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Abstract. Bacteria have been considered as a major foulant that initiates the formation of biofilm on the
polymeric membrane surface. Some polymeric membranes are naturally antibacterial and have low fouling
properties, however, numerous efforts have been devoted to improve their antibacterial performance. These
modifications are mostly carried out through blending the membrane with an antibacterial agent or
introducing the antibacterial agent on the membrane surface by chemical grafting. Currently, a significant
number of researches have reported nanocomposite membrane as a new approach to fabricate an excellent
antibacterial membrane. The antibacterial nanoparticles are dispersed homogenously in membrane structure
by blending method or coating onto the membrane surface. Aim of the modifications is to prevent the initial
attachment of bacteria to membrane surface and kill bacteria when attached on the membrane surface. In this
paper, several studies on antibacterial modified membranes, particularly for water treatment, will be reviewed
comprehensively. Special attention will be given on polymeric membrane modifications by introducing
antibacterial agents through different methods, such as blending, grafting, and coating.

Keywords: antibacterial membrane; biofouling; membrane modification; antibacterial agents; water
treatment

1. Introduction

The application of polymeric membrane in water treatment fields has grown significantly due
to its low cost production, easy preparation and adjustable pore structure, high quality of product,
easy scale up, lower energy consumption, and environmentally friendly (Ariono et al. 2017,
Ariono et al. 2016, Khoiruddin et al. 2014, Wenten et al. 2016, Wenten et al. 2013). However,
applications of the membrane are limited by fouling formation that contributes to flux loss,
increasing of trans-membrane pressure, and change in membrane selectivity (Khoiruddin et al.
2014, Wenten 1995, Wenten et al. 2002). As the major component of microorganisms in water,
bacteria contributes to biofilm formation on the membrane surface that initiates adsorption
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Fig. 1 The growth of biofilm on membrane surface: (a), (b) adsorption of microorganism (bacteria), (c) EPS
formation, (d) growth of biofilm, and (e) dispersal of microorganism from EPS

interaction of other organic molecules into the film and forms extracellular polymeric secretions
(EPS) (Guo et al. 2012, Saeki et al. 2016). The matrix of biofilm leads to the entrapment of
inorganic particles and form an irreversible fouling layer on the membrane surface (Fig. 1).
Furthermore, the presence of biofilm induces concentration polarization on the membrane surface
and leads to the increase of hydrodynamic pressure as well as operational cost (Ferrando et al.
2017, Zhang et al. 2013).

The growth of biofilms formation on the membrane surface is controlled by some parameters,
such as feed water conditions, i.e., nutrients, oxygen concentration, pH, and temperature. pH of
solution contributes to its isoelectric point (IEP) properties on the substance electrical charge (Qiu
et al. 2009, Wu et al. 2016). When the pH of solution was higher than IEP substance, the bacteria
has negative charge. Since most commercial membrane surfaces are hydrophobic and have
positive charge, the adsorption of bacteria become more severe towards the membrane surface and
forms biofilm.

Numerous strategies have been proposed to prevent biofouling formation on the membrane
surface, such as pretreatments and cleaning methods (Friedman et al. 2016, Hakizimana et al.
2016, Pramanik et al. 2016). Even though 99% of bacteria could be eliminated by these methods,
the remaining bacteria are able to reproduce them self and grow rapidly on the membrane surface.
Therefore, biocide dosing or UV irradiation is generally used to control the bacteria growth during
membrane operation (Maddah et al. 2016). Many efforts have also been devoted by choosing
polymers with natural antibacterial property, e.g., chitosan (CS) and polymethyl acrylate (PMA),
as a membrane material (Wang et al. 2016). The antibacterial polymers Kill bacteria when attached to
the membrane surface and reduce the formation of biofouling significantly. Although the polymers have
antibacterial property, some modifications are performed to improve the membrane performance
by blending polymer with polycationic biocides (e.g., phosponium and ammonium quaternized
polymer) (Xue et al. 2015). Currently, coating the polycationic biocide onto the anionic polymer
membrane (e.g., zwitterionic polymers) has became a preferred method to produce antibacterial
membrane coupled with antifouling property (Weng et al. 2016).

A significant number of researches consider nanocomposite membrane as a new approach to
fabricating an excellent antibacterial membrane with high permeability and selectivity (Goh et al.
2015). There are two types of nanocomposite membrane, namely mixed matrix membrane, can be
prepared by dispersing the nanoparticles into polymeric membrane structure, (Chung et al. 2017)
and thin film nanocomposite, prepared by coating the nanoparticles on the membrane support
(Zinadini et al. 2017). Most of the nanocomposite membranes showed a greater antibacterial
property compared than unmodified antibacterial membranes (Kamal et al. 2016, Ozay et al.
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2016). Although these nanocomposite membranes offer some advantages, these nanocomposite
membranes are limited by its incompatibility with a polymeric membrane, which led to the loss of
nanoparticle from membrane matrix during fabrication and filtration process. Some techniques
have been proposed to overcome the challenge (Yang et al. 2016).

The membrane modifications with reliable antibacterial properties are still challenging for
widespread application of membrane technologies, especially in water treatment application. In
this paper, the antibacterial membrane for water treatment will be reviewed comprehensively.
Special attention will be given to membrane modification by introducing antibacterial agents
(polymer, nanoparticle, and biomaterial) into membrane matrix through several methods, such as
blending and surface modification (chemical grafting and coating).

2. Polymeric antibacterial membrane

Some polymer materials have naturally antibacterial properties, such as chitosan (CS) and
polymethyl acrylate (PMA) (Mufioz-Bonilla et al. 2012). Most of these antibacterial polymers are
positively charged, which kill bacteria by disrupting cell of bacteria membrane. CS is known as
cationic biopolymer that offers some advantages including good antibacterial activity,
biodegradability, nontoxicity, reactivity, film and fiber forming capacity, and favorable
hydrophilicity (Liu et al. 2016). In water treatment field, the CS membranes have been used as an
adsorbent membrane to remove hazardous materials such as dyes and heavy metal ions, mainly in
trace amounts, from water resources.

In spite of its advantages, the application of CS as membrane material is limited by its insoluble
character in most of organic solvents and low mechanical strength (Pillai et al. 2009). Therefore,
CS is mostly blended with other polymers or coated on the appropriate membrane support, which
is mostly utilized any cross-linking agent as well as any post-preparation treatment (Reiad et al.
2012, Waheed et al. 2014). In recent years, modification of CS polymer has been performed by
some techniques to improve the antibacterial property with a good solubility. Tan et al. (2013)
immobilized a quaternary ammonium group on a dissociative hydroxyl group or amino group of
the CS. They found that the quaternized CS (QCh) had stronger antibacterial activity than
unmodified CS over an entire range of pH values. When the QCh blended into hydrophilic
polymer-based membranes (such as poly(vinyl alcohol) (PVA) and poly(vinyl pyrrolidone)
(PVP)), the modified membrane showed higher antibacterial activity against the gram-positive
bacteria (S. aureus) and gram-negative bacteria (E. coli) (Ignatova et al. 2007). The antibacterial
membrane can also be prepared by directly blending a quaternary ammonium compound (QAC)
into polymeric membrane solution, as has been done by Zhang et al. (2016).

Other CS derivatives (e.g., N-phthaloyl chitosan (NPHCs), N,O-carboxymethyl chitosan
(NOCC), and N-succinyl chitosan (NSCS)) also attracted many researchers (Xu et al. 2015). These
CS derivatives showed a good antibacterial activity and have been used as an additives in the most
polymeric membranes, such as polythersulfone (PES), polysulfone (PSf), polyvinylidene fluoride
(PVDF), and cellulose acetate (CA) (Kausar 2016, Rajesha Kumar et al. 2013, Luo et al. 2012).
Some modifications of antibacterial polymeric membranes and the membrane preparation
techniques are shown in Table 1.

3. Surface modification of antibacterial membrane
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Table 1 Polymeric-based antibacterial membranes

Polymeric mixture Preparation Bacteria Antibacterial Reference
materials technique test activity
CFU=
CS-PCL Electrospinning ( A.?C%J;%ug%) 2.02 cell number/cm?  (Cooper et al. 2013)
(after 8h of filtration)
Excellent kill
L S. aureus S. aureus and
QCh/PVP Electrospinning and E. coli 98.8% reduction of (Ignatova et al. 2007)
E. coli
Efficiency of 96%
Nylon-6/CS Electrospinning E.coli (30/70-CS/ (Jabur et al. 2016)
Nylon ratio)

S. aureus removal=
S. aureus 5.8 logyg CFU/100 mL
and E. coli E.coli removal=
4.0 logy, CFU/100 mL
negligible bacterial ~ (Sidra Waheed et al.

PA Electrospinning (Daels et al. 2011)

Solvent evaporation

CA/PEG600/CS E.coli

phase separation growth 2014)
Melt mixing with . Efficiency of 900./0
PE/PEO/GO-NH, twin extruder E. coli (90/10 PE/PEO with  (Mural et al. 2014)
1%wt of GO-NH,)
PS-MSP Co-precipitation  E.coliand oy o5 pgimi (Khanetal. 2012)
method P. aeruginosa

Abbreviation: CS = chitosan; PCL= polycaprolactone; CA = cellulose acetate; PEG = polyethylene glycol;
QCh = quaternized chitosan derivative; PVP = poly(vinyl pyrrolidone); PA = polyamide; PS = polystyrene;
MSP = magnesium-strontium phosphate;
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Fig. 2 Anchoring polymer chains techniques on the membrane surface

Considerable works on polymeric membrane surface modifications have been conducted. The
modification of the membrane surface with an antibacterial property is more effective in killing
bacteria without the release of active molecules that contribute to the second contamination in the
environment. The most widely used method to introduce an antibacterial agent on the membrane
surface is chemical grafting method. This grafting method can generated via a “grafting to” or
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“grafting from” technique (Krishnamoorthy et al. 2014). Both of mentioned techniques are shown
in Fig. 2. In “grafting to” technique, end functionalized polymer chain, or polymer brush, is
directly anchored (or immobilized) onto the membrane surface through chemical reaction. While
in “grafting from” method, initiators are introduced on the membrane surface, after that followed
by polymerization of monomers. The length of polymer chain and antibacterial efficiency can be
adjusted by changing the reaction time (Yao et al. 2008). Several types of antibacterial agents have
been coated on the membrane surface by grafting methods, such as cationic biocides or polymers
(Nikkola et al. 2013, Shen et al. 2015) and functionalized graphene oxide (Huang et al. 2016).

Polydopamine (PDA), which contains both catechol and primary amine functional groups, has
been successfully coated on a commercial reverse osmosis (RO polyamide (PA) membrane surface
by Karkhanechi et al. (2014). Although the PDA active layer reduced the membrane flux, but
antiadhesion and antibacterial was improved due to the presence of protonated amine groups in the
layer structure. When the PDA active layer is further modified with PVPiodine complex via
multiple hydrogen bonding interactions, the PDA/PVP/I active layer Kills the attached bacteria up
to 99.9% (Jiang et al. 2013). In addition to RO membrane modification, the mitigation of biofilm
in RO membrane system may also be performed by coating or embedding the spacer surface with
antibacterial agents (Ronen et al. 2016). Further strategy has also been developed by coating
antibacterial polymers onto an anionic polymers, such as zwitterionic polymers, to produce
antibacterial as well as antiadhesion or antifouling polymeric membrane. (Mi et al. 2014). For
example, the combination of CS and betaine showed stronger antibacterial activity and a broader
range of inhibition as compared with the CS alone (Tada et al. 2009).

Layer-by-layer self-assembly (LbL) of polyelectrolytes is another technique to easily attach
antibacterial agents and antiadhesive agents on the membrane surface. The multilayer thin film
membrane may be formed by electrostatic interactions (Jiang et al. 2006), charge transfer
(Shimazaki et al. 1997), hydrogen bonds (Kharlampieva et al. 2009), or step by step reactions
(Bergbreiter et al. 2007). These techniques are shown in Fig. 3. Fu et al. (2005) fabricated anti-
adhesive and antibacterial multilayer membranes by interacting CS (as polycation) and heparin (as
polyanion) on a poly(ethylene terephthalate) (PET) membrane surface. They studied the effect of
charge density of the polyelectrolytes to the thickness of the formed layer by changing the pH of
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Fig. 3 Schematic of multilayer membrane preparation: (a) electrostatic interaction, (b) charge transfer, (c)
hydrogen bonding, and (d) click chemistry
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Table 2 Surface modification techniques of antibacterial membranes.

P.T.P. Aryanti, M. Sianipar, M. Zunita and 1.G. Wenten

Surface

e Support Antibacteria Bacterial Anti-bacteria
modification e Ref.
. membrane agent test efficiency
techniques
poly(methacryloxyethyl
Plasma-induced Polyethylene benzyl dimethyl . (Lietal.
. (PE) hollow ! . E.coli 92.4%
grafting fiber ammonium chloride) 2015)
(PDMAE-BC)
Plasma-induced i : 0 (Lietal.
grafting PVC PDMAE-BC E. coli 96.3% 2016)
. PES . 0 (Razi et al.
Photografting (150 kDa) MEDSAH P. putida +100% 2012)
- E. coli E.coli and
; . -S.aureus  S.aerus: 100% (Yangetal.
UV-induced grafting PP polySBMA - P. fluores-  P. fluorescens: 2010)
cens 98%
; . - E. coli, 0 (Yang et al.
UV-induced grafting PP PDMAEMA -'S. aureus 100% 2011)
- E.coli
Genipin-induced ~ Aminolyzed Blending pSBMA and P. mirabilis; 599% (Wang et al.
crosslinking reaction  silicone HTCC - S. aureus 2015)
- P. aeruginosa
radical (Sui et al
graft PVDF PDMAEMA E.coli 99% '
. 2014)
polymerizations
Grafting PDA (composition: - E.coli 0 (Karkhanechiet
polymerization PA (RO) 5 kg/m® of dopamine) - P. putida +46% al. 2014)
Grafting PP PDA-PVP-I S. aureus 99.9% (Jiang et al.
polymerization 2013)
Layer-by-layer PAH /PAA . 0 (Tang et al.
polyelectrolyte PSt polyelectrolyte E. coli 99% 2013)
Layer-by-layer polyamide ) . 0 (Rahaman
Polyelectrolyte (RO) PAA/AG-PEI E. coli 95% et al. 2014)
. . polyamide Staphylococcus 0 (Hassanien
Chemical grafting (RO) PVA/CA/PEG 5p. +99% etal, 2013)
Spray- and spin-
assisted layer-by-  polyamide . 0 0 (Maetal.
layer (RO) Copper (Cu) E. coli 94.3% - +100% 2016)
assembly
In-situ generation on  Polyamide o E. coli and 0 (Dong et al.
TEC layer (RO) TA-Fe-PEI/Ag B. subtilis 100% 2017)
Abbreviation: MEDSAH=[2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium  hydroxide;

PP=polypropylene, PVC=polyvinyl chloride ; PDMAE-BC=poly(methacryloxylethyl benzyl dimethyl
ammonium  chloride);  PSf=polysulfone, PA=polyamide, SBMA=polysulfobetaine  methacrylate,
PDMAEMA=Poly(2-(dimethylamino)  ethyl —methacrylate), PAH=poly(allylamine  hydrochloride),
PDA=polydopamine, PP = polypropylene, | = iodine ; pPSBMA= poly(sulfobetaine methacrylate), HTTC=N-
[(2-hydroxy-3-trimethylammonium)propyl] chitosan chloride, PAA=poly(acrylicacid), PEl=poly(ethylene
imine); PDMAEMA= poly(N,N-dimethylamino-2-ethylmethacrylate), PRP=platelet-rich plasma;
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solution. At higher pH, CS, as a weak polyelectrolyte, tend to adsorb as a thicker layer, while
heparin, as a strong polyelectrolyte, tend to form a thin layer. In another research, Tang et al.
(2013) have assembled polyelectrolyte multilayers on polysulfone membrane by interacting poly
(allylamine hydrochloride) (PAH)/poly(acrylicacid) (PAA) and efficiency of bacteria removal to
99% was achieved. Several methods of membrane surface modifications are shown in Table 2.

Up to this time, the surface modification of polymeric membranes has been continuously
developed. Kinetics and electrostatic cognition assembly mechanism of polyelectrolytes on the
membrane surface by chemical reaction and LbL method are needed to design over thickness,
topology, and local chemical composition as well as final properties. Furthermore, multilayer
membrane design methods have also been continue developed by using a range of simple and
accessible processing operation for commercialization.

4. Nanocomposite antibacterial membrane

Nanocomposite membranes, which are increasingly fabricated by incorporating nanoparticles
(NPs) into polymeric membrane matrix, have been increasing used in water treatment field due to
their superior physicochemical properties (e.g., hydrophilicity, porosity, charge density, and
thermal and mechanical stability) (Khoiruddin et al. 2016, Wenten et al. 2016). A few NPs have
been progressively used as antibacterial agents (disinfectant) and then incorporated on or into
polymeric membrane structure, i.e., metals (such as: silver/Ag, copper/Cu) (Tamayo et al. 2016),
metal oxides (such as: ZnO, CuO,TiO,) (Aruoja et al. 2009), metal salts (such as: CuSO,)
(MccCarrell et al. 2008), metal hydroxides (such as: Cu(OH),, Ca(OH),, Mg(OH),, ZnOH)
(Karkhanechi et al. 2013), polymers (such as: P-4VP) (Ozay et al. 2010), carbon nanotubes (CNT)
(Tiraferri et al. 2011), and hybrid NPs (Jung et al. 2011).

Based on the NPs location in membrane structure, hanocomposite membranes can be divided
into two types, i.e., conventional nanocomposite and surface located nanocomposite. In
conventional nanocomposite membrane, the NPs are dispersed in the membrane structure by
blending method. Meanwhile in surface located nanocomposite, the NPs are deposited on the
surface of the membrane by grafting or interfacial polymerization method. The types of
nanocomposite membrane are shown in Fig. 4. The first composite membrane type is referred as
hybrid or mixed matrix membrane, meanwhile the second type is referred as thin film
nanocomposite (TFN) membrane. There are two techniques to disperse the NPs in membrane
structures, including in-situ generation (precursor blending followed by NPs generation in
membrane solution) and NPs blending (ex-situ). It has been reported that the nanocomposite
membrane prepared by ex-situ method had higher NPs density and bigger particles size, which
preferentially located in the skin membrane layer (Taurozzi et al. 2008). Conversely, in situ
method resulted in low density and smaller NPs that homogenously distributed along the
membrane cross-section. Lower density of NPs is attributed by the limited particles availability for
NPs growth under condition of developing porosity in membrane structure (Taurozzi. 2008).

The NPs position in membrane structure may also be controlled by adjusting the viscosity of
polymer solutions during membrane preparation (Sile-Yuksel et al. 2014). Higher viscosity of
polymer solution retarded the motion of NPs during membrane structure formation led to the
collocation of NPs in the sub-layer of the membrane. On the contrary, the lower polymer solution
allowed the NPs to move towards the membrane surface, which contributes to higher antibacterial
performance. Beside the position of NPs, particle size and concentration of NPs in membrane
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Fig. 4 Nanocomposite membrane types based on nanoparticle location: (a) conventionalnanocomposite
(mixed matrix) and (b) surface located nanocomposite

structure also become important parameters. It has been reported that the antibacterial activity is
improved by the increasing of particles concentration and decreasing of particle size (Pan et al.
2016). Silver (Ag) NPs is the most used of antibacterial agent to improve the antibacterial
membrane preparation. It has been reported that 70% of gram negative bacterium E. coli growth
can be inhibited in the presence of the Ag particles at a concentration of 10 pgcm™ bacterium
(Sondi et al. 2004). It is estimated that the interaction of building elements of bacteria with Ag”
ions induced a structural changes and degradation, after that attributed to the bacteria cell death.
Another study reported that Ag generated a reactive oxygen species (ROS), which contributed to
toxic condition to bacterial strains (Dallas et al. 2011).

As a photocatalyst, TiO, also showed an excellent performances to degrade many
environmental pollutants and possess an effective antibacterial property (Leong et al. 2014). The
antibacterial property of TiO, depends on crystallinity degree of the particle. It has been reported
that TiO, composed by 100% anatase crystalline type allows the formation of aggregate particles
in the membrane matrix, which has high tendency to clog the membrane pores and reduce the
membrane performance (Vatanpour et al. 2012). Modification technique with TiO, has been
purposed to prevent the particles aggregation and increase its stability in polymeric membrane
matrix, such as chemical modification with a coupling agent and mechanical modification by
increasing the density of the bulk or reducing the particle size being a fine powder (Altan et al.
2012). In water treatment processing, the utilization of TiO, nanocomposite membranes are
generally coupled with UV-light exposure to enhance the inactivity bacterial. The presence of
reactive oxygen generated by TiO, and direct UV illumination of the cells attributed to excellent
bactericidal effect. Impregnated TiO, in membrane matrix followed with UV-light irradiation
produces an excellent anti-bacterial membrane coupled with anti biofouling due to its
superhydrophilicity. The anti-biofouling activity of TiO, is improved due to the hydroxyl (-OH)
groups on the membrane surface (Madaeni et al. 2011). In contrast to TiO,, the UV-light
irradiation induces reduction of Ag" into silver elementary substance (Ag(0)), either on the surface
or inside of the template (Chen et al. 2013).

Incorporated of two or more types of NPs into membrane solution to enhance the antibacterial
membrane performance has been progressively proposed. As reported by Youssef et al. (2013),
TiO, had less antibacterial effect than Ag over all tested of bacteria (Candida, Staph. Aurous and
Pseudomonas) except with Staphylococcus. The synthesized Ag-TiO, thin film showed better
bactericidal activities compared with the neat TiO, nanofilm. Some examples of modifications of
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polymeric membranes by introducing NPs in membrane structure, both single and hybrid NPs, and
its antibacterial performances are shown in Table 3.

Table 3 Nanocomposite antibacterial membranes

Antibacterial

Nanopa_rtlcle Polymer Modification Bacteria test membrane Ref
materials membrane Method
performance
. . E. coli o i (Basri et al.
Silver (Ag) PES +PVP Blending S, aureus 100% inhibition 2011)
CS In-situ synthesis of S, aureus Almost complete (Regiel et al.
(DD 89+ 2%) Ag NPs ' (~100%) 2013)
Plasma-induced T Almost complete (Cruz et al.
PES Grafting > 1YPhimuri-um (~100%) 2015)
PSBMA-  In-situ synthesis of (Liu et al
zwitterionic Ag NPs on P. aeruginosa Efficiency of 97% '
2017)
brush membrane surface
. . . Almost complete (Damodar et
TiO, PVDF Blending E. coli (~100%) al. 2009)
. . Inhibited bacteria (Rahimpour
PVDF/SPES Blending E. coli effectively et al. 2011)
. . Almost complete (Younas
PVDF/PEG  Surface adhesion E. coli (~100%) et al. 2016)
. S. auereus Inhibited bacteria ~ (Anitha et al.
Zno CA Blending E. coli, effectively 2013)
1.07-0.75% bacterial (Khan et al
CA Blending E.coli adherence on the '
2015)
membrane surface
. E. coli Inhibited bacteria (Lietal
CS Blending S. aureus effectively 2010)
. . Inhibited bacteria (Ozay et al.
Cu PES Blending E.coli effectively 2016)
In-situ synthesis of . 0 . (Ben-Sasson
PA Ag-NPs E.coli 90% reduction et al. 2016)
Functionalized . . O i o (Tiraferri
CNT CA Blending E.coli 60% inactivation et al. 2011)
Ag-SiO, - .
. . . . Inhibited bacteria (Pan et al.
hyt_)rld PVDF Chemical grafting E. coli effectively 2016)
particles
E. coli (Park et al
PA Chemical grafting  P.aeruginosa Almost complete 2016) '
S. aureus
Deposited on E. coli 180x10° CFU/mL after
Ag/hMg/xl(;ITs PAN membrane (initial 80h of filtration (Booshehri
a)r/ticles surface by concentration compared to 18 h for et al. 2013)
P filtration 2x10° CFU/mL)  unmodified membrane

Abbreviation: CA=cellulose acetate; Cu=copper, CS=chitosan, DD=deacetylation degree, MWNTs=multi-

walled carbon nanotubes; PA =

polyamide;

PAN=polyacrylonitrile;

PEG=polyethylene glycol,

PES=polyethersulfone, PSBMA=polysulfobetaine methacrylate; PVP= Polyvinylpyrrolidone, PVDF= poly
(vinylidene fluoride), SPES= sulfonated polyethersulfone
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TFN membrane is a new type of composite membranes that mostly prepared via interfacial
polymerization (IP). The NPs are introduced within the thin polyamide (PA) dense layer of the thin
film composite (TFC) membrane. In-situ and ex-situ methods of TFN membrane preparation have
been proposed, either in aqueous or an organic phase (Mollahosseini et al. 2013). In in-situ
preparation, the synthesized porous support was dipped in aqueous m-phenylenediamine (MPD)
solution, subsequently immersed in trimesoyl chloride (TMC) solution containing NPs for the
polymerization process. Meanwhile in ex-situ preparation, NPs are embedded onto the porous
support surface prior to interfacial polymerization of monomers on the membrane surface
(Mollahosseini et al. 2014).

Besides agglomeration of the NPs in film membrane structure, the main problem in TFN
membrane application for water treatment is the release of deposited NPs from coating layer,
which contribute to the potential toxicity risk of NPs when they enter the environment and
organisms (Ashutosh Kumar et al. 2013). In addition, the antibacterial performance of the
membrane declines in proportion to the total number of NPs released from the coating layer. Some
techniques have been proposed to minimize the particle release, such as improvement in the
grafting methods to enhance the NPs stability in membrane matrix. Isawi et al. (2016) have been
successfully incorporated ZnO into the active grafting layer over PA(TFC) membrane. The zinc
leaching from the ZnO NPs modified PMAA-g-PA(TFC) was minimal, which indicated the
stabilization of the ZnO NPs on the membrane surface. Park et al. (2016) attached AgNP-SiO,
hybrid particles (AgNP-SiO,), in which AgNPs (+30 nm in dia.) were robustly and uniformly
grown on the aminopropyl moiety-functionalized SiO, particles (+400 nm in dia.), on the
membrane surface using cysteamine as a covalent linker. The hybrid particles were well
distributed over the entire membrane surface without severe aggregation and showed a great
leaching stability. Meanwhile, Mural et al. (2017) proposed a strategy to control the release of Ag
from polyethylene (PE)-based membrane surface by modifying the membrane surface with a
polyethylene imine (PEI) before depositing silver on the surface Mural et al. (2017). They found
that the presence of PEI allowed controlled leaching of silver ions in the permeate (less than 0.1
mg.I"" of silver ions in the final permeate. Basri et al. added PVP (15.000 Da) and 2, 4, 6-
triaminopyrimidine (TAP) during the membrane preparation, which resulted in silver leaching
reduction up to 57% and respectively 63%. The increase of PVP molecular weight reduced the
membrane pore size, thus contributed to higher entrapped of Ag particles in the membrane matrix.
Since hydrophilic polymers (such as: PVP, PEG,and CS) are effective in reducing fouling in
membrane structure (Aryanti et al. 2016, Aryanti et al. 2015), blending them with antibacterial
agent to polymeric membrane can be used to produce an excellent anti fouling and antibacterial
membrane (Alpatova et al. 2013).

Recently, deposition of multilayer nano-sheet, such as graphene oxide (GO), on polymeric
membrane has been developed by layer-by-layer (LbL) assembly method as an alternative to
composite membrane (Fig. 6). Zhang et al. (2015) deposited GO layers on polypropylene (PP)
membrane surface through click chemistry technique. Polypropylene (PP) is one of the most used
polymers in membrane fabrication due to its good thermal and chemical stability (Himma et al.
2017, Himma Nurul et al. 2016). Anti-fouling and antibacterial of the modified PP membrane was
enhanced due to the presence of GO, which has prominent antibacterial properties. Hu et al.
(2013) crosslinked GO nanosheet layers on polydopamine coated polysulfone membrane support
through 1,3,5-benzenetricarbonyl trichloride (TMC). Flux water of the modified membrane was
found 4-10 times higher than that of the most commercially available TFC membrane.
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(Nair et al. 2012)

5. Bio-antibacterial membrane

Due to the sensitivity towards environmental problems, biomaterials-based antibacterial agents
have been used as a nontoxic strategy on biofouling mitigation instead of chemical treatment.
Immobilization of antibacterial substances produced by living microorganisms, such as
antimicrobial peptides and bacteriolytic enzymes, have been developed to improve anti adhesion
property of microbial (Glinel et al. 2012). These biomaterials can be immobilized onto the
membrane supports either physically (e.g., via adsorption or layer by layer assembly) or
chemically (via covalent bonding). The use of covalent-based immobilization methods of
biomaterials on surfaces minimizes biomaterial leaching from the modified surface and
overcoming short-term antimicrobial protection problems inherent in physical immobilization
methods (Onaizi et al. 2011).

Several important parameters should be considered during immobilization of enzyme,
including reaction time, pH value, temperature, buffer, and inhibitor (Cordeiro et al. 2011). The
characteristics of immobilized enzyme depend on the properties of both enzyme and support
material (Tischer et al. 1999). Saeki et al. (2013) immobilized lysozyme onto ACA-modified
polyamide RO membrane by an amine coupling reaction using 1-ethyl-3-(3-dimethyl amino
propyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) at pH 8.0. The modified RO
membrane showed sufficient antibacterial activity up to 91% against the gram-positive bacteria,
Micrococcus lysodeikticus and Bacillus subtilis, which was remained active after being stored for 5
months at 5°C.

Antimicrobial peptide (AMP) is known as a cationic active compound that can resist bacteria,
viruses, protozoa and fungi (Giuliani et al. 2008). Immobilizing techniques of AMP on the support
surface have been reported, such as covalent bonding (Bagheri et al. 2009) and self-assembly
monolayer (SAM) method (Wang et al. 2008). Due to its physicochemical characteristics, AMP
tends to associate with a negatively charged membrane. Generally, a PEG linkage or other reactive
groups is used to immobilize peptide on a polymer surface. (Gao et al. 2011) conjugated Cysteine
functionalized cationic antimicrobial peptide on the copolymers brushes using a maleimide thiol
addition reaction, which has a good antimicrobial activity against Pseudomonas aeruginosa (P.
aeruginosa) PAQ1. Peptide density and graft density are two important parameters in achieving the
optimum antimicrobial properties of the peptide grafted polymer brush. Although almost of
biomaterial based modified membranes are used for medical applications up to the present time,
this modified type of membrane could be considered as a new strategy of non-toxic and
environmentally friendly in antifouling and antibacterial technology.
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6. Conclusions

As the major component of microorganisms in water, bacteria contribute to biofilm formation
on the membrane surface. Therefore, many efforts have been devoted to inactivate the activity of
bacteria during the filtration process by introducing antibacterial agent in the membrane structure.
Several antibacterial agents have been used in antibacterial membrane preparation, i.e., polymers,
nanoparticles (NPs), and biomaterial. These antibacterial agents are introduced into the membrane
matrix through different methods, such as blending, grafting, and coating. The Aim of these
modifications is to kill the bacteria when it attached on the membrane surface.

Some of polymer materials have naturally antibacterial and low fouling properties, such as
chitosan (CS) and zwitterionic polymers. CS has attracted considerable attention to be used as
antibacterial membrane-based material, either single or blended with other polymer materials. The
antibacterial properties of CS are influenced by intrinsic and environmental factors, such as degree
of polymerization, degree of acetylation, and solution pH. Several researches have also been
performed to improve the antibacterial properties of polymer by introducing polycationic biocides,
such as phosphonium and quaternary ammonium salts.

Numerous surface modification methods of the membrane have also been devoted to inhibit
biofilm formation. These modifications are mostly carried out through physical adsorption,
chemical grafting, and coating methods. Grafting is a method wherein monomers are bonded
covalently onto the end of membrane polymer chains by chemical, radiation, photochemical and
plasma-induced techniques. Furthermore, antibacterial membrane may also be prepared by coating
antibacterial agent and charged material on the membrane support surface. Recently, layer by layer
(LBL) assembly method has been reported to fabricate multilayer thin film membrane, which can
be driven by electrostatic interactions, charge transfer, hydrogen bonds, and step by step reactions.

Significant numbers of researchers have considered nanocomposite membrane as a new
approach to fabricate an excellent antibacterial membrane. The NPs are dispersed homogenously
in the membrane by blending method or coating onto the membrane surface. The antibacterial
efficiency of the nanocomposite membrane depends on location of NPs, which is influenced by
synthesizing technique of NPs and viscosity of the polymer membrane during the preparation.
Blending of two or more types of nanoparticles into membrane solution has been progressively
proposed to enhance the antibacterial membrane performance. A few strategies to control the loss
of NPs have been proposed to improve the entrapment of NPs in membrane structure, such as PVP
or PEG addition into the membrane solution during membrane preparation and modification of the
membrane surface before depositing silver on the surface.

Due to the sensitivity towards environmental problems, biomaterials-based antibacterial agents
have been used as a nontoxic strategy on biofouling mitigation instead of chemical treatment.
These biomaterials can be immobilized onto the membrane supports either physically (e.g., via
adsorption or layer by layer assembly) or chemically (via covalent bonding). Several important
parameters should be considered during immobilization of biomaterials, including reaction time,
pH value, temperature, buffer, and inhibitor. Although almost of biomaterial-based modified
membranes are used for medical applications up to this time, this modified type of membrane
could be considered as a new strategy of non-toxic and environmental friendly in anti fouling and
antibacterial technology.

Further research in development of antibacterial membrane, with good anti-fouling properties,
high permeability and selectivity, as well as long term stability, is still continuously conducted,
particularly in nanocomposite membrane. Although many efforts have been made to develop
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antibacterial membrane using various nanoparticles (NPs), incorporation between nanoparticle into
polymeric membrane becomes a challenge in the design of nanocomposite membranes. Therefore,
many researches have been focused on surface modification of the particles before it is mixed into
a polymer solution. Furthermore, due to the potential toxicity risk of nanoparticles when they enter
the environment and organisms, recently, the use of “green” synthetic NPs have begun proposed.
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