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ARTICLE INFO ABSTRACT

Keywords: Consumption of pathogenic contaminated water has claimed the lives of many people. Hence, this scenario has
Membrane technology emphasized the urgent need for research methods to avoid, treat and eliminate harmful pathogens in wastewater.
P?th"gen Therefore, effective water treatment has become a matter of utmost importance. Membrane technology offers
://\;:sltsewater purer, cleaner, and pathogen-free water through the water separation method via a permeable membrane.

Advanced membrane technology such as nanocomposite membrane, membrane distillation, membrane biore-
actor, and photocatalytic membrane reactor can offer synergistic effects in removing pathogen through the
integration of additional functionality and filtration in a single chamber. This paper also comprehensively dis-
cussed the application, challenges, and future perspective of the advanced membrane technology as a promising
alternative in battling pathogenic microbial contaminants, which will also be beneficial and valuable in man-
aging pandemics in the future as well as protecting human health and the environment. In addition, the potential
of membrane technology in battling the ongoing global pandemic of coronavirus disease 2019 (COVID-19) was
also discussed briefly.

Advanced membrane technology

1. Introduction many cases, resource constraints inhibit the use of this method. With the

absence of measured pathogen concentrations, an alternate interim

Pathogenic contaminated water is responsible for a wide variety of
waterborne diseases such as cholera, cryptosporidiosis, diarrhea,
gastroenteritis, giardiasis, hepatitis, meningitis, encephalitis, poliomy-
elitis, and other serious health problems which are the leading cause of
mortality [1]. Due to the severity of clean water limitations in certain
countries, wastewater is currently being reused for hygienic purposes
and consumption. Countries that face severe water scarcity include
Qatar, Israel, Lebanon, Iran, Jordan, Libya, Kuwait, Saudi Arabia,
Eritrea, United Arab Emirates, San Marino, Bahrain, India, Pakistan,
Turkmenistan, Oman, and Botswana [2]. According to World Health
Organization (WHO), direct measurement of pathogens and indicator
organisms in specific sources of water is suggested since it offers the
most accurate estimates of microbial concentrations [3]. However, in

* Corresponding authors.

strategy is developed based on available data such as findings of sanitary
surveys which are paired with the indicator testing process. While
relatively small dosages (one infectious virus particle) can induce
infection and sickness, drinking water with very low virus concentra-
tions (1 log unit) can certainly pose a health risk [4].

The coronavirus disease 2019 (COVID-19) pandemic has caught the
entire world by surprise as it has become the fastest transmitted disease
to date [5]. COVID-19 is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). At this point, COVID-19 still shows signs of
mutation with an expected 5000 mutations on the spike (S) protein [6].
Currently, the delta variant is said to have the highest infection rate
compared to the other variants [7]. This deadly virus has claimed the
lives of>4.3 million people worldwide, hence emphasizing the urgent
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need for research methods to avoid, treat and eliminate the virus [8].
Although the key transmission routes of the virus are through respira-
tory droplets and contact with contaminated surfaces [9,10], the
transmission of the virus via water cannot be ignored as there is evi-
dence that suggests the presence of genetic materials of this virus in
wastewater [11-14].

Briefly, researchers revealed harmful pathogens might enter the
water system from urine, faecal, or stool of the infected people or ani-
mals [15,16]. These wastes are then sourced through plumbing systems,
which are mainly from hospitals, quarantine facilities, residential
buildings, sewage, landfill, and drainage water thus, contaminating the
wastewater treatment system (Fig. 1). The water is then cycled and
reused for farming and domestic reuse. According to the WHO and
United States Environmental Protection Agency (US-EPA),p Australia,
Singapore, Namibia, South Africa, Kuwait, Belgium, the United
Kingdom and some regions in the United States are among the countries
that reuse treated wastewater for drinking water production and dis-
tribution [3,17]. However, the persistence of high loads of pathogens in
the wastewater could pose a great risk to human health and the envi-
ronment via leaking or broken underground pipes, which might
contaminate the clean and treated water supply. Therefore, the possible
transmission of diseases through the water should not be overlooked.

Currently, several conventional methods are implemented in order to
remove pathogens in wastewater, which include coagulation [18],
filtration [19,20], chlorination [21,22], activated sludge treatment
process [23], and anaerobic digestion [24]. Repeated experimental
analysis of pathogen removal has been conducted by multiple re-
searchers. Previous studies highlighted a 1.5-3.5 log removal, 3.0 log
removal, and 2.0-3.2 log removal of Giardia cyst, Coxsackie virus, and
poliovirus respectively from a series of combined conventional treat-
ments which include coagulation, flocculation, and sedimentation [25].
Furthermore, current disinfection methods have several environmental
difficulties such as the utilization of harmful chemicals and the gener-
ation of toxic by-products. For example, pathogen disinfection via
coagulation and sedimentation methods requires the utilization of
harmful chemical coagulants such as aluminium and iron salts [26]. An
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excessive dosage of those nondegradable metal-based coagulants in
water systems can initiate a negative impact upon the environment as
they can be trapped in food chains [27]. Pathogen disinfection via
coagulation and sedimentation methods can generate harmful by-
products through the formation of sludge that may contain living and
active pathogens. Therefore, WHO highlighted that wastewater should
be treated in well-designed and well-managed centralized wastewater
treatment stations [28]. In order to battle the transmission of water-
borne diseases efficiently, the existing wastewater treatment may
require essential upgrading and additional pre-treatment or post-
treatment steps.

Membrane technology has gained global attraction in wastewater
treatment due to its high separation efficiency, economical, environ-
mental friendliness, ease of operation and maintenance, and relatively
small footprint [29-31]. Membrane is a selective layer that allows
selected constituents to pass through and inhibits undesirable constitu-
ents based on the size exclusion principle [32]. Apart from conventional
membrane filtration techniques, the removal of pathogens via advanced
membrane technologies such as nanocomposite membranes, membrane
distillations, membrane bioreactors, and photocatalytic membrane re-
actors have attracted considerable attention of researchers [33,34]. The
advanced membrane technologies offer the integration of filtration
properties with additional functionalities which can improve the prop-
erties of the original membrane [35,36].

There are several published review papers on pathogen removal via
membrane technology [37-39]. However, these reviews do not cover the
development and application of advanced membrane technology in
pathogen removal from water. Therefore, this study aims to review the
capability of conventional and advanced membrane technology in
pathogen removal, especially virus removal in wastewater. This review
also covers the possible challenges and prospects of advanced membrane
technology as a promising solution in combating pathogenic microbial
pollutants, which will be beneficial and valuable in managing pan-
demics in the future as well as protecting human health and the
environment.

Wastewater
_ Treatment Plant

Recharge
Basins

Water Treatment Plant

S

Fig. 1. Transmission route of the virus through faecal matter into main water streams [15].



A.M. Nasir et al.
2. Pathogen removal using conventional membrane filtration

Porous membranes are made up of a solid matrix with defined holes
or pores varying in size from less than 2 nm to>20 pm in diameter.
Porous membrane separation is mostly based on particle size. Pores on
the membrane must be smaller than particles in the mixture to obtain
good selectivity. The porous membranes are mainly used for micro-
filtration (MF), ultrafiltration (UF), and nanofiltration (NF) processes.

Conventional membrane filtration can be classified into three pro-
cesses, namely MF, UF, and NF. These processes are mainly categorized
according to their porosity and their nominal molecular weight cut off
[40]. For pathogen removal, membrane pore size is an important factor
since size exclusion is the prevailing removal mechanism [41,42].
Table 1 depicts the efficiency of conventional and membrane filtration
methods in removing waterborne pathogens. According to the result
shown in Table 1, viruses have low-efficiency removal ranging from 20
to 40% in MF because the size of membrane pores is smaller. Through
comparing with the conventional methods, membrane filtration has
proven to give better microbial removal efficiency while maintaining
lower operating time and smaller footprint [43].

As demonstrated in Fig. 2, the smallest size of pathogens are viruses,
which are around 0.01 to 0.1 pm. The pore size of MF and UF mem-
branes is around 0.1 to 10 pm and 0.01 to 0.15 pm respectively. The NF
membranes have molecular weight cut off (MWCO) from 200 to 1000 Da
and pore size in the range of 0.2-2 nm [4]. The NF membranes have
molecular weight cut off (MWCO) from 200 to 1000 Da and pore size in
the range of 0.2-2 nm [44]. The UF and NF processes seem to be the
most effective method for removing pathogens in contaminated waste-
water with the recorded removal of 0.5-5.9 log removal values (LRVs)
and 4.1-7.0 LRVs respectively compared to the MF process which
recorded pathogen removal of 0.7-4.6 LRVs [38]. However, MF offers
better performance in terms of water permeability and fouling mitiga-
tion due to their bigger pore size [45]. In order to understand the
effectiveness and limitation of each membrane category, further dis-
cussion was revealed in the following sections.

2.1. Microfiltration (MF)

Microfiltration (MF) is a low pressure-driven membrane process in
which suspended colloids and particles in the approximate size range of
0.1 pm to 20 pm are retained by microporous membranes. Because of the
vast range of pore sizes, MF membranes may be utilized in a variety of
applications that require the separation of virus, bacteria, aerosols, and
macromolecules from fluids [47]. Basically, the main mechanism of the
MF process is physical separation. This low pressure-driven membrane
process is a tempting disinfection alternative because it does not involve
the use of harmful chemicals such as chlorine and ozone which are
utilized in chlorination and ozonation techniques for pathogen disin-
fection [16].

MF process requires low pressure of 0.5 to 5 bar, and produces high
solvent flux (65 to 85 LMH/bar) and comparable somatic coliphage
rejection (up to 3.4 1og) [45]. Madeini et al. reported that the rejection of
poliovirus via MF membrane exceeded 99.5% with the presence of
Escherichia coli (E.Coli) in water [48]. The higher virus removal via MF
membrane might be due to the plugging or obstruction of larger pores by

Table 1
Type and efficiency of unit processes in removing waterborne pathogen [16]

Type of Coagulation + Microfiltration ~ Ultrafiltration = Nanofiltration /
pathogen sedimentation + (%) (%) reverse osmosis
flocculation (%) (%)

Protozoa 60-100 80-100 90-100 >99.9
Virus 60-100 20-40 60-90 >99.9
Bacteria ~ 60-100 90-100 90-100 >99.9
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the bacteria. Previous study showed that hydrophobic MF membranes
with pore sizes of 0.20 to 0.22 pm achieved 91% to 100% waterborne
virus rejection of poliovirus [49]. Results showed that poliovirus is
retained and accumulated on the surface of the membranes. This finding
suggests that MF membranes are capable to remove pathogens under
optimum experimental conditions which are at lower pH and low
operating pressure [50,51].

Wang et al. fabricated a new type of microfiltration membrane based
on a two-layer nanoscale polyacrylonitrile (PAN)/microscale poly-
ethylene terephthalate (PET) fibrous scaffold which is filled with ul-
trafine functional cellulose nanofibers (diameter about 5 nm) via
electrospinning [52]. These membranes can totally remove E. coli (via
pore exclusion) while retaining a high permeation rate (0.19 L/m?h/Pa)
and an LRV of 4 for eliminating MS2 virus. The fabrication of a web-like
structure with a high charge density and large surface area per unit
volume for the adsorption of contaminated molecules is the basis for the
development of these membranes.

Modification of MF membrane can efficiently enhance the removal of
the pathogen from water. For example, Sinclair et al. modified the MF
membrane surface by dip-coating it with a cationic polyethyleneimine
(PEI) solution to remove MS2 bacteriophages [53]. A negatively charged
PEI thin film was coated on a 0.45 pm MF membrane to induce the
adsorption of the positively charged virus. They found this membrane
could achieve LRV>3 log for MS2 bacteriophages removal. Interest-
ingly, this method can also be operated under gravity filtration, hence
reducing the need for additional operating costs for pressurised systems
[53]. In 2019, the study of hybrid ultraviolet C/ microfiltration (UV-C/
MF) membrane for the removal of E. coli, Enterococcus faecalis and
Candida albican was conducted by a group of researchers from Spain
[54]. When operating at low TMP 0.5 bar and low contact time (8 s), the
hybrid membrane could achieve LRV of 4 for E. coli, thus proving a
synergy and better intensification process.

Besides that, alteration of surface charge of the MF membrane could
improve the virus removal. According to Hou et al., 0.22 pm cellulose
nitrate membranes removed only 54% of poliovirus from tap water [55].
However, the removal efficiency of poliovirus was boosted to 99% by
using an electropositive (Zeta-plus) membrane, whereas an electroneg-
ative membrane reduced it to 35%. This is because the isoelectric point
of poliovirus is 6.6, the surface should be negatively charged at pH 8.0.

In conclusion, the traditional MF process alone is suitable to remove
larger pathogens like protozoa or bacteria but is not suitable to be used
in removing viruses because the size of membranes pores is larger.
However, the modification of the MF membrane could efficiently
enhance the removal of the pathogen from water. Removal of the
pathogen via MF membrane does not involve any chemical disinfection
as it operates based on size exclusion, therefore preventing the forma-
tion of disinfection by-product. Furthermore, gravity-driven membrane
processes would reduce energy consumption and operating costs.
However, the harmful pathogens are separated and removed rather than
being destroyed or deactivated, thus resulting in high pathogen con-
centration in the retentate which can become harmful waste. Conse-
quently, there is a higher risk of infection, sickness, and death. In order
to produce the highest quality of drinking water, a combination of MF
techniques with additional treatment should be utilized. Development of
composite MF with hybrid functionality could ensure process depend-
ability and high pathogen removal or deactivation efficiency.

2.2. Ultrdfiltration (UF)

UF is a low-pressure membrane. The average pore size of the UF
membrane is in the range of 1 to 100 nm [56]. Due to its ease of oper-
ation and relatively low cost, low-pressure membrane methods appear
to be an appealing choice to remove pathogens in water [52]. Ultrafil-
tration membranes are an excellent barrier at the nanoscale region and
are increasingly employed in wastewater treatment to remove patho-
gens [48,57]. There are two main mechanisms involved in pathogen
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Fig. 2. Membrane separation processes according to the particle size [46]

removal by UF which include size exclusion and -electrostatic
interaction.

Size exclusion occurs when the particles with a diameter greater than
the membrane pore diameter are retained on the surface of the UF
membrane. According to ElHadidy et al., a commercial UF membrane
was used to evaluate the removal of two viral surrogates of similar size
(MS2 and ¢X174 bacteriophage) [56]. Despite its lesser size, MS2 was
easier to be removed than ¢X174 bacteriophage. The elimination of
©X174 bacteriophage was shown to decrease dramatically when the pH
of the feed solution increased from 6.5 to 9.4. Size exclusion was
demonstrated to be the primary elimination mechanism for both bac-
teriophages using mathematical modeling. According to these findings,
MS2 removal via size exclusion might result in 1.5-1.8 log rejection, but
the greater experimental removal value of 3.7 log was most likely
related to electrostatic repulsion. Solution extrusion and phase inversion
were used to create polyvinylidene fluoride (PVDF) and unique poly-
phenylsulfone (PPSu) hollow fiber ultrafiltration membranes for the
treatment of contaminated surface water. At 1 bar pressure, both PVDF
and PPSu HF membranes provided 5 log reduction in E. coli bacteria.

Electrostatic interaction causes the adhesion of viruses onto the UF
membrane surface. Removal of pathogens via UF membrane is more
prone to electrostatic repulsion due to charge similarity for both path-
ogen and membrane surface. Gentile et al. investigated the effect of
electrostatic interaction in bacteriophage PP7 virus removal via UF
membrane through Derjaguin-Landau-Verwey-Overbeek (DLVO) and
extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theories [20].
They identified that the composition of the aqueous matrix is important
as it affects the efficiency of virus removal via the UF process. By using
monovalent cation (Na™) with amphoteric behavior species, bicarbonate
(HCO®) results in better effectiveness with LRV value of 2.82 log
compared to the divalent cations (Mg2+ and Ca®") with a value of
1.53-1.5log. This finding confirmed DLVO predictions that electrostatic
forces reduce the filtration performance with the presence of divalent
cations. Since both the membrane and bacteriophage PP7 were nega-
tively charged, electrostatic repulsion would predict high removal rates.
Viruses would not reach and adhere to the membrane surface instead of
remaining in the retentate. Another study conducted by Lu et al. re-
ported the improvement of repulsive virus-membrane interaction forces,
which prevents the virus from approaching the membrane surface,
hence leading to higher virus removal efficiency [58]. The zwitterionic
hydrogel was grafted onto a UF membrane to introduce virus-membrane
repulsion forces on the surface of the membrane. Modified UF mem-
branes showed LRV value of > 6.0 log for both small bacteriophage
(MS2) (~30 nm) and human adenovirus 2 (HAdV-2) (~170 nm)
compared with the normal UF membranes that revealed > 2.5 log

removal for MS2 and > 3 log removal for HAdV-2 [58]. The importance
of electrostatic repulsion in improving virus elimination via membrane
filtration was underlined by these findings.

Although membrane fouling is widely recognized as a major obstacle
to membrane filtration, some researchers discovered that fouling can
considerably increase virus removal from wastewater via membrane
filtration [36,59]. Yin et al. studied the effect of membrane fouling by
suspending and dissolving matter in the removal of human adenovirus
40 via hollow fiber UF membranes (0.04 pm) as shown in Fig. 3 (a-d)
[59]. The average removal of adenovirus via UF membrane from DI
water was 2.3 log. They found the presence of dissolved foulants, which
was humic acid that increased the adenovirus removal due to the pore
blockage in the UF membranes. The pore blockage in the membranes
could decrease the membrane pore size and retain the penetration of the
virus. With the presence of suspended particles such as silica micro-
spheres, the adenovirus removal was observed to be decreased which
attributed to the cake formation at the membrane surface for UF mem-
branes. Some other studies also supported that membrane fouling and
cake formation on the membrane surface such as MF and UF contributed
to higher virus removal [45,60]. Farahbakhsh and Smith claimed that
the overall coliphage removal via the MF pilot plant ranged from 0.2 to
3.4 logs. The degree of membrane fouling and initial coliphage con-
centrations in the feed were noted by researchers as factors that impact
coliphage removal [45]. Since the use of UF membranes was limited to
the larger pore size, the higher removal of the virus via fouling could be
described by these two mechanisms: (1) the formation of cake on the
membrane surface via suspended foulants that acted as a secondary
membrane barrier to retain the virus from passing through the mem-
branes, and (2) the virus was excluded from the membrane due to pore
blockage by foulants that presented as dissolved species which might
decrease the size of the membrane pore and prevent the virus from
penetrating the membranes.

Most recently, the effect of virus feed concentration on UF efficiency
has been investigated [61]. At lower concentrations of the three viruses
coxsackievirus-B5 (CV-B5) (102 — 103), MS2 phages @ao® - 104), and
adenovirus type 41 (ADV 41) (102—103), removal efficiency of about 1
log was observed. At higher concentrations (for all viruses are 10%), the
removal efficiency increased up to 3.0 log for CV-B5 and MS2 phages
and 3.5 log for ADV 41. These findings highlight the potential over-
estimation of UF efficiency during laboratory experiments conducted at
high concentrations compared to low concentrations which were found
in environmental resources and were used for drinking water production
(Fig. 4).

In conclusion, UF has moderate potential in virus removal treatment.
Pathogen removal by UF membranes is environmentally friendly
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Fig. 3. a) SEM image of a cross-section of UF membrane with pore size 0.04 pm and a schematic diagram on the effect of fouling by (b) dissolved species (orange
scribble), (c) suspended particles, (d) both dissolved species and suspended particles (blue dots represent adenovirus, orange scribbles represent dissolved species,

grey spheres represent suspended particles) [59].
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Fig. 4. UF efficiency on high concentrations of virus that were conducted in the laboratory compared to low concentrations of virus that found in groundwater and

surface water [61].

because they do not require the use of additional harmful chemicals.
However, the small size of viruses and relatively large pore size of the
membranes limit the use of ultrafiltration in removing viruses from
water and wastewater. Imperfections on the membrane surface can in-
crease the possibility of virus penetration during filtration. Without
specific pre-treatment or post-treatment procedures, virus removal via
UF membranes is rarely successful. Therefore, modification of existing
UF technology like incorporating nanomaterials that have antimicrobial
properties in the UF membrane can improve the performance of UF.

2.3. Nanofiltration (NF)

NF is a membrane separation process that uses membranes with pore
sizes ranging from 0.2 to 2.0 nm. NF membranes have a typical oper-
ating pressure of 3 to 30 bar. The separation mechanism of NF mem-
branes includes both size sieving and electrostatic effects as most NF
membranes are slightly charged [62]. Dielectric exclusion is triggered
by the interactions of ions with the bound electric charges that are
induced by ions at interfaces between media of different dielectric
constants [63]. The NF membranes may be used to remove pathogens
from drinking water as well as organic and inorganic contaminants that
are commonly found in drinking water and wastewater [62,64].

A pilot plant study conducted by Yahya et al. displayed successful
removal of 4-6 log units of test virus bacteriophages MS-2 (28 nm) and
PRD-1 (65 nm) via NF membrane. The removal was successfully ach-
ieved due to the addition of pre-treatment steps such as sand filtration
prior to NF [19]. These pre-treatment steps are crucial to maximise
membrane recovery and lifetime. Previous finding also indicated that
99% of bacteriophages were removed by slow sand filter which was
placed before the NF membrane and this figure reached 100% after

passing through the NF membranes [65]. Thus, it could be concluded
that integration of pre-treatment methods such as sand filtration and MF
could enhance the NF performance in pathogen removal.

The efficiency of membrane NF under field conditions was demon-
strated in a study that involved the removal of the MS2 virus from lake
water [43]. For the MS2 bacteriophage, the NF membranes ES404 and
AFC30 in recycle mode obtained the mean log removal values of 4.6 and
4.3 respectively, which met US-EPA requirements. The molecular
weight cut-off (MWCO) of the ES404 membrane was approximately
4,000 Daltons, while the MWCO of the AFC30 membrane was approx-
imately 1,000 Daltons. For the MS2 virus, the AFC30 membrane was
unable to achieve superior log removal performance due to their tighter
pore size. In the other similar study, the efficiency of the NF technique in
removing the MS2 virus in the field and in the laboratory was estab-
lished and the process was suggested to be used in small-scale drinking
water systems [66]. The ES404 (MWCO = 4000 Da) and AFC30 (MWCO
= 350 Da) NF membrane systems were used to eliminate MS2 virus.
During three cycles in recycle mode, the planned membrane system
ES404 achieved virtually 100% elimination (about 6 log removal) which
showed that ES404 performed better.

In the study of Hamaguchi, bacteriophage Qf virus rejection levels
was recorded to have LRV > 4 with water fluxes ranging from 19 to 61 L
m~2h! (operation pressure: 0.3 MPa) [67]. Photopolymerization of a
fan-shaped diol molecule and imidazolium ionic liquid mixture which
was followed by the removal of ionic liquid was used to fabricate these
membranes. Hamaguchi et al. claimed that this is the first example of
developing membrane based on two-component liquid crystals. The
finding demonstrated that this approach would be beneficial in the
development of functional and selective membrane via high water flow
to remove pathogens and pollutants from wastewater.
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To conclude, the pore size of the membrane and the size of the virus
particle affect the efficiency of NF process. NF does not pose negative
impact to environment because it does not involve the use of hazardous
and toxic chemicals. However, there is a main challenge of using NF to
remove pathogens from wastewater, which is membrane fouling.
Membrane fouling occurs when there are adhesion and growth of mi-
croorganisms along with agglomeration of materials on the surface of
the membrane [68]. This can reduce the effectiveness of the pore size of
the membrane and decline the membrane performance. Under real sit-
uations, NF technology may not provide a complete barrier against
human diseases such as bacteria and viruses. Therefore, it is necessary to
explore structurally stable and fouling resistant NF membranes for real
applications as well as research improved NF membranes with high
permeability and selectivity.

3. Pathogen removal by advanced membrane technology

Advanced membrane technology is defined as an integration of
filtration properties with additional functionalities while improving the
properties of the original membrane. The removal of viruses and mi-
crobes via emerging advanced membrane technologies has attracted
global attention [11,33,69,70]. Initially, the concept of developing
advanced membrane was fostered in the 1990 s to overcome the limi-
tation of existing membranes, which was the trade-off relationship be-
tween permeability and selectivity [71]. In this section, the scope of
advanced membrane technology is limited to nanocomposite mem-
brane, membrane distillation, membrane bioreactor and photocatalytic
membrane reactor. These technologies not only reject viruses and bac-
teria through size exclusion filtration, but also involve the deactivation
mechanisms owing to the chemical and physical interactions.
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3.1. Nanocomposite membrane

The nanocomposite membrane is known as one of the most
commonly used membrane approaches that combine the adsorption
process and membrane filtration in a single step. The nanocomposite
membranes are known for the removal of charged contaminants from
aqueous solutions. The efficacy of these membranes is due to the pres-
ence of reactive functional groups on their surface that are capable of
forming bonds with charged impurities via a variety of interactions such
as ion exchange and complexation [72]. Compared to the conventional
membrane filtering methods such as MF, UF, and NF, the nanocomposite
membrane improved pollutant removal efficiency while consuming less
energy and allowing higher permeation flux [73].

The inclusion of fillers and additives in the membrane formulation
will increase the permeability of the membrane due to their hydrophi-
licity qualities, hence assisting in the enhancement of water perme-
ability in the membrane [74-76]. The fillers are typically constituted of
inorganic materials particles (metals and metal oxides) such as silver
(Ag) (771, copper (Cu), nickel (Ni) [78], selenium (Se) [79], zinc oxide
(ZnO) [80], TiO2 [69] and SiO5 [81] may also exhibit antibacterial and
antimicrobial properties.

Coupling TiO2 into membrane adsorption reactor (MAR) system
could improve the removal efficiency of F2 phage virus [69]. In the MAR
system, two distinct flat membranes, PVDF (0.20 pm) and PAN (0.05
pm) reported removal efficiency of phage F2 was 1.88-2.56 log and
4.78-5.95 log respectively (Fig. 5(a-b). The removal effectiveness of
phage F2 was enhanced by coupling TiO, nanoparticles and membranes,
and the interception efficiency of the MAR systems with membrane
PVDF and PAN was 3.88 log and 6.40 log, respectively (Fig. 5(c)). The
coupling system had a sustained and effective effect on phage F2 elim-
ination due to the adsorption of nanomaterials and the cake layer
generated on the membrane surface during operation. The nano-TiO5
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Fig. 5. a) Schematic diagram of MRA with SEM images of PVDF and PAN membranes, b) interception efficiency of phage F2 by different membrane modules, c)
removal efficiency of phage F2 by the nano-TiO; MAR coupling in the continuous operation system.
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MAR system achieved not only the high removal efficiency of the virus
but also the effective separation and recycling of nanoparticles.

Ag nanoparticles (AgNPs) are a well-known disinfectant due to their
excellent antibacterial properties [82]. The positive surface charge of
metal nanoparticles enhances their attachment to bacteria with a
negative surface charge thus, potentially enhancing their bactericidal
activity [83]. Fig. 6 depicts the bacteria being disinfected by Ag parti-
cles. Apart from the influence of the smaller particle size, which
particularly increased its surface area for bacteria attachment, the shape
of the Ag also affects the efficacy of the Ag particles performance. It was
reported that Ag with a truncated triangular-shaped triangular shape
has a better performance over the rod and spherical-shaped AgNPs in
disinfecting E. coli bacteria [84]. A dose of 10 pg of truncated triangular
Ag particles completely prevented the growth of the E. coli bacteria after
24 h, whereas 100 pg of spherical nanoparticles only delay the growth of
the bacteria for 8 to 10 h.

Ag with a diameter of less than 10 nm can create pores in the cell wall
resulting in cytoplasmic discharge from the cell leading to cell death
[85]. The interaction of the NPs with the cell also can cause the cell to
undergo programmed cell death called apoptosis [77]. The process by
which Ag ions suppress bacteria is still poorly understood. On Ag™"
treatment, it is hypothesized that deoxyribonucleic acid (DNA) loses its
replication ability causing the cellular proteins to become inactive [86].
Additionally, it was demonstrated that Ag" attaches to the functional
groups of proteins resulting in denaturation of the proteins. According to
published reports, electrostatic interaction between negatively charged
bacterial cells and positively charged nanoparticles is critical for the
bactericidal activity of nanoparticles [87]. The Ag particles utilized in
this study are negatively charged. While the mechanism by which these
particles interact with the constituents of the outer membrane of E.coli is
still unknown. It was stipulated that although they possess a negatively
charged surface, they interact with the “building elements” of the
membrane of the bacteria leading to structural reforms and degradation,
and eventually cell death.

The core substance and/or the ligands shell of nanoparticles have
been considered as antiviral agents [88]. The core substance of nano-
particles has a significant impact on antibacterial activity due to their

GRAM NEGATIVE

Interact with various metabolic pathway

Capsule\

Outer Membrane

Plasma membrane

Interact with
respiratory chain
proteinsand
transport proteins,

entrapped ATP Inhibit protein synthesi
production and 2 i [eee)
membrane

permeability

DNAdante,Li'f;id Degra

Chromosome

Separation and Purification Technology 286 (2022) 120454

nano-sized properties that are more easily absorbed by the cell mem-
branes of pathogens. For example, the Ag nanoparticles also have a
greater surface area to interact with microbes that could increase the
production of reactive oxygen species (ROS) in the process, which causes
damage to the cellular structure lipids, DNA, ribonucleic acid (RNA) and
proteins of the microbes. Ag atoms bind to thiol groups of enzymes,
producing S-Ag stable bonds with molecules containing thiols, accord-
ing to another study, deactivating enzymes in the cell membrane. Bac-
terial cell lysis occurs as a result, and this could be one of the reasons for
its antibacterial activities [89].

The ligand shell of nanoparticles can be an antimicrobial agent due
to the formation of metal complexes that can adopt three-dimensional
structures made possible by metal coordination chemistry, which al-
lows for the development of various antimicrobials. Furthermore, metal-
based complexes may have distinct modes of action, such as ligand ex-
change or release, redox activation and catalytic generation of toxic
species, as well as depletion of essential substrates allowing them to
inhibit enzyme activity, disrupt membrane function, or damage DNA
[90]. For instance, Melaiye et al. evaluated the antimicrobial properties
of synthesized two pincer Ag(I)-carbene complex which are silver(I)-2,6-
bis(ethanolimidazolemethyl)pyridine hydroxide (Compound A) and
silver(I)-2,6-bis(pro- panolimidazolemethyl)pyridine hydroxide (Com-
pound B) against E.coli, S. aureus and P. aeruginosa [91]. Compounds A
and B showed better bacteriostatic activity than AgNOs, even at much
lower concentrations. The colonies were visually counted, with the end
point of the minimum bactericidal concentration as no growth on the
agar plate. The diversity of the types of the ligand shell of nanoparticles
is extremely valuable in gaining access to a newly unexplored chemical
space for drug development, particularly for the design of novel
antimicrobials.

Copper (Cu) nanoparticles are highly toxic to a wide range of bac-
teria and fungi, owing to their high surface-to-volume ratio which was
0.25 and 0.05 that synthesized by electrolysis and chemical reduction
respectively with antibacterial activities of Cu nanoparticles on E. coli
was 15 mm as expressed in diameter inhibition zone [92]. Due to its
unique inactivation mechanism mediated by direct contact, solid-state
Cu offers greater effectiveness against pathogens [93]. Sunada et al.
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Fig. 6. The mechanism of cell disinfectant by Ag nanoparticles [85].
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evaluated antiviral activity under conditions that would inhibit the
direct physical contact of Cu compounds with viruses by placing a filter
and chemically modifying the Cu surface with 1H-benzotriazole [94].
These two experiments demonstrated only a minor drop in viral titers
(log10(N/Np) = 1.2 in the filter, which believed is due to interaction with
the surface of cuprous compounds, and 0.6 in the BTA modification,
respectively. According to these findings, direct contact on the Cu sur-
face results the denaturation or destruction of biomolecules in viruses,
leading to their inactivation. Cu is also inexpensive, safe sustainable,
and frequently used as a surface coating agent for a variety of materials
and air-cleaning filters [95]. For example, Kar et al found there was a
decrease in adherence of bacteria E. coli on the polysulfone (PSf)/Cu,
PSf/Ag/Cu and PSf/Ag nanocomposite membranes compared to the
neat PSf membrane as observed under Carlzeiss Axioplus fluorescent
microscope with blue excitation (488 nm) as shown in Fig. 7 [96]. This
result evidenced incorporation of copper into PSf membrane retains the
biocidal properties of copper. The PSf/Ag showed minimum adherence
of bacterial due to the physicochemical properties of Ag that resulted in
increased binding capability with bacteria’s sulfur and phosphorous
functionalized biomolecules for cell death [97].

Akar et al. compared the antibacterial properties of polyethersulfone
(PES) membrane containing Se and Cu [79]. They revealed adhesive
interaction between copper blended membrane and microorganism was
stronger than Se because of better electric property of Cu. The relative
flux reduction (RFR) of a neat PES membrane was 93.8 % indicating that
a large amount of biological suspension or their soluble microbial
products such as protein and carbohydrate were deposited on the
membrane surface, whereas the RFR of 0.05 Se and Cu blended mem-
branes was 52.7% and 76.2% respectively. These findings imply that the
anti-fouling characteristic of the Se and Cu nanoparticles blended
membranes can be protected during the filtration process.

In conclusion, the application of nanocomposite membrane in

PS
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pathogen removal from wastewater is a promising solution that syner-
gizes the benefit of disinfectant and filtration techniques. However, the
agglomeration of nanoparticles within the structure of the membrane
reduces the performance of the resultant membrane. Agglomeration of
nanoparticles within the membrane could form large voids in membrane
structure, resulting in poor filtration. Other than that, the leaching of
nanoparticles that bind with the harmful pathogen from the membrane
substrate into the water system could initiate more serious water
pollution. Therefore, the chemical functionality of nanoparticles can be
improved by functionalizing them with organic ligands, as well as the
compatibility of nanoparticles with polymeric matrixes. Functionaliza-
tion on the surface of nanoparticles has been shown to reduce the ten-
dency for agglomeration and facilitate self-organization. Hence,
improve the pathogen removal from wastewater.

3.2. Membrane distillation

Membrane distillation (MD) is a thermally driven membrane process
that transports water vapour from a contaminated feed stream to a
distillate stream using a temperature/vapor pressure differential across
a porous hydrophobic membrane as the driving mechanism [98]. The
required operating temperature of MD is far lower than that of a typical
distillation column, as the process liquids are not heated over their
boiling points [99,100]. In MD, the hydrophobic membrane is employed
to separate the hot saline stream (feed) from the cold distillate stream.
The vapour pressure differential is formed across the membrane as a
result of the transmembrane temperature difference, which enables
water vapour passage from the feed side to the distillate side while
preventing nonvolatile species such as salt [101]. As a result, liquid/
vapour interactions occur at membrane pore openings [102]. The high
operating temperature in MD is the main mechanism to disinfect the
pathogen in the feed while also acting as a secondary barrier in the event

PS+Cu

PS+Ag+Cu

PS+Ag

Fig. 7. Bacterial adherence studies on membrane surfaces of neat polysulfone and PSf/Cu, PSf/Ag/Cu and PSf/Ag nanocomposite membranes [96].
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of membrane damage [70]. MD process is capable of producing pure
water from water containing biological contaminants.

Commonly, pathogen removal by MD utilized direct contact mem-
brane distillation (DCMD) configuration [70,103-105]. DCMD occurs
when an aqueous solution cooler and the feed solution are kept in direct
contact with the permeate side of the membrane. Induced by trans-
membrane temperature differential, the volatile molecules evaporate at
the heated liquid/vapour interface, crossing the membrane in the
vapour phase, and condense inside the membrane module. For instance,
Hardikar et al. studied the effects of feed temperature on the pathogen
(MS2 and PhiX174 bacteriophage) removal by bench-scale DCMD as
shown in Fig. 8(a) [70]. Both viruses demonstrated a decrease in activity
as the temperature increased as shown in Fig. 8(b). At 45 °C, both virus
concentrations decreased by approximately 2 log in three hours
following the initial decrease in the first hour. At 55 °C, viable MS2
concentrations decreased by almost 4 log, whereas PhiX174 concen-
trations decreased by>2 log. Temperature sensitivity experiments reveal
that, for the surrogate viruses studied, MD operation temperatures
(>65 °C) alone significantly reduce infectious viral levels in the feed
solution by>6 log within four hours. Thus, the high operating temper-
ature on the feed side acts as the initial barrier for virus elimination in
the concentrated stream of the MD stream.

MD biofouling had previously received little attention since MD acts
at temperatures that are too high for most bacteria to thrive [106].
However, biofouling impacts on flux and salt separation in MD are
increasingly becoming more common. The existence of thermophilic
cells (bacteria that thrives at relatively high temperatures, between 41
and 122 °C) that emit endotoxins (lipopolysaccharides which are
essential components of cell membranes of bacteria) also has become the
major problem in executing the MD system [107]. The high operating
temperature of MD can limit the growth of most bacteria, but not these
thermophilic cells [108]. Therefore, several approaches have been done
to enhance the membrane performance in reducing or eliminating the
activity of these thermophilic cells such as impregnating the biocidal
nanoparticles into the hydrophobic MD membrane [103,109] and
coating the MD membrane with polymer containing biocidal nano-
particles [105]. For instance, superhydrophobic SiO,NPs-embedded
PVDF nanofiber membranes coated with a hydrophilic thin layer
impregnated with carboxylated multiwalled carbon nanotubes (f-
MWCNTs) and AgNPs showed remarkable biocidal properties towards
thermophilic bacteria by a decrease in fouling (47% flux decline) and
recorded high salt rejection (99.8%) [105].

A study reported on the use of carbon nanotubes (CNTs) and
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graphene oxide (GO) compounds in the polymeric membrane fabrica-
tion for the MD process [103]. The biocidal and endotoxin-removing
properties of CNT and GO immobilized on the polytetrafluoroethylene
(PTFE) supported on polypropylene composite membrane are reported
for the direct contact membrane distillation of thermophilic bacteria
(G. Stearothermophilus) and mesophilic bacteria (E. coli). They also
compared the removal capabilities of the bacteria using neat PTFE,
carbon nanotube immobilized membrane (CNIM), carboxylate func-
tionalized CNTs (CNIM-COOH), and graphene oxide immobilized
membrane (GOIM). The thermophilic cell reduction for neat PTFE was
68%, CNIM (96.2%), CNIM-COOH (84.3%), and GOIM (81.7%).
Whereas the mesophilic cell reduction for neat PTFE was 24.4%, CNIM
was 83.9%, CNIM-COOH (49.8%), and GOIM (47.8%). This study also
indicated that the immobilization of the CNTs and GO has achieved 99.9
% endotoxins removal efficiency compared to the neat PTFE membrane.

The proposed main mechanism of the biocidal activities of the
immobilized CNTs and GO contained in the membrane during the MD
process are piercing and wrapping and oxidative stress respectively as
shown in Fig. 9. It is hypothesized that the CNTs served as a net to
capture the bacterial cells due to their extremely small size. Addition-
ally, it is widely established that CNTs are bound together by weak van
der Waals forces. The presence of these forces is critical for bacterial
cells to adhere to the surface of carbon nanotubes. Once the CNTs attach
to the bacterial cell membrane, they accelerate the uptake of ions from
the surrounding environment, resulting in an ion accumulation within
the cell cytoplasm. The build-up then lowers the mobility of the cell
membrane, resulting in intracellular damage and ultimately cell death.
Therefore, the main approach of antibacterial activity of CNT in MD
application was attributed to the diameter- and length-dependent
piercing and wrapping of CNTs, which destroyed gut microbial walls
and membranes (Chen et al., 2013).

Meanwhile, the pathogen disinfection by GO is mainly based on
oxidation stress [110]. This can be hypothesized that GO is composed of
layers of nanosheets, and we assume that bacteria are first confined
within the nanosheets. Bacterial cell death is assumed to occur as a result
of oxidative stress in the case of GO. The presence of GO leads to the
formation of ROS within bacterial cells that could damage cellular
components such as lipids, protein, and nucleic acid of the bacteria,
reduction in membrane fluidity, and ultimately results in cell death.

To conclude, the MD process is capable of removing bacteria and
viruses through the thermal activities of the MD process. The thermo-
philic pathogens can be destroyed by nanoparticles like AgNPs, CNTs,
and GO which possessed unique biocidal activities against these harmful

12
b) MS2 B t=0h(25°C) @EE t=2h
10 Bl t=1h EE t=4h
8
Je
£
o 4
o
2 2
e
x -
512
2 |phix174 B t=0h(25°C) @ t=2h
510 Emt=1h CIt=4h
1)
s 8
o
S 6
()]
o
= 4
0
25°C 45°C 55 °C 65 °C

Fig. 8. (a) Schematic diagram of the bench-scale DCMD for pathogen removal from water, (b) Effect of feed temperature on the concentration of MS2 and PhiX174 at
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Fig. 9. The biocidal activity mechanism of the immobilized (a) CNTs and (b) GO in the membrane for MD application [103].

pathogens. However, the utilization of high operating temperatures
could increase the operational cost. Therefore, utilization of natural heat
sources such as geothermal energy, solar energy or even industrial waste
can be performed to remove pathogens from wastewater via the MD
process.

3.3. Membrane bioreactor

Membrane bioreactor (MBR) is a new type of wastewater treatment
technology that combines membrane filtration with biological waste-
water treatment process, activated sludge treatment. A dense microbial
culture in suspension is used in activated sludge to biodegrade the
pathogen under aerobic conditions and generate a biological floc for
separation by a membrane. Membrane filtration guarantees that mi-
croorganisms are completely confined within the bioreactor, allowing
for greater control of biological reactions and the modification of
microorganism conditions in the aerated tank. The main principle that
differentiates the MBR process from that of conventional biological
treatments is the deployment of the membrane that acts as the barrier
for the effective sludge separation process. This barrier can also serve as
a filter of waterborne pathogens via the size exclusion principle. Due to
the fact that viruses prefer solid surfaces, majority of the viruses that
survive wastewater treatment are likely connected with waste-activated
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sludge and may be found in biosolids [111]. Thus, the removal of the
biosolids from the influent in the MBR system will ultimately remove the
virus. The MBR efficacy is primarily owed to the three major approaches
which are (1) adsorption of virus particles to the biomass, (2) adsorption
and rejection by the cleansed membrane, and (3) inactivation and
degradation in the mixed liquid phase.

First of all, the adsorption of enteric virus particles to the biomass
(mixed liquid suspended solids which contain bacteria and organic
compounds that are bigger than membrane pores), makes it more
difficult for them to pass through to the membrane layer. For example,
Miura et al reported a 1.5 log removal of norovirus GI was achieved after
60 min of mixing with the mixed liquor suspended liquids [112]. As the
biomass in the reactor expands, the gel/cake layer adhered to the surface
of the membrane also increases. The adsorption of viral particles to the
biomass is known for its role in virus clearance [113]. Phage or enteric
virus particles adsorbing to the mixed liquor suspended solids, MLSS
(bacteria and organic substances larger than membrane holes) impede
their transit. Hirani et al. (2010) in a study have found that native MS-2
coliphage removed more particles than the seeded MS-2 coliphage in
several AeMBR systems, which are attributed to particle association
[114].

The second approach involves adsorption and rejection by the
cleansed membrane. The biofilm adhered to the surface membrane aids
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in the removal by adsorption into the membrane pores or blocking them.
The smaller effective pore size and fewer accessible pores increase the
resistance of the membrane, making viral particle passage more difficult
[115]. A study was conducted to determine the effect of biofilm growth
on virus removal performance. The study discovered that removal effi-
ciency increased significantly as more biofilm was attached to the
membrane surface hence increasing the filtration resistance. The study
also showed that a 21-day-biofilm achieved a 2.1 log removal while a 9-
hr-biofilm achieved only a 0.3 log removal [116].

The third approach is known as inactivation and degradation in the
mixed liquid phase. The principal processes responsible for the influence
of mixed liquor on virus destruction and inactivation are thought to be
the predation by other microbes and enzymatic breakdown [35]. A
study has reported that the phage concentration in the anaerobic MBR
(AnMBR) mixed liquor phase decreased by approximately 2 log over a
two-week period, which is quicker than the predictable washout rate
under the same hydraulic conditions. This implies that the reactor’s
anaerobic environment may aid in the virus inactivation [117]. Though
all virus particles discarded by the membrane and attached biofilm are
theoretically subjected to biodegradation, given the typical hydraulic
retention time (HRT) of several hours to days in the MBR systems and
the predominance of membrane/biofilm rejection, the effect of
biodegradation on effluent virus concentration may be less distinct.
Fig. 10 depicts the schematic mechanism of the MBR process for virus
elimination using the three previously reported methodologies.

Table 2 lists the previous MBR process studies for virus removal
including Norovirus GI, T4 Phage, MS-2 Phage, Enterovirus, Somatic
coliphage, Adenovirus, and Sapovirus. The membrane efficacy in terms
of LRV has shown that the MBR scale and membrane pore size as well as
the studied pathogens have significantly influenced the membrane
performance.
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In conclusion, the MBR can be successfully utilized for virus removal
from the treated water. The selection of the membrane best features
including membrane type, pore size, and surface charge may subse-
quently determine a better performance of the MBR system. By using
membrane separation instead of gravity sedimentation, MBR offers
substantial benefits over traditional activated sludge treatments [123].
Advantages offered by the MBR include high permeate quality, high
nutrient recovery, and reduced environmental footprint [124,125].
Besides that, the MBR system is known to have outstanding performance
and advantages such as low energy consumption, no chemical required
during the treatment, has high potential to reuse the effluent water, has
a higher rate of nitrification and denitrification as well as constant
effluent quality that is independent of the influent [126]. However, this
system has some drawbacks such as high operational cost and invest-
ment, membrane fouling problem, and membrane lifetime replacement
[127]. Furthermore, the biological activity present in MBR as well as the
role of biomass could not be overlooked during the study of virus
removal by MBR. For obtaining high pathogen elimination by the MBR
system in the future, high inoculation sludge concentration, extended
HRT, moderate foulant layer, and non-frequent chemical cleaning were
advised.

3.4. Photocatalytic membrane reactor

A photocatalytic membrane reactor (PMR) is a hybrid system
combining membrane separation and photocatalysis in a single process
[128]. In PMR, the main mechanisms involved in pathogen removal are
photocatalysis and membrane separation. Photocatalysis reaction is an
advanced oxidation process in which a semiconductor is bombarded
with light energy larger than its bandgap energy causing the creation of
an excited electron and a positive hole that undergo subsequent
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Table 2

The virus removal system using MBR process.
Reactor scale Nominal membrane pore size (um) Virus type Hydraulic retention time, (h) Log removal viable (LRV) Ref.
Pilot-scale AeMBR 0.4 Norovirus GI 35 1.82 [119]
Bench-scale AnMBR 0.4 T4 Phage 12 5.00-7.00 [117]
Bench-scale AeMBR 0.04 MS-2 Phage 10 1.70 [35]
Pilot-scale AeMBR 0.4 Enterovirus 7.2 0.30-3.20 [120]
Full-scale AeMBR 0.4 Somatic coliphage - 3.24 [121]
Full-scale AeMBR 0.04 Norovirus GI/GII 0.18 2.30 [33]
Full-scale AeMBR 0.04 Adenovirus 11-12 4.10-6.30 [122]
Full-scale AeMBR 0.4 Sapovirus 36 >3.00 [112]

reduction and oxidation, respectively [129]. The hydroxyl radicals
(eOH) are known as non-selective oxidizers and are potent to oxidize the
organic matter in the water. The photocatalyst itself refers to the semi-
conductor material that can produce chemical energy of electron-hole
pairs from light energy. Photocatalysis also has been acknowledged as
a green technique in water remediation due to the complete degradation
of pollutants achieved using light irradiation [130].

The application for disinfection was first reported in 1985 whereby
TiO4 loaded with platinum was used for catalytic inactivation of path-
ogens like Saccharomyces cerevisiae, E. coli, and Lactobacillus acidophilus
[131]. The obtained results have shown that the number of cells was
reduced up to 54% within 60 min of metal halide lamp irradiation and
were further killed after 120 min of exposure. Since then, the application
of photocatalysis for water disinfection has grown [132-136]. The use of
photocatalyst for various applications including for water treatment
process and combatting bacteria and virus including avian influenza
H1IN1 [136] and SARS-CoV-1 [137] in wastewater have proven that
utilization of photocatalyst has been well developed. Many photo-
catalysts have been studied and reported such as TiO2, ZnO, WO3, Fe;Os,
CuS, BiOBr, BaTiO3, and many more [135,138-141]. These multiple
photocatalysts were utilized in various applications including antimi-
crobial activity, photocatalytic degradation of organic pollutants, su-
perior antifouling agent as well as used for the nanocomposite sensor
with high selectivity.

The exposure of TiO5 to UV-A light with a wavelength shorter than
385 nm has caused the TiO3 to produce significant oxidizing power. The
bactericidal capabilities of TiO5 are ascribed to the high redox potential
of the ROS generated by photo-excitation such as eOH, superoxide
radical (O2+7), and hydrogen peroxide (HO2). Photo-oxidation medi-
ated by TiO» shows potential for eradicating bacteria in areas where
chemical cleaning agents or biocides are inefficient or are regulated such
as in the pharmaceutical and food industries. The utilization of this
compound has been widely reported for the inactivation of microor-
ganisms such as bacteria and viruses [142,143]. The presence of TiOy
has further increased the inactivation of phage MS2 from 90% to 99.9%
with the aid of 2 pM ferrous sulphate that caused hydroxyl radical
oxidation with Fenton reaction enhancement, which is responsible for
the viral degradation observed in the study. Table 3 summarises the
microbial disinfection studies using TiO, with UV irradiation. The effect
of the exposure towards the removal efficiency of the bacteria varied due
to the types of bacteria used. Some pathogens such as Coliphage
required less than an hour to be removed up to 98% [144] while
Lactobacillus casei and Phage PL-1 [145] required up to 24 h of exposure
to be removed from the feed water. In general, most of the studies have

shown>98 % removal efficiencies after irradiation under UV light.

In some other studies, the PMRs were reported utilizing TiO film,
carbon nanofibers decorated with Ag, TiO, entrapped PVDF membrane,
and TiOy deposited thin-film-composite have shown antibacterial ac-
tivities [149-151]. The presence of the photocatalysts in the membrane
has eventually killed all bacteria that are present in the treated water
with the assistance of a photocatalytic reaction and the aid of a UV light
source. The killing mechanism has resulted in less attachment of the
bacteria on the membrane and thus, reducing the biofouling occurrence.
These studies have shown their efficacies (~100% of bacteria were
killed) were due to the physical activity (filtration) and chemical
properties via photocatalytic activities. Additionally, the suspended
catalyst configurations were used in most of the reported studies.
Therefore, the immobilized catalyst PMRs for water disinfection is a way
forward to be explored.

Nevertheless, the application of photocatalytic membranes for virus
removal in the water was first documented by Guo et al. who employed
P22 bacteriophage as a model virus [152]. In their work, the researcher
compared the performance of virus removal by three different treatment
processes of stand-alone MF, stand-alone UV disinfection, and hybrid
photocatalytic MF-UV. They found that hybrid photocatalytic MF-UV
recorded higher virus removal efficiency as follow: (1) stand-alone MF
(LRV = 0.5 & 0.5), (2) stand-alone UV disinfection (LRV = 2.3 + 0.2),
and (3) hybrid photocatalytic MF-UV (LRV = 5.0 + 0.7) within 60 min of
filtration as shown in Fig. 11 (a). The morphology of the surface and
cross-section of the hybrid photocatalytic membrane is shown in Fig. 11
(b-c). The higher virus removal by this membrane is due to the gener-
ation of ROS by photocatalyst on the coated membrane played impor-
tant role in the deterioration of protein capsid of viruses via oxidation
process as illustrated in Fig. 11 (d).

Another study by Zheng et al. reported PMR has eliminated>5 log of
bacteriophage f2 after 24 h of continuous operation [153]. The disin-
fection of the f2 resulted by the three kinds of scavengers which are ¢OH,
h™ and e. Although adsorption and filter cake were present in this PMR
system, a comparatively low TiO5 dose might mitigate these two effects
correlating with the fact that phage f2 was mostly inactivated by the
photocatalysis process of PMR [154].

As conclusion, PMR is a promising method for pathogen removal
from wastewater. Compared to the suspended photocatalysis process,
PMRs also offered a better option as this approach hybridized photo-
catalysis with the membrane process in a single unit. The advantages of
the PMRs over the photoreactors include catalysts retaining by mem-
brane barrier, enables the control of residence time of the pollutant in
the reactor, facilitates simultaneous separation and photocatalysis

Table 3
The microbial disinfection studies using TiO, with UV irradiation.
Type of TiO, immobilization Bacteria UV wavelength (nm) UV exposure (h) Removal Efficiency (%) References
TiO, suspension E. coli, Bacteriophage MS-2 less than300 2 ~90 > 99 [146]
TiO, layer Coliphage 254 0.03 98 ~ 100 [144]
TiO, suspension E. coli K12 PHL849, E. coli K12 PHL1273 100-280 5 ~100 [129]
TiOy-coated glass Bacteriophage T4, E. coli 300-400 3 100 [147]
TiO, film Lactobacillus casei Phage PL-1 300-400 24 99.9 [145]
TiO, layer Bacteriophage kNM1149 300-400 6 99.6 [148]
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SEM images of photocatalytic hybrid ceramic membrane (d) schematic illustration of the virus inactivation by hybrid photocatalytic MF-UV membrane [152].

reactions as well as reduction of energy consumption due to the un-
necessary additional treatment process such as separation of the catalyst
[155,156]. However, the PMRs also have significant drawbacks such as
damage on the polymer membrane structure due to exposure to light
irradiation and reactive oxygen species for a long period and the
agglomeration of photocatalysts on the membrane surface could lower
the effective catalytic region for pathogen disinfection [157]. Therefore,
developing a photocatalytic membrane with flexibility and self-standing
qualities is a critical and urgent challenge to efficiently remove harmful
pathogens from wastewater in the future.

4. Potential of membrane technology for wastewater
epidemiology work especially in battling COVID-19

Advanced membrane technology has successfully disinfected viruses
by combining size exclusion with additional functions such as adsorp-
tion, distillation, biological reaction and photocatalytic. SARS-CoV-2
viruses are related to SARS-CoV and Middle East respiratory syndrome
coronavirus (MERS-CoV) [158]. However, there is a lack of discussion
on the removal of those specific viruses from water. Thus, researchers
can now develop novel and advanced water system treatments in order
to treat these viruses.

SARS-CoV-2 originally falls under the zoonotic category and is later
identified as an airborne and waterborne virus [159]. According to the
current discovery of the genetic material of this virus in wastewater, it
can give a warning of an epidemic outbreak. Therefore, SARS-CoV-2 can
be categorized as both non-waterborne and waterborne virus [160].
Recent water quality results which were obtained from various parts of
the world showed positive signs on the existence of ribonucleic acid
(RNA) of SARS-CoV-2 in the wastewater [159]. To date, the virus has
been found in wastewater treatment plants that are located in Australia,
China, the Czech Republic, Ecuador, France, Japan, Italy, Pakistan,
Spain, Netherlands, USA, Turkey, and other countries [12,159,161-
165]). There were also published works that documented the presence
of SARS-CoV-2 viruses in the treated wastewater [166,167]. There was
also a study that confirmed that surrogate coronaviruses remained
contagious for days to weeks in water and sewage [168]. The presence of
viruses in the treated wastewater increases the risk of diseases outbreaks
[160]. The surveillance of wastewater for disease alert has gained
growing interest and attention to remove viruses from wastewater effi-
ciently [18,153,169]. Several works comprehensively discussed the
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occurrence and possible transmission of the SARS-CoV-2 virus through
the water system [12,159,160,163-165]. Briefly, the researchers reve-
lated that the viruses enter the water system from the urine or stool of
infected people and animals through various ways which include
wastewater discharge from the hospitals, quarantine facilities, residen-
tial buildings, sewage, landfill, and drainage water. The presence of the
SARS-CoV-2 was detected in the urine, stool, and feces, and these viruses
remained infectious for days to weeks [22]. The rapid increase in the
number of COVID-19 patients worldwide is expected to increase the
concentration of viruses in sewage or wastewater, thus causing serious
concerns globally. Previous study reported that surrogate coronaviruses
like transmissible gastroenteritis (TGEV) and mouse hepatitis (MHV)
remain alive and infectious in reagent-grade water at 25 °C in 22 days
and 17 days respectively [168]. The persistence of high loads of coro-
naviruses in wastewater can pose a great risk to human health and the
environment via leaking or broken underground pipes, which may
contaminate the clean and treated water supply. Therefore, the possible
transmission of SARS-CoV-2 through the water should not be
overlooked.

However, the main challenge in dealing with the COVID-19 virus is
the mutation of the virus. Mutation of the virus is defined as the trans-
formation of the structure of the genes which results in a variant form
that may be transmitted to future generations of the virus. Mutation can
occur through alteration of single-based units in their RNA through
deletion, insertion, or rearrangement of larger sections of the genes.
Most recent studies reported one mutation that stood out in SARS-CoV-
2, which was known as the D614G mutation [170]. Those studies re-
ported that the amino acid aspartate (D, in biochemical shorthand) was
being replaced regularly by glycine (G) at the 614th amino-acid position
of the spike protein because of a copying fault that altered a single
nucleotide in the virus’s 29,903-letter RNA code [171]. Surprisingly, in
the beginning of February 2021, the world was shocked by the second
and third waves of the pandemic which drove a drastic increase in daily
infections and deaths due to mutation in the spike protein of the SARS-
CoV-2 virus called the SARS-CoV-2 Delta variant [7]. Delta variant is a
variant of lineage B.1.617 of SARS-CoV-2 that has been initially detected
in India in late 2020. It has mutations in the SARS-CoV-2 spike protein
gene that causes the substitution of T478K, P681R, and L452R. WHO
warned that the Delta variant is highly contagious because of its higher
transmissibility and less susceptibility to neutralization [172]. The Delta
variant also becomes the dominant strain globally.
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Advanced membrane technology offers a promising solution in bat-
tling COVID-19 variants through hybrid and synergistic functionalities
such as photocatalytic oxidation, distillation, and filtration. The COVID-
19 variants mainly involve mutations in the gene encoding the spike
protein of SARS-CoV-2, which is the major surface glycoprotein that
forms the cell wall or capsid of the viruses [173]. For this reason, the
ongoing membrane technology can be designed and developed by
considering the features of the spike protein of the SARS-CoV-2 virus.
Advanced membrane technology like photocatalytic membrane is ex-
pected to be able to deactivate COVID-19 variants through the oxidation
process via ROS, which is generated by binding the photocatalyst onto
membrane surface or incorporating it into the membrane structure.
When the COVID-19 variants are exposed to the photocatalytic mem-
brane, the generated ROS will first oxidize the glycoprotein that makes
the cell wall of the virus. When the cell wall is damaged, the cytoplasmic
membrane and intracellular components containing RNA of the virus
will be easily attacked by the ROS [132,174]. As a consequence, the
viruses will be deactivated permanently before being filtered by the
membrane. In contrast, the efficiency of conventional membranes in the
COVID-19 variants removal is doubted due to the mechanism of virus
removal that mainly involves physical separation, which retains the
pathogen concentrating in the retentate and the pathogen is not
degraded or destroyed completely.

Besides that, the development of a smart membrane with stimuli-
responsive material that is inspired by natural cell membrane can
serve as a promising alternative solution to deal with those new COVID-
19 variants. Since the mutation commonly occurs at the outer layer of
the virus which targets the spike protein of the virus [7,170], the new
COVID-19 variants can be destroyed by a smart membrane by installing
a sensor or protein-responsive detector to detect the spike protein of the
virus. Stimuli-responsive materials have been explored in the water
treatment field to respond under certain conditions such as electric,
light, magnetic field, pH, and temperature-responsive [175,176]. The
protein stimuli-responsive smart membrane can overcome the bottle-
necks of conventional and existing membrane technologies that function
as automatic gates through flexible adjustment of pore sizes and surface
properties in response to the variants of the targeted viruses. It is crucial
to explore appropriate materials in order to develop protein stimuli-
responsive smart membranes that are economical, high proficiency,
and have long-term durability. Hence, it is critical to conduct more
research studies to investigate the potential of membrane technology in
battling COVID-19 and handling similar pandemics in the future.

5. Limitations and future perspectives

Membrane technology has been widely employed as a sustainable
method for virus disinfection in wastewater. In this review, membrane
technology was separated into conventional and advanced membranes.
From this point of view, it can be predicted that advanced membrane
technology offers a better and promising solution for removing patho-
gens compared to conventional membrane technology. This is due to the
synergistic effect of filtration and additional functions of advanced
membrane technology (adsorption, photocatalytic, distillation, and
biological treatment).

However, numerous challenges are identified in the application of
both membrane technologies for disinfecting pathogens from an
aqueous system. The MF and UF processes mainly utilize the method of
physical straining (sieve mechanism) in retaining particulate from
passing through the membrane barrier. As a consequence, the viruses
are not fully deactivated and destroyed. The viruses are only separated
and excluded from the water, thus resulting in the formation of
concentrated living virus retentate which can later become the most
harmful wastes.

Besides that, membrane fouling like pore blocking and scaling can
affect the adhesion of the virus on the membranes, hence reducing the
performance of the membranes. This can increase the probability of the
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viruses passing through the membrane during filtration. Thus, the
pressure-driven membrane process will rarely experience efficient virus
removal without appropriate pre-treatment or post-treatment steps.
Therefore, there is an urgent need in improving the development of a
highly durable membrane that is furnished with resistance towards
foulants for virus disinfection in the real wastewater system. Advanced
membrane technologies including MBR, MD, PMR, and nanocomposite
membranes have hybrid and synergistic properties that offer not only
filtration properties but also the deactivation and destruction of the
virus.

Nevertheless, there are different challenges faced by each advanced
and nanocomposite membrane. Commonly, nanocomposite membranes
and photocatalytic membranes are fabricated by embedding nano-
particles that have adsorption [75,177] and photocatalytic [134] func-
tionality. However, the high loading of nanoparticles can result in the
agglomeration of nanoparticles within the membrane matrix, which can
reduce the performance of virus removal and filtration.

The excess loading of nanoparticles can cause leaching or depletion,
especially during long-run operations. To overcome these challenges, it
is proposed to focus on the pre-treatment of nanoparticles or the mem-
brane matrix through modification or functionalization before being
embedded in the membrane matrix. It has been well acknowledged that
modification on nanoparticles surfaces can lower the agglomeration and
leaching issue [128,178]. This is due to the abundant functional groups
on the surface that can provide an active potential site for virus removal
and improve the compatibility between nanoparticles and membrane
matrix.

As for MD and MBR, the performance of the system is limited by
membrane biofouling. The MD utilizes high energy usage in generating
high-temperature conditions to deactivate the viruses, while MBR em-
ploys biological activity and membrane filtration in the removal of vi-
ruses from wastewater. Biofouling results from the proliferation of the
living microbes or foulants that are present in the water system on the
surface of the membranes. Since MBR deals with activated sludges that
consist of living microbes as the main component [123], the tendency of
biofouling is high. Even though the biofouling effect is minimal in MD
due to the driving force of heat, the favorable condition for bacterial
growth is within 20 to 40C. Furthermore, there are thermophilic mi-
crobes that have thermal resistance to grow at a higher temperature and
form biofilm on the membrane [179]. To overcome the biofouling issue,
modification of membrane with biocidal particles such as Ag, titania,
zinc oxide, GO and copper oxide can be a promising alternative.

6. Conclusion

In conclusion, there has been a major increase in evidence that in-
dicates the existence of pathogenic contaminants in the wastewater.
Since prevention is the best remedy to break the chain and the spread of
disease transmission, membrane technology is proposed to deactivate
pathogens that are present in the wastewater. The perspective on the
conventional and advanced membrane technology in the disinfection of
pathogens can provide useful understanding and information in man-
aging wastewater that is contaminated with harmful pathogens. The
progress of pathogen removal through membrane technology will also
be beneficial and valuable in managing similar pandemics in the future
as well as protecting human health and the environment. In comparison
to traditional membrane technology, advanced membrane technology
offers a superior and more promising pathogen removal from water and
wastewater. This is owing to the synergistic impact of filtration and
additional functionalities of the advanced membrane technology such as
adsorption, photocatalytic, distillation, and biological treatment. In the
case of battling COVID-19, the ongoing membrane technology must be
well designed and developed by considering the features of the spike
protein of the SARS-CoV-2 virus.
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