.4

Table 4.1

Microorganisms Responsible for the Biodeterioration of

IMAtETIALS ..ottt ettt e e eseaeeeseare e e

Various OM Measurements and Characterization of Feed

Water SAmPIES ..o
Representative AOC Methods Available in the Literature.......

Impacts of Oil and Gas Sector on a Nation’s Economy .............

Policy Approaches in Countries Globally to Popularize

Biofuel Usage ........ccovvuvueiiiiceiicceeecce s

Corrosion Rate of Aluminum and Its Alloys Exposed to

Biodiesel and Blends Produced from Different Sources...........

Corrosion Related Parameters of Biodiesel Produced and
Tested in Centre for Waste Management, Sathyabama

Institute of Science and Technology..........cccoevieiiivinininicinininccnce.

Comparison Among PVD, CVD, Spray Process and EBPVD

Techniques (Singh and Wolfe 2005) .........ccccoevieivivinininiininincnnne.

vii



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


https://taylorandfrancis.com

List of Figures

Figure 1.1
Figure 1.2

Figure 2.1
Figure 4.1
Figure 4.2

Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 5.1
Figure 5.2

Figure 5.3

Figure 6.1

Growth phases of microbial growth ...

Biological fouling is due to the accumulation of

IMICTOOTZANISINS ...vviviviiinietcieree e
Schematic of biofilm formation.........cccceceeeveviveeeeccieceeeee,

Schematic view of different stages of metal polishing..........

Schematic diagram of steps involved in surface cleaning

by acid/alkaline SOIUtIONS .........ccccovviviviiiiiiiniiiiiae,
Schematic diagram of electropolishing...........ccccccceviiinnnes
Flow chart of the electroless plating process...........cccccccccuc...

Schematic diagram of the EBPVD process............cccooeuerencnee.

Thin film growth kinetics. (a) Arrival of single atom.
(b) Doublet formation. (c) Nucleation. (d) Growth.

(e) Coalescence. (f) Continuous film........ccceevevvevieiecieceeennnnnnn

Schematic representation of H,S formation by sulfate-

reducing bacteria (SRB) ...........ccocooeviiiiinniici,

Schematic diagram of microbiologically induced

corrosion (MIC) by sulfate-reducing bacteria (SRB) ..............

Schematic diagram of the mechanism of SRB in corroded

carbon steel pipelines.........cccccooveeeiniiiiciiicce

Schematic diagram of the sputter deposition technique ......

ix



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


https://taylorandfrancis.com

Preface

Biofouling is the major concern in most of the industries. Fouling-released
coating with a special emphasis on pipeline industries is the focus of this
book.

In oil and gas/fuel pipelines and storage tanks, biofilms cause significant
operational problems due to microbial invasion, which leads to reduction
of flow, souring, and reservoir plugging, thereby enhancing the corrosion of
the bacterial adhered surface. With the constant use of biofuels, the study of
the corrosive processes associated with microorganisms has also gained sig-
nificance. Carbon steel (CS) or stainless steel is principally used for the trans-
port of these materials because it is efficient and cost-effective. The major
problems faced by these materials are the aggressive environment of fouling
attack. Therefore, the study of protecting these pipeline surfaces with a pro-
tective coat is therefore quite significant. The surfaces of the pipeline colonize
with the biofilm and form the complex microbial structure such as extracel-
lular polymeric substance (EPS). The most abundant bacterial species, which
are involved in the internal corrosion of the pipelines, interact with molecu-
lar hydrogen present on the surfaces of pipes and produce hydrogen sulfide
as a by-product of metabolism. This process breaks down the iron and steel
of even heavy-walled pipes, resulting in leaks and catastrophic pipeline fail-
ure, and thus reduces the quality of oil and gas/biofuel pipelines and storage
tanks, therefore causing great financial losses worldwide. Surface modifica-
tion of metallic materials by thin-film technology has achieved a consider-
able breakthrough to enhance its properties. Coatings on the surface provide
a barrier between the surface and the environment, and provide fouling
resistance to the surface. Various techniques have been used for surface mod-
ification such as chemical vapor deposition (CVD), physical vapor deposition
(PVD), electrochemical and electroless plating. CVD and PVD techniques are
relatively expensive and sophisticated. The choice for metallic coatings in
recent years has emerged due to their low cost, fast deposition, good filling
capability, good uniformity, and low processing temperature. These metal-
lic coatings have been used extensively in the aerospace, automotive, and
chemical processing industries in the past decade. It is the easiest method to
deposit metallic films on arbitrary shapes with uniform thickness. It is a good
choice of metal coating for oil and gas/biofuel pipelines and storage tanks,
because of its excellent corrosion resistance and wear resistance when used
as a barrier layer. It also has the benefit of an adjustable thickness of coating,
good cohesion, and performance. Metal nanoparticles are known to exhibit
enhanced physical and chemical properties when compared to their bulk
counterparts because of their high surface-to-volume ratios. Copper (Cu),
zinc (Zn), silver (Ag), nickel (Ni), etc. are known to have excellent toxicity for

xi
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fouling organisms and thereby provide good resistance to biofouling. The
fouling resistance is mostly due to toxic metallic ions on the surface, making
it inhospitable to most organisms by blocking the respiratory enzyme system
of these microorganisms in addition to damaging microbial DNA and the
cell wall. Various surface characterization studies are there to evaluate the
nanocrystalline nature of the film such as X-ray surface analysis (XRD), Field
Emission Scanning Electron Microscopy (FESEM), Atomic Force Microscopy
(AFM), thickness and contact angle measurement, corrosion behavior to
distinguish the crystalline nature, morphology, chemical composition, and
surface topography of the coating surface. The mechanism of corrosion
resistance/improvement in the deposited layer should be studied by electro-
chemical techniques. Raman spectroscopy is used to characterize the corro-
sion deposits on the metal surface to find out the iron oxide phases and their
transformation. Leaching of deposited materials study should be performed
by using Inductively Coupled Plasma Mass Spectrometry (ICPMS)/Atomic
Absorption Spectroscopy (AAS). The microbial culture methods such as
isolation and identification of microbes are used to identify the biofilm and
corrosion-causing bacteria, which are significant in diversity study and find
the variation in the bacterial community.

The book contains eight chapters. The first part of the book discusses on
biofouling mechanisms, assessment, and reduction strategies followed by
biofouling in oil and gas/biofuel pipelines. The second part consists of sur-
face coating methods to prevent the fouling and deterioration of the surface
of pipes. The third part includes the ethical issues and environmental safety
of coating and prospects of coating technologies.

Biofouling is the major concern in most of the industries. Fouling-released
coating with special emphasis on pipeline industries is the better prospective
for future direction research.

This book will be useful to learn the interdisciplinary skill for Chemical
Engineering, Mechanical Engineering, and Biotechnology undergraduate
students.

Vinita Vishwakarma

Dawn S S

K. Gobi Saravanan

A. M. Kamalan Kirubaharan
Saravanamuthu Vigneswaran
Gayathri Naidu



Authors

Dr. Vinita Vishwakarmaisa Professor (Research) at the Centre for Nanoscience
and Nanotechnology, Sathyabama Institute of Science and Technology,
Chennai, India. She received her Ph.D. from Ranchi University (Ranchi) in
2002 and has since published more than 100 research articles, book chapters,
and books in the fields of Biofouling, Biocorrosion, Thin films, Bioimplants,
Surface modifications, Concrete corrosion, and Environment Health and
Safety. Her research is focused on the development of metals and materials
to control Biofouling and Biocorrosion. She has received sponsored research
projects from various funding of the Government of India. She is a member
of many professional bodies such as the Indian Science Congress Association,
the Indian Institute of Metals, and the Indian Women Scientist Association
and Organization for Women in Science for the Developing World. She has
also edited several proceedings and books and is a reviewer in many journals.

Dr. Dawn S S is a Chemical Engineer and has over 20years of experience
in teaching and research. She is a Professor (Research) and Head in the
Centre for Waste Management, a Centre of Excellence for Energy Research.
She has made over 50 publications in reputed journals and conference pro-
ceedings. She has written a book entitled Bio & Enzyme Engineering and has
authored several book chapters. She is a Consultant in Wasmanpro Solutions,
Chennai and has experience in Environmental Impact Assessment. Waste
management for energy and value-added products recovery and wastewater
assessment and treatment are her interests. Biofuels from waste resources
and their associated impacts on materials during transportation and storage
and organic coatings on metal surfaces are also her focus. She has operated
projects funded by the Indian Space Research Organization, Department of
Science and Technology and Ministry of Human Resource Development,
and Government of India. She is actively involved in rural women develop-
ment through projects funded by Unnat Bharat Abhiyan by providing skill
training for the women for their livelihood.

Dr. K. Gobi Saravanan is Scientist “C” at the Centre for Nanoscience and
Nanotechnology, Sathyabama Institute of Science and Technology, Chennai.
Currently, he is working on biomaterials, surface modification, antimicro-
bial coatings, corrosion protection of implant materials, and bioactive and
biocompatibility materials. He has published 25 papers in reputed interna-
tional journals and many papers in national/international conferences and
has two Indian patents. In addition, he has attracted funding from various

xiii



xiv Authors

government funding agencies like the Department of Biotechnology, Indian
Space Research Organization, etc.

Dr. A.M. Kamalan Kirubaharan is Scientist “C” at the Centre for Nanoscience
and Nanotechnology, Sathyabama Institute of Science and Technology, Chennai.
He has research experience in reputed organizations like ISRO, CSIR-CECRI,
and IGCAR. His research expertise lies in the fields of high-temperature coat-
ings, corrosion protection, geopolymer-based coatings, thin films, biosensors,
and phase transformations of materials. He has authored 25 papers in reputed
international journals and seven book chapters and has presented his work in
many national/international conferences. He has filed six Indian patents. He
has received seven research grants from various government funding agen-
cies like the Indian Space Research Organization (ISRO) and Defense Research
and Development Organization (DRDO). He is a reviewer for several reputed
international journals. He is a recipient of IOP Trusted Reviewer Award 2021.

Prof. Saravanamuthu Vigneswaran is currently a Distinguished Professor
of Environmental Engineering in the Faculty of Engineering and IT at the
University of Technology, Sydney (UTS), Australia. He obtained his Doctor
of Engineering and Dr.Sc. from the University of Montpellier and University
of Toulouse, respectively. He is a Distinguished Fellow of the International
Water Association. During the last 25years, he has made significant contri-
butions to the understanding of membrane systems in water reuse, resource
recovery and desalination, and sustainable water systems in developing
countries. He has several national and international projects in these areas.
He has obtained over 15 Australian Research Council grants and worked
as investigator and work package leader in four EU projects. He has served
as UTS coordinator of several consortiums: Australian National Centre of
Excellence for Desalination, Cooperative Research Centre for Contamination
Assessment and Remediation of the Environment (CRC CARE). He has pub-
lished over 350 journal papers, books, and book chapters.

He holds several international and national awards, including Google
Impact Challenge Technology against Poverty Prize (2017), IWA Global
Project Innovation and Development Awards in Research (2012,2019), and
Kamal Fernando Mentor Award (2018).

Dr. Gayathri Naidu obtained her Ph.D. and postdoctoral research fellowship
from the School of Civil and Environmental Engineering at the University
of Technology Sydney (UTS). Her research interest is focused on water
and wastewater treatment, membrane distillation, nanoparticles, seawater
mining, and integrated resource recovery from acid mining water. She has
worked as an industrial process engineer with Motorola and gained expe-
rience as a water and wastewater policy specialist. She is a member of the
Membrane Society of Australasia (MSA). She has published more than
40 journal papers and one book chapter to her credits.



	Clipboard Data(1)
	1b8263ea-4b15-412a-9007-454ae1641b94
	Pages from 9781003193449_webpdf-2.pdf
	Pages from 9781003193449_webpdf.pdf




