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o Modified membrane (presence ot BIOfOUNING has become concern issue in all pressure driven membrane technology. The

additives bactericidal additives) attachment of microorganism to the membrane surface gave an effect to membrane life
\_ Live bacteria | Dead bacteria span, increased operating and maintenance costs. Therefore, this review is focusing on the
— ~— C— development of nanocomposite membrane based on improving bactericidal properties to

suppress the activity of attached organisms in order to minimize biofim formation. This
approach was done with incorporation of biocidal nanomaterials into a polymeric
membrane matrix by include metal-based nanoparticles such as Titanium dioxide (TiO2),
Copper (Cu), Silver (Ag). Zinc oxide (ZnO); carbon-based nanomaterials including
graphene oxide (GO) and carbon nanotubes (CNTs) and hybrid nanomaterials. Current
constraints and prospective by the use of nanomaterials are discussed in order to increase
anfibacterial property for long term application for further implementation in membrane
systems from the views of water and wastewater treatment applications.
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Abstrak

Biofouling menjadi isu dalom semua feknologi membran yang berasaskan tekanan.
Lampiran mikroorganisma ke atas permukaan membran telah memberi kesan terhadap
jangka hayat membran serta meningkatkan kos operasi dan penyelenggaraan. Dengan
ifu, kajian ini memberi tumpuan kepada pembangunan membran nanokomposit dengan
meningkatkan ciri-ciri bakteria untuk menyekat akfiviti pelekatan organisma dalam
pembentukan biofilm. Pendekatan ini telah dilakukan dengan penambahan bahan nano
biocidal ke dalam matriks membran polimer nanopartikel berasaskan logam nano partikel
iaitu Titanium dioksida (TiO2), tembaga(Cu), perak (Ag). Zink dioksida(ZnO); bahan nano
berasaskan karbon termasuk graphene oksida (GO) dan nanotube karbon (CNTs) dan
bahan nano hibrid. Kekangan semasa dan potensi melalui penggunaan bahan nano
dalam turut dibincangkan untuk meningkatkan sifat anfibakteria bagi pelaksanaan jangka
panjang selanjutnya bagi sistem membran dari sudut air dan aplikasi rawatan air sisa

Kata kunci: Biofilm, ciri-ciri antimikrob, nanopartikel, pengubahsuaian permukaan
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1.0 INTRODUCTION

The demand of high quality water has becomes
critical concern as water resource quality degradation
has been a severe social and global problem,
particularly in less developed countries and causing
millions of deaths annually. Moreover, severity of clean
water shortage continuously increases due to the
rapid growth of world population, urbanization,
emergent industrial activity and water pollution. Major
waste effluent sources which include domestic
sewage, industrial effluent and agriculture runoff have
been identified to discharge notorious anthropogenic
pollutants to the aquatic system. Furthermore, the
presence of pathogenic  microorganisms in
wastewater treatment plant such as Escherichia coli,
Vibrio, cholera, Salmonella spp is harmful to human
health and have caused water borne-disease such as
diarrhea, cholera, septicemia, gastroenteritis [1].This is
most probably because of the effluents are not being
properly freated in wastewater freatment plants and
are released info surface waters resulting in toxin
accumulation, which adversely posing serious threat to
the environment and health [2]. Consequently, this
degradation in water quality will cause water scarcity
and it is expected by the year 2025,this problem will
become a major issue when global water
consumption would reach to 3800 km3/year [3].

In the last decades, the pressure driven membrane
processes such as reverse osmosis (RO), nanofiltration
(NF), ultrafiltration (UF) and microfiltration (MF) have
been widely applied in water and wastewater
freatment, biotechnology, food industry and medicine
[4] due to its small size, ease of maintenance, excellent
separation efficiency and high water quality. Despite
these advantages, organic and biological fouling still
remains as one of the major obstacles to its efficient
application. Biofouling based on the tendency of the
organics or microorganism to attach and grow onto
the surface of the membrane. These microorganisms
still remain as one of the major hindrance which deters
the efficiency of its application. Biofouling is based on
the tendency of the organics or microorganism to
attach and grow onto the surface of the membrane.
Once this microorganism steadily deposited, it has
tendency to produce exiracellular polymeric
secretions(EPS) containing 70-80% of various proteins
such as glycoproteins, lipoproteins, poly saccharides
and other biomolecules [5]. Eventually, biofim
formation will raised on membrane surface based on
accumulation of EPS and reproduction of bacteria [6,
71. As a result, it causes of diminishing membrane
performance over time as flux reduction, rejection
impairment and reduce membrane life span,
consequently, increase operational and maintenance
costs [7].

Hence, membrane modification is a more practical
approach to overcome the biofouling since tailor
ability of the membrane materials allowed specific
modification to be implemented. Improving
bacteriostatic properties can effectively minimize the
biofilm formation via blending [8], grafting [?], surface
coating [10], antimicrobial addifive [11], and inorganic
additives [12] has shown positive remarks. These
approaches usually reduce mutual hydrophobic
interactions between membrane surface,
microorganisms and compounds present in the feed.
Thereby reducing membrane biofouling [13].

The incorporation of nanoparticles in altering
polymeric membranes has offered an innovative
potential solution during the last few years in
preventing membrane biofouling and enhancing
water flux performance [14]. Many efforts have been
focused on the nano-metals such as Ag,TiO2 and Cu
to be imparted into the polymer membrane due to its
potential to act as anfibacterial agent [16, 17]. The
potential of these particles can be more concise in
terms of their high surface area per volume and foxic
to a wide spectrum of microorganisms. Interestingly,
they are able to deactivate bacteria cells by different
mechanism, including osmotic collapse, reciprocity
with phosphorus and sulfur, a release of intracellular
material, and enlargement of cell membrane
permeability [17]. Hence, this mini review will discuss
the improvement of antibacterial membranes through
incorporation of biocidal nanomaterials on the
membrane surface. Thereafter, the Ilimitafion of
biocidal nanomaterials in antibacterial membrane
development will be discussed and summarized.

2.0 SURFACE MODIFICATION STRATEGIES TO
SUPPRESS BIOFOULING

Membrane biofouling alone responsible for 45% of all
fouling occurs in membrane filfration systems [18].
Pathogenic bacteria such as Salmonella sp., Shigella
sp., Vibrio cholera, Yersinia enterocalitica,
Y.pseudotuberculosis, Leptospira sp., Francis Ella
tularensis, Dyspepsia coli, enterotoxin producing E.coli
and Pseudomonas is commonly found in wastewater
freatment plant. In general, biofouling sequence can
be summarized into four steps: (a.) adsorpfion of
organic matters to membrane surface; (b.)
microorganism adsorption and confinued adhesion to
the membrane surface; (c.) growth, reproduction of
adhering microorganisms; (d.) subsequent secretion of
extracellular polymers, mutual adhesion of the clonal
cells and the formation of biofilm.
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Figure 1 Stages in the formation of biofilms[5]

The attachment of microorganisms to the
membrane surface is influenced by factors such as
membrane material, the roughness surface and
hydrophobicity and membrane surface charge.
Factors affecting the adhesion of microorganisms to
membrane surfaces are summarized in Table 1.

Table 1 Factors affecting microorganism adhesion fo
membrane surfaces [19]

Factors Properties

Species
Composition of mixed
population
Population density
Growth phase
Nuftrient status
Hydrophobicity
Charges
Physiological response

Microorganism

Chemical composition
Surface charge
Surface tension
Hydrophobicity

Conditioning film
Roughness
Porosity

Surface

Temperature
pH
Dissolved organic matter
Dissolved inorganics
Suspended matter
Viscosity
Shear forces
Boundary layer
Flux

Feed water

Hence, membrane surface modification is needed
primarily to prevent or retard biofilm formation on one
or more of these stages. For example, bacterial

adhesion has been found to decrease significantly by
making the surface more hydrophilic, negatively
charged and/or smooth [20]. Similarly, deactivation of
ireversibly adhered microorganisms can be achieved
by a few different methods that include the
incorporation of antimicrobial nanomaterials [21].

The incorporation biocidal nanomaterials are now
becoming a favorable approach to enhance the
antimicrobial activity in membrane modification to
combat biofouling problem. Currently, there is
increasing aftention in engineering nanomaterial
which possessed strong antibacterial properties which
include silver nanoparticles [22], photocatalytic TIO2
[23], copper nanoparticles [24], carbon nanotfubes
[25] and graphene [26] .

This technique is also considered as a potential and
effective route to develop antifouling membranes.
Therefore, membranes with inherent  biocidal
properties may be helpful in reducing fouling by
means of killing bacteria either before they are able to
aftach to the surface or before they proliferate, ergo
reducing the extent of biofilm formation.

3.0 INCORPORATION OF
NANOPARTICLES

BACTERICIDAL

With proper  incorporation of  anfimicrobial
nanomaterials, the dead microorganisms are
incapable to develop and form a matured bio-fim on
the membrane surface, which is a form of irreversible
fouling [27]. Silver (AgQ) nanoparticles recognized as an
outstanding biocidal agent due to its foxicity to a wide
range of bacteria. Moreover, this material has
affracted huge aftention in various applications,
including antimicrobial coating, plastics and wound
dressings. The ability of this material has opened a
great number of studies related to suppress biofouling.
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For instance, Zodrow et al. [28] studied, about
antibacterial effect of nanosilver (n)Ag incorporated
info polysulfone ultrafiltration membranes (nAg-Psf)The
modified  membrane  demonstrated  excellent
anfimicrobial effect of a wide variety of bacteria,
including Escherichia coli K12, Pseudomonas
mendocina KRI1, and the MS2 bacteriophage. It is
suggested by Morones et al. [29] that anfibacterial
effects was primarily due to release of Ag* ions. In
addition, the functionality of the membrane also
improved not only as antimicrobial but also acts as
anti-adhesion. Thus, it will prevent biofilm formation. In
a different study, Basri et al. [30] modified PES

membrane by adding AgNps as the antibacterial
agent and described that Ag NPs have significantly
enhanced the membrane performance  with
increasing anfibacterial activity and also improve
hydrophilicity of the membrane with increasing of Ag
NPs loading. The use AgNPs in wastewater was further
enhanced by Yin ef al. [31] by improving the bonding
between Ag nanoparticles and surface of TFC
membrane by using cross linking agent. It is observed
that the modified membrane has excellence

anfibacterial activity as no bacteria growth on the
membrane surface as shown in Figure 2.

Figure 2 Difference in E.coli biofim growth on TFC membrane and TFC-S-AgNPs membrane(a)area contacted with TFC(b)TFC
surface(control)(c) area contacted with TFC-S-AgNPs (d) TFC-S-AgNPs surface[31]

On the other hand, Ben-Sasson et al. [32] employed
simple dip coating technique to functionalize PA
surface with copper suspension capped with
polyethyleneimine. The positively charged
polyethylenimine (PEl) enhanced Cu-NPs and create
stfrong electrostatic aftraction to the negatively
charged PA surface. The number of viable of 3 model
bacteria, Pseudomonas aeruginosa, and
Staphylococcus aureus were respectively attached on
the TFC RO membrane functionalized with Cu NPs
which resulted in tremendously decreased of
87%%0.2%, 96%+3%, and 79.5%+13% , after 1 h contact
relative to the control. The results were generally allied
with the biocidal properties of the bound Cu-NPs.

The potential of bactericidal property TiO2
nanoparticles was examined by depositing it onto TFC
PA membrane and exposing it to the suspensions
contained microbial under UV and absence of UV
light[33]. As illustrated in Figure 3, the numbers of E.coli

on the modified membrane are significantly
decreased with the presence of UV light. Meanwhile,
membrane surface without TiO2 nanoparticles and
membrane imparted with TiO2 without UV light show
high growth of bacteria. This study proved the ability of
TiO2 particle to combat biofouling which s
considerably realized by the presence of UV
iradiation.

In another work, the use of TiO2 NPs in reduction of
biofouling was demonstrated as it was deposited onto
different UF membranes namely PS100(polysulfone),
P0O05(polyethersulfone), C100(regenerated cellulose)
under ulfraviolet (UV) irradiation [20]. It can be seen
that severe reduction in a quantity of P.putida cells on
the surface of the membrane with deposits TIO2 with
antibacterial rate is about 98.1%.
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Apparently, TiO2 particles have imparted strong photo
bactericidal properties on the membrane. Thus, the
modified membrane demonstrated excellent flux
performance with 1.7-2.3 fimes higher and shown more
resistant to biofouling compared with control samples.
Figure 4 depicted a number of P.pufida cells on the
surface of initial and TiO2 modified membrane samples
with and without UV freatment.
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Figure 3 Cell number and survival ratio of E.coli in the hybrid
and the neat TFC membranes in the dark and with UV
illumination[33]
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Figure 4 The number of P.putida cells on the surface of PS100
membranes vs the time of black UV-irradiation: 1- initial

membrane, in the dark;2-membrane with deposited TiO2,in
the dark;3- initial membrane treated by UV;4-membrane with
deposited TiO2 treated by UV.AP= 3bar[20]

4.0 INCORPORATION OF CARBON BASED
NANOMATERIALS

Although biocidal nanoparticles are effective to
suppress microbial activity, they are not sustainable for

a long period application since its anfibacterial
activity depleted over time [34]. Recently, carbon
nanotubes (CNTs) and graphene have become
favorable as biocidal agent since they have been
discovered to impede grow of bacteria upon direct
contact with bacterial cells [35, 36, 37]. Graphene and
its derivatives like graphene oxide(GO) known have
abundant oxygen containing functional
groups(hydroxyl and epoxy groups on the basal
planes, and carboxyl and carbonyl groups on the
edges [38]. This feature has attracted huge attention in
waste and wastewater tfreatment applicatfion since it
can be easily manipulated and it assist the interaction
of GO sheets with a wide variety of organic and
inorganic materials.

Most  studies have focused on incorporating
graphene oxide(GO) into the polymer matrix in order
to improved permeability, enhance antfibacterial
effects and high mechanical strength properties
[39].Interestingly, this material can be produced at
relatively low cost via oxidation of graphite. According
to Liu et al. [40], Akhavan and Ghaderi [41], the
anfibacterial activity mechanism of graphene oxide
acted by inducing membrane damage, mediated by
physical disruption, charge fransfer and formation of
reactive oxygen species, and exiraction of lipid from
the cell membrane. Recently, efforts foward improving
the membrane active layer by functionalization of
graphene oxide on the TFC membrane was
successfully employed by Perreault et al. [34]. The
modified membranes showed excellent antibacterial
performance compared to control-TFC membrane.
SEM images as presented in Figure 5 indicated that the
bacteria cells attached to the modified membranes
exhibit destruction of cell structure compared to the
control-TFC membrane.

Apart of GO, CNTs were also reported to exhibif
antibacterial activity. The inactivation of bacteria cells
performed by destruct the membranes of bacterial
and disrupt their metabolic pathways based on
oxidative stress [25]. The potential of CNTs function
inactivation of bacteria was proved by a study
conducted by Tiraferri et al. [35] with deposition of
single-walled carbon nanotube (SWCNT) on TFC
membrane. The modified membrane showed to have
excellent antibacterial properties as 60% inactivation
cells within 1 hour of contact time. A similar study was
demonstrated by Kim et al. [36]) via deposition of
oxidized CNTs on TFC RO membranes and stabilize by
polyvinyl alcohol (PVA) coating shows excellent anti-
biofouling properties as well as water flux. However,
biofouling resistance property of the modified
membrane was reduced due to the agglomeration
formed as the amount of CNT added to the
membrane increased.
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Figure 5 The existence of antimicrobial properties of functionalization of graphene oxide on the surface TFC membrane[34]

5.0 RECENT PROGRESS OF ENHANCED
ANTIBACTERIAL PROPERTY AND STABILITY
NANOMATERIALS IN  ANTI  BACTERIAL
MEMBRANES

Depletion of nanoparticles is a common phenomenon
when adding biocidal nanoparticles such as Ag and
Cu info membranes via physical blending. Blending is
a typical method widely used in surface modification
and most preferable since it's simple, yet efficient in
enhancing membrane morphological properties as
well as its filtration performance [42, 43].

] Live cells ]
4x10° S Dead cells .

$ e %/ / ]
g '] % / ]

n-TFN-4h  n-TFN-24h

n-TFC-4h

n-TFC-24h

Membrane samples

Figure 6 The adhered bacterial numbers(live and dead) on n-
TFC and n-TFN membranes after 4h and 24 h immersion in
P.aeruginosa PAOT suspension [44]

However, due to the lack of compatibility of the
nanoparticles with a polymer, it has a tendency to

leach out during phase inversion process and/or
filtration which will lead to a shorter anfibacterial fime
as well as affecting the aquatic micro-organism when
it is disposed and released. Moreover, this technique
confributed the lack of effectiveness contact
between nanoparticles and bacteria, hampered it
from successfully reduce irreversible membrane
fouling.

In order to improve the depletion of NPs, it is
essential to create a carrier to control the NPs release
by embedding specific nanoparticle within the TFN
membrane as shown in Figure 6. For instance, Li et al.
[45] proved that, the release time of silver can be
confrolled for a long fime by imparting silver in the
plasma sprayed with wollastonite coated by direct
immersion of the coafing specimens in AgNOs
aqgueous solution. In another study carried out by Lico
et al. [42] by synthesized silver-exchanged NaY zeolite
particle and blending it with PVDF to form a
membrane via phase inversion technique. The hylbrid
membrane exhibited excellent and long lasting
antfibacterial  activity against  Escherichia  coli
(E.coli).Some substances have been used to bind silver
on different materials, such as silane [46], and chitosan
[47]. For instance, Zhu et al. [47] immobilized silver onto
the surface of a chitosan membrane via the
coordination between silver ions and the amino
groups(nitrogen atoms) of chitosan. Table 2 shows the
summary of recent studies related fo stability and
prolong the antibacterial activity in antibacterial
membrane development.

These reported studies have demonstrated that the
incorporation of nanomaterials into polymer could not
only host unique functionalities such as antibacterial
and  photocatalytic  characteristics  info  the
membranes, but also able to tune structure and
physicochemical properties such as hydrophilicity,
porosity, surface charge of the membranes.
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Table 2 Recent progress fo improve the stability and prolong antibacterial activity of membrane

Applicati Filler/ Fabrication Notable remarks Performance Reference
on Polymer Method
HNT acts as a carrier to
HNT- . enhanced onhbog‘renol activity Pure water flux= 233.0%
. Blending/phase- by confrol/delay silver release - . _
UF Chitosan- . ; . o Antibacterial rates= 94.0% [16]
inversion method  for along fime. The modified : -
AQ/PES (E.coli) and (S. aureus )=92.6%
membrane become, more
hydrophilic.
The modified HNTs were Pure water flux= 251.5%
Blending/phase- dispersed uniformly and the Antibacterial rates against
UF HNT-Ag/PES inversio? r?wefhod silver nanopartficles existed on E.coli and S. aureus were [48]
the surface of the hybrid about 99.9% and 99.8%,
membrane. respectively.
The particles well distributed in
ngé?wilumm ;ngeérobr;oenrg:r:whtgg?n?reose Pure water flux= 100.6 L.mz/hr
UF phosphate Elend!ng/phose— the loading of nanoparticle. BSA rejection= 96.7%. [43]
inversion method . - contact angle decrease from
(nanoAgzZ)/ good antibacterial and
P . 71.5 010 52.6°
PES antifouling property against E.
coli and Pseudomonas sp.
Ag+ H +
exchanged The increased of Ag* content
A . led to better antibacterial Pure water flux = 679 L. m2/hr
NaY zeolite  Blending/phase- L .
UF particles inversion method activity and long lasting (12%) [42]
(AgNaY)/ anfibacterial activity against E. BSA retention rate= >92%
PV%F coli.
Effectively inactivate the
. growth of bacteria and . _
Ag/MWCNT  coating prohibited the formation of relative flux drop = 6%, [49]
biofilm.
aminated Control silver release rate by
polyethersy  phase-inversion 40% slower and significantly
improve four times antibacterial [50]
Ifone (NHz2-  method o
PES property of modified
membrane

6.0 CONCLUSION AND PERSPECTIVES

The development of anfi-biofouling is in fact a critical
research in membrane technology for water and
wastewater treatment and it has attracted huge
attention in recent years. Presently, many approaches
have been employed for development of biofouling
composite  membranes with the incorporatfion of
biocidal nanomaterials, including surface coating and
blending. These techniques are very favorable due to
improvement of anfifouling property as well as
membrane surface charge. However, there are issues
raised from the imparted bactericidal nanomaterials in
polymer membrane. The incorporation nanoparticles
like silver which it has a tendency to leach from the
membrane surface. As a result, the antibacterial
property depleted over time and eventually can
threat to aquatic life system. In order to overcome this
shorfcoming, there is a need for further research
focusing on enhancing the silver control release rate

and also devise new strategies in order to improve
dispersion of nanoparticles efficiently on surface of the
membrane. These improvements will eventually create
befter contact between bacteria cells and
bactericidal nanoparticles.

Meanwhile, urged efforts are also need to be taken
in order to prevent growth of silver-resistant bacterial
strains. This issue can be addressed by combining
potential biocidal materials from polymer with biocidal
nanomaterials. This can help to impart membrane with
anfibacterial activity against a wide variety of
bacteria and viruses and provide long term protection
against biofouling. Therefore, it should be pointed out
that, it is still very challenging to develop low biofouling
resistance membranes without disregards separation
performance as well. Thus, new advanced materials
and approaches need to be explored to meet the
expectation requirement needed for wastewater
application.
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