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Abstract: This review paper systematically evaluates current progress on the development and per-
formance of photocatalytic nanofiber membranes often used in the removal of micropollutants from
water systems. It is demonstrated that nanofiber membranes serve as excellent support materials
for photocatalytic nanoparticles, leading to nanofiber membranes with enhanced optical properties,
as well as improved recovery, recyclability, and reusability. The tremendous performance of photo-
catalytic membranes is attributed to the photogenerated reactive oxygen species such as hydroxyl
radicals, singlet oxygen, and superoxide anion radicals introduced by catalytic nanoparticles such as
TiO2 and ZnO upon light irradiation. Hydroxyl radicals are the most reactive species responsible for
most of the photodegradation processes of these unwanted pollutants. The review also demonstrates
that self-cleaning and antimicrobial nanofiber membranes are useful in the removal of microbial
species in water. These unique materials are also applicable in other fields such as wound dressing
since the membrane allows for oxygen flow in wounds to heal while antimicrobial agents protect
wounds against infections. It is demonstrated that antimicrobial activities against bacteria and
photocatalytic degradation of micropollutants significantly reduce membrane fouling. Therefore, the
review demonstrates that electrospun photocatalytic nanofiber membranes with antimicrobial activity
form efficient cost-effective multifunctional composite materials for the removal of unwanted species
in water and for use in various other applications such as filtration, adsorption and electrocatalysis.

Keywords: nanofiber membranes; photocatalysis; antimicrobial properties; micropollutants; wastew-
ater treatment

1. Introduction

Micropollutants found in water systems continue to pose a threat to living organ-
isms. These micropollutants are classified as organic (e.g., herbicides, pesticides, dyes,
pharmaceuticals, phenols, polyaromatic hydrocarbons, endocrine-disrupting chemicals
and natural organic matter) [1–3], inorganic (such as heavy metals, mineral acids, metal
compounds, and cyanides) [4–6], and biological pollutants (such as parasites, bacteria,
pathogens, and viruses) [7,8]. Pollution of water by micropollutants can occur naturally
and/or through the release of contaminants either intentionally or accidentally due to
human activities such as mining, manufacturing, and agriculture. Recently, research has
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given much attention to the treatment and removal of strong recalcitrant pollutants such as
phenols, alcohols, nitrogenous compounds, sulphur compounds and dyes that are mostly
hydrophobic and resistant to biodegradation [9,10].

The fabrication and application of electrospun nanofiber membranes embedded with
photocatalytic and antimicrobial nanomaterials have been at the forefront of the research
in recent times [11]. Indeed, polymers such as polystyrene, polysulfone, polyethersul-
fone, polyester and polyacrylonitrile (Figure 1) have often been used in the production
of nanofiber membranes with desired properties for various applications via an electro-
spinning process or other desired methods such as polymer blending and sea/island
cross-section conjugation [12–14]. These polymers can be electrospun on their own or
co-polymerised with other polymers depending on the required application. Polymers are
often coupled with others to produce polymer products with superior properties compared
to mono-polymer counterparts [14].

Figure 1. Chemical structures of different types of polymers that are often used in the fabrication of
nanofiber membranes. The asterisk (*) indicates that the structure is continuous.

Polystyrene (PS) is one of the widely used polymers in nanofiber production. It exudes
high electrical resistance and low dielectric loss. It is stiff and brittle [12], cheap, easy to
handle, and displays a good balance of electrical, mechanical and chemical properties [15].
Polystyrene also finds application in heavy duty polymer materials such as in containers
and packaging of electronic goods, ion-exchange materials, membranes, sensors and
filtration due to its ease of fabrication, dimensional stability and contact efficiency [16].
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However, it is hydrophobic and this limits its full use in water treatment applications [17].
On the other hand, polyester (PET) is used to synthesise nanofibers, membranes and
nanotubes for various applications [13]. Natural PETs have advantages such as low cost,
ease of separation, low density, CO2 sequestration, biodegradability and enhanced energy
recovery compared to synthetic PET [18–20]. Beside nanofibers for water treatment, PET
resins have been reinforced with natural fiber to make materials such as engine covers [20].
Commercially available bio-PET include poly(lactic acid) (PLA), polycaprolactone (PCL)
and poly(ester amide) (PEA), among others [18].

In the class of thermoplastics, polysulfone (PSf) has been extensively studied in mem-
brane technology and nanofiber fabrication. PSf materials have good heat-ageing resistance,
high mechanical property, thermal and chemical stability [14,21]. PSf based materials have
been widely applied in food processing, biotechnology, and water treatment [14]. Polyether-
sulfone (PES) is another thermoplastic used in various material preparation processes as a
modifier or as the main polymer. PES is a synthetic polymer that is non-degradable and
biocompatible, oxidative, thermally stable, and exhibits hydrolytic stability, good film-
forming and excellent mechanical properties [22]. It has found tremendous application in
the fields of filtration, tissue engineering, bioreactors and haemodialysis [22–24].

Polyacrylonitrile (PAN) is one of the most widely used polymers for fabricating
different types of membranes due to its excellent properties, which include ease of elec-
trospinning, high solvent resistance, high mechanical strength, enhanced thermal and
chemical stability, good membrane forming ability, biocompatibility and ease of modifi-
cation [25–29]. PAN is also the predominant precursor to produce nano- to microscale
carbon fibers due to its high fiber yield, high mechanical strength and elastic modulus
tailoring [30,31]. The PAN polymer fibers are subjected to thermal treatment where they
undergo carbonisation and graphitisation at the desired temperature, and are subsequently
transformed into carbon fibers [31,32]. Other polymeric materials that are used for the
fabrication of different types of membranes, including nanofiber membranes include chi-
tosan, polyaniline, polyvinylpyrrolidone, and polyvinylidene fluoride [33–36] as shown in
Figure 1.

Polymeric membranes are however susceptible to drawbacks such as fouling, poor
flux, poor rejection, and short lifespan. As a result, efforts have been made to eliminate
or reduce the occurrence of these setbacks and produce composites with superior proper-
ties. Methods of modification include additive blending, chemical treatment and surface
grafting [37,38]. The commonly practiced methods include the blending of two or more
polymers, incorporation of nanoparticles or both, blending with photocatalysts, depending
on the desired application and properties. Blending polymers and/or incorporation of
nanoparticles may enhance or suppress the intrinsic properties or even add new or novel
properties to the bare polymer material [39–41].

Figure 2 shows an example of nanofiber membranes produced via electrospinning
using fine and coarse polyacrylonitrile polymer coated with chitosan [42,43]. The nanocom-
posite membranes were fabricated with three layers: (I) nanofiber polyacrylonitrile coarse
layer which was coated with (II) fine nanofiber polyacrylonitrile and finally with (III)
chitosan [42,43]. It is demonstrated that traditional flat-sheet membranes can be coupled
with nanofiber membranes to produce composite membranes with enhanced adsorption
capacity, increased surface area to volume ration, and ease of modification properties.

On the other hand, Figure 3 demonstrates the electrospinning of PES nanofiber mem-
branes infused with TiO2 nanoparticles for simultaneous adsorption and photodegradation
of water pollutants (organic dyes) as reported by Xu et al. [44]. The TiO2-PES nanofiber
composite membrane was prepared via a combination of blending modification and elec-
trospinning technology. Adsorption activity was reported to be via electrostatic attraction.
Photodegradation studies resulted in the elimination of residual toxins completely and
adsorption active sites were regenerated by continuous UV irradiation without any other
treatments. Recyclability enhancement of over 95% even after 5 cycles was obtained [44].
The incorporation of TiO2 nanoparticles to the adsorption membrane introduced photo-
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catalytic and self-cleaning properties, rendering the membrane more efficient and highly
recyclable. In latter sections of this review, various other types of polymer-photocatalyst
nanofiber membranes with specific examples are discussed in comprehensive detail.

Figure 2. An example of a composite nanofiber membrane consisting of an electrospun polyacrylonitrile (PAN) layer coated
with a chitosan layer. Reprinted from [42] with permission from Elsevier.

Figure 3. Fabrication of Polyethersulfone (PES)-TiO2 nanofiber composite membrane via electrospinning as well as
simultaneous adsorption and photodegradation of micropollutants. Reprinted from [44] with permission from Elsevier.

While this review is focused on nanofiber membranes infused with photocatalytic and
antimicrobial nanoparticles, Nasreen et al. previously reviewed the general advancement
of modification and application of electrospun nanofiber membranes in water treatment.
The review emphasizes the importance of nanofiber membrane modification for enhanced
efficiencies. Modifications discussed include surface modification (improved selectivity
and hydrophilicity) and interfacial polymerization (improved strength, chemical/thermal
stability and introduction of selective barrier layer, porous support and/or maintaining
strength and configuration). The specific application of these nanofiber membranes covers
removal of heavy metals, microbial removal, and desalination [45]. The review paper at
hand therefore reviews the current progress made on the development and application of
electrospun polymer nanofiber membranes embedded with photocatalytic and antimicro-
bial nanoparticles for various types of applications with a special focus on the removal of
micropollutants from wastewater. In subsequent sections, we therefore discuss (i) these
photocatalytic nanofiber membranes with respect to their preparation methods and perfor-
mance properties, (ii) antimicrobial activities of nanoparticle-infused nanofiber membranes
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towards microorganisms found in water systems and (iii) various other applications of
hybrid photocatalytic membrane processes.

2. Photocatalytic Electrospun Nanofiber Membranes

Photocatalysis is one of the most efficient treatment methods for wastewater contain-
ing different types of pollutants. Photocatalysts in their powder form produce tremendous
results, often up to complete mineralisation; however, they have drawbacks such as poor
recovery and secondary contamination due to leaching [46]. As a result, blending photo-
catalysts with support materials such as polymers and electrodes has been implemented
and well-investigated [47]. Supporting or blending photocatalysts with other materials not
only enhances recovery and reduces secondary contamination, but enables recyclability,
reusability and increased photocatalyst life span. In addition, hybrid processes involving
photocatalysis and membrane technology also enhances the properties of membranes for
filtration, adsorption, and other related applications [48]. Trace organic contaminants
which include pharmaceuticals and endocrine-disrupting compounds found in raw water,
wastewater and sometimes in drinking water can also be effectively treated using photocat-
alytic membranes [49]. Such contaminants are found in low concentrations of microgram
to nanogram per litre. Figure 4 illustrates how a photocatalytic membrane operates during
a water treatment process [50].

Figure 4. Schematic illustration of how a photocatalytic membrane operates with the photocatalytic
layer on top degrading pollutants and membrane filtering the remaining pollutants. Reprinted
from [50] with permission from Elsevier.

2.1. Photocatalytic NanoMaterials and Electrospun Nanofiber Membranes

Electrospun photocatalytic nanofiber materials have excellent properties for vari-
ous applications because they combine the properties of both the photocatalyst and the
nanofibers. Hence, electrospinning of photocatalytic nanomaterials such as ZnO and TiO2
with polymers has become popular, either for use as nanocomposites or as photocatalytic
nanofibers after removing the polymer by thermal treatment [51,52]. Table 1 shows the
properties of various types of photocatalysts that are used for the functionalization or
doping of photocatalytic nanofiber membranes. In this review, focus is placed on ZnO
and TiO2, however other photocatalysts or semiconductors also have intriguing optical
properties as shown in Table 1 The corresponding crystal structures of the photocatalysts
are shown in Figure 5.
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Table 1. Crystallographic and electronic properties of common photocatalytic materials.

Photocatalytic Materials Crystal Structure Eg (eV) λe (nm) ECB (V vs. NHE) EVB (V vs. NHE) Ref.

TiO2 Tetragonal 3.2 <388 −0.16 +3.04 [53–55]
ZnO Hexagonal 3.4 <388 +0.21 +3.41 [56,57]
CeO2 Cubic 3.2 <388 −0.07 +3.13 [58]
ZrO2 Monoclinic 5.0 <248 −0.69 +4.31 [59,60]
SnO2 Tetragonal 3.5 <354 +0.25 +3.75 [61–63]
WO3 Monoclinic 2.7 <443 +0.77 +3.47 [64,65]
α-Fe2O3 Trigonal 2.2 <564 +0.79 +2.99 [66,67]
BiVO4 Monoclinic 2.4 <517 +0.49 +2.89 [68,69]
SrTiO3 Cubic 3.4 <365 −0.75 +2.65 [70–72]

Ag3PO4 Cubic 2.4 <517 +0.50 +2.90 [73,74]
CdS Hexagonal 2.4 <517 −0.40 +2.00 [75]

g-C3N4 2D 2.7 <459 −0.90 +1.80 [76–79]

Figure 5. Structures of commonly used photocatalytic materials. Reprinted from [80] with permission from Elsevier.

Park et al. and Yang et al. showed that calcination of electrospun ZnO nanofibers
can increase the fibers’ diameter and deform their structure [81,82]. Calcination of the
ZnO/PVP nanofibers to remove the polymer resulted in an increased diameter of the
nanofibers (from 35 to 100 nm) and an increase in surface roughness was also observed [81].
Figure 6 shows an example of electrospun ZnO nanofibers calcined at different tempera-
tures; with increasing temperature, a change in the fiber morphology is perceived. Change
is observed from the compact structure and the smooth morphology of the connected
nanofibers at 350 ◦C (shown in Figure 6a), to nanofibers with a rough morphology and
nanoparticles beginning to show as they breakaway from each other at 450 and 550 ◦C
(Figure 6b,c), and then to dispersed ZnO nanoparticles at 650 ◦C (Figure 6d) [83]. This indi-
cates that during the fabrication process, optimization of parameters such as concentrations,
temperature, ratios, and viscosity can lead to membranes with the desired physicochemical
properties for that specific application.
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Figure 6. Scanning Electron Microscopy (SEM) images of ZnO nanofibers with diverse morphology
produced at different temperatures (a) 350 ◦C, (b) 450 ◦C, (c) 550 ◦C, and (d) 650 ◦C. Reprinted
from [83] with permission from Elsevier.

Electrospinning of TiO2 nanofibers for various applications has been well-studied.
This includes the work by Chuangchote et al. for the electrospinning of TiO2 nanofibers
from a solution of titanium (IV) butoxide, poly(vinylpyrrolidone), and acetylacetone.
The nanofibers were calcined to remove the solvent and polymer. After calcination at
temperatures up to 700 ◦C, the diameter of the nanofibers was reduced from 409 to 259 nm.
Results indicate that the nanofibers contained highly aligned bundled nanofibrils which
were beneficial for enhanced crystallinity, large surface area, and higher photocatalytic
activity (up to 270 µmol/g of hydrogen evolution using the catalysts calcined at 450 ◦C) [84].
In contrast to ZnO nanofibers, the calcination of TiO2 nanofibers reduced the diameter
as a function of temperature because of the removal of the solvent and polymer. Kumar
et al. investigated the optical and structural properties of electrospun TiO2 nanofibers.
They reported that calcined nanofibers appeared to be composed of TiO2 grains (~12 nm)
packed together to form nanotubes and were responsible for the reduced diameter of up to
60 nm. Optical studies showed a red shift with an increase in the fiber diameter, which is
attributed to an increase in the surface stress with a decrease in diameter [85].

2.2. Coupled and Hybrid Photocatalytic Nanofibers

Coupled photocatalytic nanofibers can also be electrospun to enhance the overall
photocatalytic performance. For example, a composite of ZnO-TiO2 nanofibers prepared
by an electrospinning technique whereby TiO2 and ZnO precursors were mixed with PVP
polymer solution for electrospinning showed higher photocatalytic degradation of methy-
lene blue compared to TiO2 and ZnO alone as reported by Wang et al. [86]. In another study,
ZnO-TiO2 composite nanofibers prepared by Hwang et al. were used for a bactericidal
application. The authors reported excellent antibacterial activity of the electrospun com-
posite nanofibers when tested against Gram-negative Escherichia coli and Gram-positive
Staphylococcus aureus. The tests were carried out under UV and in the absence of light [87].
Manaf et al. conducted a study on the fabrication and performance of poly(acrylonitrile-co-
butadiene-co-styrene) [ABS]/ZnO electrospun nanocomposite membranes with oleophilic
and antimicrobial properties. The electrospun ABS nanofiber membranes were decorated
with floral ZnO nanoparticles using a post-treatment deposition method. The pristine ABS
and ZnO-modified nanocomposite membranes showed super oleophilic nature and could
selectively separate different oils from the oil–water mixture by a gravity-driven technique
with up to 100% separation. The ZnO NPs in the nanofiber could enhance the oil flux and
imparted anti-bacterial activity to electrospun ABS membrane against E. coli and S. aureus.
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The summary of the fabrication and modification of the ABS nanofiber membranes as well
as their antimicrobial activity and water-oil separation are shown on Figure 7 [88].

Figure 7. Illustration of the fabrication of ZnO-ABS composite nanofibers membrane with antimicrobial properties tested
against E. coli, S. Aureus and selective oil absorption. Reprinted from [88] with permission from Elsevier.

Hybrid processes based on photocatalysis and membranes have been studied over
the past few years to take advantage of the synergy of both processes [89]. Molinari
et al. carried out the photocatalytic degradation of azo dyes (Congo red and Patent blue)
with a membrane reactor using TiO2 as a photocatalyst. The composite membrane was
prepared using a conventional phase inversion method. The findings reported after a
comparative study between suspended and membrane entrapped TiO2 indicated that
entrapped TiO2 showed satisfactory results. Various parameters such as feed concentration
and recirculation rate did not show a major impact on the reaction rates, operating stability,
and membrane rejection for both substrate and by-products. The hybrid process showed
high photodegradation of Congo red at a high concentration (500 mg/L) under the same
conditions as the suspended TiO2; this was attributed to the high adsorption induced by
the membrane. High permeate flux (30–70 L/m2 h) was still maintained upon increasing
the concentrations of both dyes up to 500 mg/L; this is attributed to the photodegradation
of the dyes on the surface before they foul the membrane [90].

Mendret et al. investigated the influence of pH on the performance of photocatalytic
membranes in a dead-end filtration system. Photodegradation and filtration were coupled
using TiO2/Al2O3 membranes under UV light in a membrane reactor using Acid Orange
as a model pollutant. The nanocomposite membrane was prepared by immobilizing
TiO2 nanoparticles (mean particles size = 2.5 nm) on alumina membranes using a dip-
coating apparatus. Using the TiO2/Al2O3 composite membrane, the flux variation with
pH was less pronounced. Due to the TiO2 hydrophilic properties, the UV irradiation
enabled the stabilisation of the flux. Both pristine and hybrid membranes showed their
highest permeate flux at the isoelectric point. Another observation was that the surface of
the composite membrane was photoactive, thus allowing membrane fouling mitigation,
whereby the efficiency was highly dependent on solution pH, and higher degradation
rates were obtained at acidic pH due to the dissociation of Acid Orange and change of
TiO2 surface properties [91]. Figure 8 illustrates how a photocatalytic nanocomposite
membrane simultaneously photodegrades micro-pollutants while filtering. The N-TiO2
coated α-Al2O3 membrane degrades pollutants that are deposited on the surface of the
membrane during the filtration process. The N-TiO2 layer is the one responsible for the
photodegradation process which is activated upon illumination with UV light [92].
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Figure 8. Illustration of simultaneous filtration and photodegradation processes on a photocatalytic-filtration hybrid
composite membrane. Reprinted from [92] with permission from Elsevier.

Fang et al. investigated the effect of photocatalytic oxidation of natural organic matter
(NOM) on fouling of low-pressure membranes. In this study, they evaluated the potential
of TiO2/UV photocatalytic oxidation of natural organic matter to control membrane fouling
by coating the membrane with a layer of TiO2. The TiO2 layer increased the reaction kinetics
while a decrease was observed with increasing total organic carbon. At a concentration of
0.5 g/L of TiO2, the fouling of both micro- and ultrafiltration membranes was eliminated
after 20 min of treatment. Analyses of specific UV absorbance and molecular weight
distribution of natural organic matter revealed that the effectiveness in the control of
membrane fouling is the result of the changes in molecular characteristics due to the
preferential removal and transformation of large, hydrophobic natural organic matter [93].

Table 2 shows polymers from which nanofiber membranes have been prepared, the
method of preparation, nanoparticles added and their applications. This information is not
limited to the one provided; there are other dozens of peer-reviewed journals, books and
reports that used other types of polymers, methods, and nanoparticles. The list (Table 2)
shows that a wide range of polymers can be used to fabricate nanofiber membranes whereby
PAN [93–99] and PVP [99–102] dominate the list. The application of such nanocomposite
membranes covers but is not limited to areas such as filtration, photodegradation, and
antimicrobial applications [51,103–109].

Table 2. Photocatalytic nanofiber membranes, their preparation methods, and applications.

Polymer/Membrane Additive Method Application(s) Photocatalytic
Efficiency (%) Ref.

Polyvinylpyrrolidone Ag/TiO2
Co/Blend-

Electrospinning

Filtration
Photodegradation (Methylene blue)

Antimicrobial (E. coli)
80 [100]

Polyvinylpyrrolidone TiO2 Electrospinning Photodegradation (Rhodamine b) 72 [101]

Polyvinylpyrrolidone TiO2/C Electrospinning Capture and photocatalytic
conversion of particulate matter 99.92 [102]

Polyacrylonitrile ZnO/TiO2 Electrospinning Photodegradation (Malachite green) 99 [39]

Polyacrylonitrile biogenetic silica Electrospinning Photodegradation (malachite green) 100 [94]

Polyacrylonitrile SiO2-TiO2-NH2 Electrospinning Photodegradation (Malachite green
and Acid red 27) 100 [95]

Polyacrylonitrile Ag/AgCl Electrospinning Filtration
Photodegradation (Methyl orange) 85 [96]
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Table 2. Cont.

Polymer/Membrane Additive Method Application(s) Photocatalytic
Efficiency (%) Ref.

Polyacrylonitrile ZnO/Ag Electrospinning—
reflux

UV-shielding
Photocatalysis (Methylene blue)

Antimicrobial (S. aureus)
99 [97]

Polyacrylonitrile TiO2/MOF/CNT Electrospinning—
self assembly

Photodegradation
(Hydrogen sulphide) 93.5 [98]

Polyacrylonitrile α-Fe2O3/rGO Hydrothermal vacuum
filtration Photodegradation (Methylene blue) 98.5 [99]

Polyaniline TiO2/SiO2 Electrospinning Photodegradation (Methyl orange) 87 [51]

Free standing CNTs/TiO2
Chemical vapor

deposition Photodegradation (Methylene blue) Not specified [103]

Free standing CNT/ZnO/TiO2 Hydrothermal
Filtration

Photodegradation (Acid Orange 7)
Adsorption (Acid Orange 7)

100 [108]

Free standing Zr-TiO2 Electrospinning Photodegradation (Methylene blue) 95.4 [110]

Nylon ZnO Electrospinning—atomic
layer deposition Photodegradation (Rhodamine b) 99 [104]

Chitosan Algae-TiO2/Ag Electrospinning Photocatalytic reduction of Cr(VI) 91 [105]

Graphene oxide ZnO Vacuum filtration
Filtration

Anti-biofouling via photodegradation
(Powder milk and direct red 16 dye)

90.5 [107]

Polyether sulfone ZnO/MWCNTs Non-solvent induced
phase inversion

Filtration
Antimicrobial (E. coli)

Photodegradation rejection
(Rhodamine b)

99.6 [106]

Polyimide ZnO Electrospinning Photodegradation (Methylene blue) 98 [111]

Cellulose
acetate/polyurethane ZnO Solution dispersion

blending
Photodegradation (Reactive Red 11

and Reactive Orange 84)
100
95 [112]

Cellulose TiO2-coreshell Vacuum filtration Photodegradation (methyl orange) 100 [113]

Polyurethane Ag-TiO2 Electrospinning Photodegradation (Dairy effluents) 95 [114]

PAN-Alumina hollow
fiber GCN Electrospinning Oilfield produced water treatment. 99 [115]

Nylon-6 TiO2
Electrospraying and

electrospinning
Photodegradation (Methylene blue)

Toxicity control of chlorophenols 100 [116]

Polyvinylidene fluoride Sm-ZnO Electrospinning Photodegradation (Reactive golden
yellow and Rhodamine b) 100 [117]

Polyvinylidene fluoride—
Polyacrylonitrile TiO2 Electrospinning Photodegradation (Rhodamine b)

Oil-water separation
97
99 [118]

In all the studies reviewed in this work, suspended catalysts showed results that were
more significant due to the high surface area-to-volume ratio and higher availability of
active sites between the catalyst and the pollutants. However, drawbacks such as poor
recovery of spent catalysts were observed on suspended catalysts. Overall, the hybrid
processes resulted in lower performance, but recovery was increased, and leaching was
reduced without compromising the membranes performance.

3. Antimicrobial Membranes

Microorganisms such as bacteria, fungi, archaea, algae, protozoa and viruses [109]
form part of the water pollution system and are the cause of various types of waterborne
diseases such as polio, malaria, cholera, hepatitis, diarrhea, ascariasis, malnutrition, ring-
worm and lymphatic filariasis, among others [119,120]. Due to the high levels of water
pollution, the high ratio of water demand to water availability, as well as inefficient water
treatment facilities, human beings, animals and aquatic biota have to bear the burden of
waterborne diseases and infections [121–123].
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Researchers are introducing the use of antimicrobial material in current water treat-
ment methods. Nanocomposites are being produced with the addition of materials that
have antimicrobial properties to use in hybrid water treatment processes [124]. Photocataly-
sis is one of the processes that has been reported to have the ability of “killing” a wide range
of bacteria, viruses, algae, endospores, protozoa and fungi, and has also demonstrated the
ability to inactivate prions and to destroy microbial toxins [109]. Membrane technology is
another process that poses such properties depending on the materials used to fabricate the
membrane; however, they are well known to be prone to biofouling. Membrane biofouling
is a challenging aspect to control, using chemical, biological, or physical methods due to its
compact nature, strong adaptive resistant microbes, and the cost of post-treatment, hence
the need for modification [123]. Figure 9 shows two different ways of fabricating a thin film
composite membrane with antimicrobial properties that was used for water treatment, as
reported by Zhu et al. In the first method, the thin film composite (TFC) membrane is first
chemically modified with Ag nanoparticles followed by coating with SBMA. In the second
method, the TFC membrane is first co-polymerized with SBMA followed by coating with
Ag nanoparticles [124].

Figure 9. Fabrication process of an antimicrobial TFC membranes used for water treatment. Reprinted from [124] with
permission from Elsevier.

The modification of photocatalytic materials and membrane materials with Ag, Cu
or graphene material enhances the antimicrobial properties of the materials which also
suggests that such modified materials have self-cleaning/sterilising properties. Figure 10
illustrates how an antimicrobial membrane with cleaning properties operates [124]. This
results in improved water quality, enhanced efficiency, and prolonged life span of the mem-
brane by reducing/eliminating fouling [124–126]. The properties induced by antimicrobial
agents have paved the way for the successful production of antimicrobial photocatalysts,
antimicrobial membranes, and antimicrobial-photocatalytic membranes as evidenced by
numerous research studies.

Zhang et al. fabricated thin-film composite membranes with enhanced antifouling
and antimicrobial properties by the incorporation of palygorskite/TiO2 hybrid material.
Palygorskite and palygorskite/TiO2 were embedded on a reverse osmosis polyamide
membrane through interfacial polymerisation. The tubular structure of palygorskite
played a role in the facilitation of water molecules through the thin-film membrane. The
palygorskite-incorporated membranes had a 1.6-fold increase (up to 40 L/m2 h) in water
flux compared to the bare membranes. The palygorskite/TiO2-containing membranes
showed a 1.4-fold increase compared to the bare membranes. Antifouling properties were
observed with increasing flux against humic acid and bovine serum albumin while antimi-
crobial properties were also successful against Escherichia coli [127]. Hee et al. studied the
photocatalytic and antimicrobial activity of ZnO-incorporated electrospun nanofibrous
membranes. Polyurethane nanofibers were fabricated by electrospinning followed by
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coating with polydopamine using the dip-coating method. For the incorporation of ZnO
nanoparticles, the polydopamine-coated nanofibers were soaked in a ZnO aqueous so-
lution followed by hydrothermal treatment to grow ZnO nanorods on the surface of the
nanofibers. Characterization confirmed that the ZnO nanorods were grown and adhered
to the polydopamine-coated polyurethane nanofibers as shown on Figure 11. The result-
ing material successfully degraded methylene blue within 180 min and showed positive
antimicrobial properties against Escherichia coli [128].

Figure 10. Illustration of antimicrobial activity on a surface of an antimicrobial membrane during water filtration. Reprinted
from [124] with permission from Elsevier.

Figure 11. Field emission–scanning electron microscope (FE-SEM) images of (a,c) ZnO-nanorods/polyurethane,
(b,d) Polydopamine-ZnO-nanorods/polyurethane. Reprinted from [128] with permission from Elsevier.
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Panthi et al. produced a photocatalytic and antimicrobial bifunctional composite
membrane immobilised with Ag3PO4 nanoparticles (Figure 12). PAN nanofibers were
produced by electrospinning and then modified with amidoxime to use as anchoring sites
for Ag+ ions; AgNO3 was used as the source of Ag. The composite was then reacted
with Na2HPO4 to produce the final bifunctional composite membrane Ag3PO4/PAN. An-
timicrobial activity was confirmed by testing against Gram-negative Escherichia coli and
Gram-positive Staphylococcus aureus, respectively. The composite (150 mg) degraded up
to 90% of methylene blue in a solution containing 50 mL of the dye (10 mg/L) within
60 min using a 200 W mercury lamp [129]. Xu et al. fabricated a hybrid antimicrobial
nanofiltration membrane. The Ag-Cu2O nanowires were prepared by grafting L-dopa on
the surface of Cu2O nanowires via in situ polymerisation which resulted in a zwitterionic
surface suitable for the attachment of Ag+ ions. The final Ag-Cu2O-PSF composite was
fabricated using the in-situ phase inversion method. Antimicrobial studies against Es-
cherichia coli and Staphylococcus aureus using the composite revealed enhanced antimicrobial
activity compared to that of the bare PSF membrane. Bovine serum albumin was used
for protein rejection studies whereby the modified membrane rejected up to 94.70% and
pure PSF rejected 86.81%. The modified membrane also achieved higher water flux (up to
164.1 L/m2·h) compared to the bare membrane (40.4 L/m2·h). The modified membranes
also demonstrated better flux recovery than the pure PSF membrane [130].

Figure 12. Transmission electron microscopy (TEM) images of (a) polyacrylonitrile (PAN) and
(b) Ag3PO4/PAN composite membranes used for photodegradation and antimicrobial studies by
Panthi et al. Reprinted from [129] with permission from Elsevier.

Damodar et al. studied the self-cleaning, antibacterial, and photocatalytic proper-
ties of polyvinylidene fluoride (PVDF) membranes embedded with TiO2 (Figure 13). The
PVDF/TiO2 membranes were prepared via the phase inversion method where the TiO2
loading was varied from 0–4%. Generally, PVDF/TiO2 membranes showed higher an-
timicrobial properties compared to the pristine PVDF membrane with 4% TiO2 having
the highest activity against Escherichia coli. Over 95% degradation of Reactive Black 5 was
achieved within 60 min using the 2% PVDF/TiO2 membrane while the pristine membrane
showed no photocatalytic activity. The PVDF/TiO2 membranes showed good antifouling
and self-cleaning properties under UV irradiation with increased water flux and excellent
flux recovery compared to pristine PVDF membranes. The photodegradation and self-
cleaning processes on the membrane are as demonstrated on Figure 13 [131]. Jalvo et al.
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studied the antimicrobial and anti-biofilm efficacy of a TiO2 coated glass surface with
self-cleaning properties. The material was prepared by coating a glass side with the TiO2
suspension. The coated glass slide showed cell reduction viability of over 99% during an-
timicrobial studies against biofilm-forming bacteria Staphylococcus aureus and Pseudomonas
putida. Self-cleaning properties were tested against the degradation of adsorbed methylene
blue. The material achieved 85% degradation confirming that the material has both self-
cleaning properties and anti-biofilm efficacy added to their photocatalytic and antimicrobial
properties [132].
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Zhang et al. prepared a chitosan-based antimicrobial film against foodborne pathogens
to use in food packaging under visible light. The material was prepared by coating a plas-
tic film-covered glass plate with chitosan-TiO2 emulsion crosslinked by epichlorohydrin,
followed by drying naturally overnight. The obtained composite film was tested against
Escherichia coli, Staphylococcus aureus, Candida albicans, and Aspergillus niger, and achieved
100% sterilisation within 12 h. Positive results were also obtained in terms of the preven-
tion of microbial growth in packaged red grapes with an extended life span as shown
in Figure 14 [133]. Bodaghi et al. studied the photocatalytic antimicrobial effects of TiO2
coated packaging film by conducting in vivo and in vitro tests. The TiO2-polyethylene film
was prepared using the melt blending method whereby modified TiO2 powder, polyethy-
lene granules, and glycerol were mixed and blended for an hour. The resulting nanocom-
posite film was used for all studies. Under in vitro studies, the film reduced the number of
surviving cells for Pseudomonas spp. and Rhodotorula mucilaginosa by 4 and 2 logs compared
to 1.35 and 0.64 log reduction of polyethylene, respectively. In vivo studies were conducted
on packaged fresh pears under fluorescent light irradiation for 17 days where a significant
decrease in mesophilic bacteria and yeast cells was observed for TiO2-polyethylene [134].
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Figure 14. Preservation of red grape packed in different materials at 37 ◦C for 6 days: (a) plastic wrap; (b) pure chitosan
film; (c) chitosan-TiO2 film. Reprinted from [133] with permission from Elsevier.

Antimicrobial activity is one of the most important properties in membrane technology.
As indicated, antimicrobial activity prevents microbial membrane fouling which prolongs
the lifespan of the membrane [135]. Table 3 shows some of the nanomaterials with antimi-
crobial activity that can be blended with polymer nanofibers for various applications. Silver
nanoparticles are well documented for their excellent antimicrobial activity and it is no sur-
prise that the table shows that pristine and doped-Ag nanoparticles are mostly used for the
preparation of antimicrobial nanofiber composite membranes [129,136–142]. Table 3 further
shows that there are other antimicrobial materials such as ZnO, CuO, poly(hexamethylene
biguanide) hydrochloride, octadecyldimethyl[3-(trimethoxysilyl)propyl]ammonium chlo-
ride, Fe3O4-COOH, nisin, and metronidazole which can be further explored to reduce
the demand of Ag nanoparticles for antimicrobial applications [128,143–147]. The ap-
plication section of Table 3 indicates that the application of antimicrobial membranes is
not limited to water treatment but extends to areas such as cytotoxicity [148,149], drug
release [143,146,149], and wound dressing [139,145,148,150,151].
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Table 3. Antimicrobial nanofiber membranes and their various applications.

Polymer Antimicrobial Agent Method Application Antimicrobial Activity Ref.

Polyurethane Polydopamine-ZnO Electrospinning Antimicrobial (E. coli)
Photodegradation (Methylene blue) Active [128]

Polyacrylonitrile Ag3PO4 Electrospinning Antimicrobial (E. coli and S. aureus)
Photodegradation (Methylene blue) Active [129]

Polyacrylonitrile Ag nanoparticles Electrospinning Antimicrobial (E. coli and S. aureus) Active [136]

Polyacrylonitrile Ag nanoparticles Electrospinning Antimicrobial (E. coli and S. aureus) Active [137]

Polyacrylonitrile Ag nanoparticles Electrospinning Antimicrobial (E. coli and S. aureus)
Forward osmosis Active [138]

Chitosan Ag nanoparticles Centrifugal spinning Antimicrobial (S. aureus)
Wound healing Active [139]

Polysulfone CNT/Ag
Radical solution

polymerization and
wet-phase inversion

Antimicrobial (E. coli and B. subtilis) Active [140]

3D woven fabric filters Ag nanoparticles Electrospinning Antimicrobial (S. aureus)
Water treatment Active [141]

Polyvinyl alcohol Polyimide-Ag Electrospinning Antimicrobial (E. coli and S. aureus)
Oily wastewater treatment Active [142]

Polyacrylonitrile CuO Electrospinning Antimicrobial (E. coli and B. subtilis) for breath masks
Drug release Active [143]

Chitosan/poly(ethylene oxide) Poly(hexamethylene biguanide)
hydrochloride Electrospinning Antimicrobial (E. coli and S. aureus) Active [144]

Poly(ε-caprolactone)
and gelatine

Octadecyldimethyl
[3 -(trimethoxysilyl)propyl]ammonium

chloride
Electrospinning Antimicrobial (S. aureus and P. aeruginosa)

Wound dressing Active [145]

Polylactic acid Fe3O4-COOH Electrospinning Antimicrobial (E. coli and S. aureus)
Drug delivery Active [146]

Triaxial Nisin Electrospinning Antimicrobial (S. aureus) Active [147]

Cellulose acetate/
polyester urethane Polyhexamethylene biguanide Electrospinning

Antimicrobial (E. coli)
Cytotoxicity

Wound healing
Active [148]
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Table 3. Cont.

Polymer Antimicrobial Agent Method Application Antimicrobial Activity Ref.

Polycaprolactone/gelatine Metronidazole Electrospinning
Antimicrobial (F. nucleatum)

Cytotoxicity (L929 Cells)
Drug delivery

Active [149]

Silk fibroin Peptide motif Electrospinning
Antimicrobial (S. aureus, E. coli, S. epidermidis and

P. aeruginosa)
Wound dressing

Active [150]

Polycaprolactone
2-(Methacryloyloxy) ethyl

trimethylammo-
nium/polycaprolactone

Cross-linking polymerization
and electrospinning

Antimicrobial (E. coli and S. aureus)
Wound dressing Active [151]

Nylon 6 N-Halamine Electrospinning Antimicrobial (E. coli and S. aureus) Active [152]

Polycaprolactone Peptide dissolved micro needles Coaxial electrospinning and
electrospray deposition

Antimicrobial (S. aureus, K. pneumoniae, A.
baumannii, and P. aeruginosa)

Chronic wound dressing
Active [153]
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4. Other Applications of Hybrid Photocatalytic Membrane Processes

Literature reports show that electrospun nanofiber membranes find application in
a wide range of processes within and outside water treatment. It is worth noting that
the applicability and efficiency of nanofiber membranes is highly dependent on polymer
material intrinsic properties [11]. Therefore, it is imperative to study the properties of
the nanofiber membranes prior to application to establish if the membrane is suitable
for that specific application. Kaur et al. reviewed the various types of characterization
techniques crucial for membranes analysis. These characterization techniques include:
atomic force microscopy (surface roughness), scanning electron microscopy (morphology
and cross-sectional internal structure), Fourier transform infrared spectroscopy (surface
chemistry such as functional groups and bonding nature), tensile test (tensile/mechanical
strength and durability), differential scanning calorimetry (thermal properties and rigidity),
heat treatment and hot pressing (compactness, integrity and strength), contact angle
(hydrophilicity and hydrophobicity) as well as Brunauer, Emmett and Teller (surface area,
pore size and pore volume). The review also discusses the liquid intrusion-extrusion
techniques for materials to be applied in aqueous solutions [154]. All these techniques
form part of the basic analysis of membrane materials and are conventionally used. Other
processes whereby photocatalytic and antimicrobial electrospun nanofiber membranes are
used include filtration, adsorption and electrocatalysis.

4.1. Filtration

Membrane materials are primarily used for filtration processes where the pore size,
surface charge, hydrophilicity and shape can be finetuned for suitable filtration processes
such as microfiltration, ultrafiltration, nanofiltration, and reverse osmosis. Membrane filtra-
tion has gained tremendous attention in recent years as one of the cost-effective and most
efficient processes due to stringent guidelines for environmental safety and drinking water
quality [155,156]. Even though membrane filtration offers quick and selective filtration for
most contaminants, some contaminants such as natural organic matter and pathogens have
proven to be challenging to remove via filtration only [157].

The properties of membranes can be tuned through the fabrication process, polymer
blending, and addition of nanoparticles to overcome such drawbacks. Modification of
membranes also plays a significant role in membrane performance and reduced membrane
fouling [156] which is a common problem in all membrane processes. Nanoparticles
are often incorporated in filtration membrane materials to limit biofouling and prolong
the life span. Incorporating nanoparticles in the membrane matrix helps overcome the
limitations of separation and leaching of nanoparticles into the aqueous solutions [158,159].
Nanoparticles, especially photocatalytic nanoparticles, have the potential of eliminating
the generation of toxic condensates through photodegradation, the generation of toxic
condensates being another common problem in membrane filtration [160]. There is ongoing
research on hybrid membrane materials which may lead to new and more efficient ways of
water treatment which align with drinking water and environmental safety regulations.
Figure 15 illustrates the reduction in membrane fouling achieved by coating membranes
with photocatalytic materials such as TiO2 [161].

Song et al. studied the removal of natural organic matter in aqueous solution using a
filtration-photocatalysis integrated method [162]. In this work, PVDF membranes were
modified with PEG and TiO2 where the PVDF-PEG membranes were compared with PVDF-
PEG-TiO2 membranes for natural organic matter removal and flux decline. The evaluation
of both materials indicated that TiO2 modified membranes were more effective in natural
organic matter removal and simultaneous reduction of fouling. The membrane also demon-
strated good self-cleaning properties under UV IR radiation [163]. Bai et al. fabricated a
multifunctional nanocomposite membrane for simultaneous filtration and photodegrada-
tion. The nanocomposite consisted of hydrothermally synthesised TiO2 nanowires used as
a supporting matrix and acid-treated CNT/ZnO nanorods with bridging characteristics.
The nanocomposite ultrafiltration membrane integrated both the advantages of photocatal-
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ysis and carbon-based nanomaterials with high mechanical strength resulting in efficient
production of clean water, high flux, and low fouling potential [108]. Muller at al. reported
the preparation and performance assessment of low-pressure affinity membranes for gold
nanoparticle filtration based on functionalized electrospun polyacrylates. The study inves-
tigated optimized parameters such as concentration, pore size, hydrophilicity, nanofibers
size and mechanical strength for optimal pressure drop. The test membranes were pre-
pared by crosslinking copolymers co-polymers methyl methacrylate and 4-methacryloyl-
oxy-benzophenone with acrylic acid, n-isopropylacrylamide, 4-vinylpyridine (Pyr), and
dimethyldecyl ammoniumethyl methacryl bromide (Nplus) whereby crosslinking was
induced by UV irradiation. Their findings showed that the UV-light crosslinking improved
mechanical stability and performance properties. The Pyr mechanism was based on physi-
cal adsorption while the Nplus mechanism was based on attraction of particles by ionic
charge (chemical adsorption). It was further concluded that the pressure drop studies were
controlled mostly by the pore size and tensile strength of the nanofiber membranes [164]

Figure 15. Membrane fouling reduction induced by the addition of TiO2 coating through photodegra-
dation. Reprinted from [161].

Mendret et al. fabricated a TiO2/Al2O3 hydrophilic composite membrane for sep-
aration and photocatalytic degradation of organic pollutants. The 6-layered composite
membrane was used in a photocatalytic membrane reactor whereby TiO2 coating resulted
in enhanced wettability of the Al2O3 ceramic membrane with high and stable water flux.
Flux decline was also reduced during the filtration of Acid Orange 7 [91]. Gao et al. en-
hanced the photocatalytic performance of a filtration membrane in both UV and visible
light irradiation through surface modification using TiO2-GO nanocomposites. The surface
of a PSf membrane was modified through sequential layer-by-layer deposition of TiO2
nanoparticles and GO nanosheets followed by an ethanol/UV post-treatment for the partial
reduction of GO as shown on Figure 16. The TiO2-GO modified membranes exhibited
an increase in photodegradation kinetics of over 80% under UV and four times faster
under visible light compared to TiO2 and GO modified membranes for the degradation
of methylene blue. The membrane flux was also increased while fouling was reduced
upon the addition of TiO2-GO nanocomposite due to photo-enhanced hydrophilicity and
methylene blue degradation [165].
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Figure 16. (a) Graphical illustration and (b) reaction schemes for the surface modification of a polysulfone (PSf) base
membrane with TiO2–graphene oxide (GO). Reprinted from [165] with permission from Elsevier.

Liu et al. fabricated a MoO3 nanowire membrane and a Bi2Mo3O12/MoO3 nano-
heterostructure photocatalyst for wastewater treatment (Figure 17). Using simulated
wastewater, the MoO3 nanowire membrane exhibited a high filtration capacity of 1.0 L of
methylene blue (50 µM) per gram of MoO3 nanoparticles. This membrane can be easily re-
generated through 350 ◦C heat treatment. On the other hand, Bi2Mo3O12/MoO3 displayed
enhanced photocatalytic degradation of methylene blue under visible light compared to
pure Bi2Mo3O12 and MoO3 [166]. Molinari et al. conducted a study for the photocatalytic
degradation of pharmaceuticals using polycrystalline TiO2 and a nanofiltration membrane
reactor system. Apart from filtration and photodegradation, adsorption of the substrate
onto the catalyst due to the hydrophilic/hydrophobic character of the catalyst was ob-
served. The pure nanofiltration PES membrane achieved a rejection of up to 60% and 30%
for furosemide and ranitidine, respectively, in the dark. Degradation using the hybrid
membrane reactor indicated that the catalyst was retained by the membrane. Reduced
rejection was recorded in the presence of light, oxygen injection, and photocatalyst [167].

Yan Lv et al. fabricated a self-cleaning photocatalytic nanofiltration membrane using
a facile biomimetic mineralization process for wastewater treatment. In the fabrication
process, a polydopamine/polyethyleneimine layer was fabricated on an ultrafiltration
support membrane using a co-deposition method. This was followed by the addition of
a photocatalytic layer consisting of β-FeOOH nanorods. The polymeric layer was used
as a selective nanofiltration layer and an intermediate layer for anchoring the β-FeOOH
nanorods through strong coordination complexes between the catechol groups and Fe3+.
The photocatalytic membrane exhibited efficient degradation of organic dyes under visible
light through the photo-Fenton reaction with the addition of hydrogen peroxide. Under the
same conditions, self-cleaning capabilities and effective nanofiltration were observed [168].

The above-mentioned studies and several others demonstrate that hybrid processes be-
tween membranes and nanoparticles have tremendous advantages in water treatment such
as anti-fouling properties, self-cleaning, selectivity, antimicrobial properties, high flux at
low pressures, and offer excellent recovery and reusability of photocatalytic nanomaterials.
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4.2. Adsorption Technology

Adsorption forms part of the widely used techniques for the treatment of air and water.
Adsorbents are fabricated from pristine or modified materials such as polymers, activated
carbon, metal organic framework, molecular sieves, zeolites, and other low-cost materials.
However, the choice of material depends mostly on the adsorption capacity of the material
and the affinity of the material for the target compound [169–171]. Adsorption data can be
described using either the adsorption diffusion model or the adsorption reaction model.
The adsorption diffusion model is based on: (I) external/film diffusion, i.e., diffusion
across the liquid media surrounding the adsorbent; (II) internal/intra-particle diffusion,
i.e., diffusion in the liquid within the adsorbent’s pores or pore walls; and (III) mass action,
i.e., adsorption and desorption between the adsorbate and active sites [172,173].

Adsorption methods are used in water treatment for the removal of phenolic com-
pounds, heavy metals, dye stuff, micropollutants, natural organic matter, microorganisms,
and many other water pollutants. These methods are also used for the removal of bad
odours and the capture of volatile organic pollutants in wastewater treatment and air pu-
rification. Other areas such as medicine, food packaging, upholstery and surface coatings
also make use of adsorbents for various reasons [174]. Cross-coupling adsorption materials,
addition of nanoparticles and blending with photocatalytic materials can enhance the over-
all performance of these materials and expand their areas of application [151,175]. Other
conditions that can enhance the adsorption capacity of adsorbents include the operating
temperature, surface charge of both adsorbent and adsorbate, pH, the concentration of
the adsorbent vs. the concentration of the adsorbate, reaction time, and suspended parti-
cles [176,177]. All these parameters have to be optimized for every target adsorbate against
the adsorbent of choice to establish the efficiency of the adsorbent. Figure 18 illustrates how
pollutants are absorbed by a membrane during a filtration process. In this example, arsenic
is absorbed within the membrane pores and pore-walls where the Fe3O4 microspheres
responsible for absorption are located. Further, others are adsorbed on the surface of the
membrane due to size exclusion, i.e., large molecules remain on the membrane surface (i.e.,
adsorption and rejection) while smaller molecules go through the pores where they are
absorbed. The build-up of larger rejected and adsorbed pollutants on the surface of the
membrane results in the formation of a cake which may foul the membrane and decrease its
efficiency [178,179]. The build-up of the cake layer and blockage of membranes pores can
be reduced through photodegradation and biodegradation by introducing photocatalytic
and/or antimicrobial nanoparticles into the membrane matrix. The type of nanoparticle
additives will depend on the type of pollutants adsorbed on the membrane surface.
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Figure 18. Illustration of adsorption, absorption, and rejection of organic micropollutants and arsenic on the surface and
within the membrane pores modified with Fe3O4 microspheres during a filtration-absorption process. Adapted from [179]
with permission from Elsevier.

Since some pollutants cannot be efficiently adsorbed due to low affinity to adsorbents,
the addition of nanoparticles has been used to enhance the affinity of target materials
to adsorbents [180]. Photocatalytic nanomaterials have been blended with adsorbents
for either complete degradation of materials with low affinity or partial degradation to
by-products that can be easily adsorbed [180–182]. Mudhoo et al. reviewed the removal
of endosulfan using membrane separation, photocatalytic degradation, bioremediation,
and adsorption processes. Endosulfan is a globally used and highly polluting pesticide
which cannot be effectively treated using conventional methods. According to Mudhoo
et al., successful remediation of endosulfan using any of the above processes has been
reviewed and reported with very low efficiency and drawbacks such as: (i) the need for
a larger operational area and biomass separation units (bioremediation), (ii) energy cost
for large scale photocatalytic degradation (photocatalysis), (iii) production of residual
toxic sludge and optimization of operational parameters (adsorption), and (iv) fouling and
energy consumption for pressure-driven membranes (membrane technology). However,
their findings indicated that hybrid processes have been more efficient compared to single
process treatments in terms of cost, simplicity, operability, insensitivity to pollutants and
no formation of toxic by-products with to 100% of endosulfan and its derivatives [183].
Zhao et al. conducted a systematic and bibliometric analysis review on the adsorption
and photocatalytic nanomaterials for the treatment of emerging contaminants. Their work
reviews the nanomaterials used for the adsorption and/or photodegradation of emerging
contaminants. Characteristics such as removal capacity, removal mechanism, and influ-
encing factors were discussed. The general conclusion was that as much as the individual
processes have their own merits, their hybrid processes demonstrated much better posi-
tive performance for the treatment of emerging contaminants. It is indicated that as the
adsorbent adsorbs pollutants, it brings them closer (in contact) with the photocatalyst for
direct photodegradation; during that process, the photocatalyst cleans up the active sides
of the adsorbent to adsorb more pollutants. This simultaneous process together with the
free ROS enhances the efficiency of the whole process in terms of cost, time and treatment
capacity [184].
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Koushkbaghi et al. reported the fabrication of an adsorptive membrane for the re-
moval of Cr(VI) and Pd(II) ions in aqueous solutions using a dual layer chitosan/PVA/PES
nanofibrous membrane filled with animated-Fe3O4 nanoparticles. Figure 19 shows the SEM
cross-section image of the dual layer nanofibrous membrane. The PES support membrane
was prepared via a non-solvent induced phase separation method and the PVA/chitosan/a-
Fe3O4 nanofibers were fabricated using electrospinning followed by cross-linking to pro-
duce the dual layer nanofibrous membrane. A 2% loading of a-Fe3O4 onto the dual layer
membrane used for both filtration and adsorption yielded the highest recovery of both
metal ions with adsorption capacity of 509.7 and 525.8 mg g−1 for Cr(VI) and Pd(II), re-
spectively, compared to when the membrane was used for either adsorption or filtration.
The purpose of the top nanofiber layer was to evenly disperse the aqueous solution (due to
its spongy nature) and slow down the infusion rate through the larger channels of the PES
membranes. This step resulted in longer contact time for adsorption to take place while the
a-Fe3O4 increased the affinity of the metals to the membrane [181].

Figure 19. SEM cross-sectional image of chitosan/PVA/PES-a-Fe3O4 dual layer nanofibrous membranes for adsorption-
filtration of Cr(VI) and Pd(II). Reprinted from [181] with permission from Elsevier.

4.3. Electrocatalysis

Electrocatalysis is a heterogeneous catalysis process based on electrochemical reac-
tions whereby the reactions occur at the interface of the electrode and electrolyte; the
electrode plays both the role of electron acceptor/donor and of the catalyst [185]. The
electrocatalytic activity is measured in terms of electrocatalytic kinetics. Electrocatalytic
parameters such as overpotential, stability, turnover frequency, Tafel slope, and Faraday
efficiency can be used to measure the catalytic activity and efficiency of electrocatalytic reac-
tions [186]. Electrocatalysis plays a critical role in electrochemical reactions such as oxygen
reduction reactions, oxygen evolution reactions, hydrogen evolution reactions, emerging
CO2 reduction reactions, primary alcohol oxidation, liquid fuel conversion devices and
other electrochemically related catalytic devices [187,188]. Heterogeneous electrocatalytic
reactions require efficient electrocatalysts because they only occur at triple-phase boundary
(TPB) regions resulting in sluggish kinetics. A TPB region is a region in which three com-
pounds with different phases interact. In electrocatalysis, a TPB region would be a region
where the electrode (in solid form), electrolyte (in liquid form) and dissolved oxygen (in
gaseous form) interact [185,187].

Like most materials in other reaction applications, electrocatalysts are prone to draw-
backs such as poor stability, a narrow electrochemical stability window, low specific surface
area and poor conductivity, among others [189]. All these drawbacks render the pro-
cess time consuming, costly and less efficient on its own for large scale applications. As
a result, various methods such as doping with nanoporous materials as well as the in-
troduction of pre- and posttreatment methods have been used to enhance the general
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performance of electrocatalytic processes based on their specific applications [190,191].
Electrocatalysis is one of the most important processes in this era since it finds application
in areas such as reduction and oxidation reactions, sensors, electroanalytical chemistry, mi-
cro/nanoelectrochemistry, photoelectrochemistry, water and air treatment, electrochemical
robotics, medicine, and many others [192]. Figure 20 shows the operating principles of
alkaline, polymer-electrolyte membrane (PEM), and solid oxide electrolysis while Table 4
shows the overall reactions at the anode and cathode as depicted on Figure 20.

Figure 20. Operating principle of different types of electrochemical electrolysis. Reprinted from [193].

Table 4. Overall reactions at the anode and cathode with different electrolytic reactions [193].

Electrolysis Overall Reaction at Anode Overall Reaction at Cathode

Alkaline 4OH− → 2H2O + 4e− + O2 4H2O + 4e− → 4OH− + 2H2
Polymer-electrolyte

membrane 2H2O→ 4H+ +4e− + O2 4H+ + 4e− → 2H2

Solid oxide O2 → 1/2 O2 + 2e− H2O + 2e− → H2 + O2−

5. Challenges and Future Direction

One of the most significant challenges in water treatment, particularly in the removal
of emerging micropollutants, is that conventional methods are not entirely efficient since
they were not originally designed for such pollutants and their occurrence at trace levels
was not envisaged. In addition, new methods and modification of conventional methods
come with drawbacks that make the process costly and time consuming. However, this has
often been overcome by means of coupled processes that aim at eliminating drawbacks
associated with each process and enhance the overall efficiency of the new process as
demonstrated earlier in this review.

The excellent performance properties of nanoparticle-infused nanofiber membranes
in various processes for water treatment should be used as a motivation to explore and
expand the use of these nanocomposite materials within and outside the water treatment
arena. Therefore, the use of these specialized nanocomposites should not be limited to
water application. Fields such as drug delivery, wound healing, air purification, surface
coating, food packaging, clothing, energy, automotive and personal protective clothing,
among others, offer a great platform for application of such nanocomposite materials in
a quest to diversify their use. Therefore, the use of compatible materials and processes
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that complement each other when fabricating a coupled nanofiber composite for a specific
application should be considered.

6. Conclusions and Perspectives

This review discussed extensive studies conducted in the field of nanoparticle-infused
nanofiber membranes with particular emphasis on their applications in photocatalysis,
antimicrobial fields, and water remediation. Tremendous progress that has been attained
in these fields including fabrication, properties and performance, has been thoroughly
discussed. Studies conducted in the field under review have demonstrated that enhanced
efficiency has been achieved for the removal of micropollutants in water and in other
related applications. Supporting nanoparticles onto nanofibers, polymeric membrane
matrices, electrodes, ceramics, and many others has been shown to reduce leaching and the
loss of photocatalytic activity during application in aqueous solutions. This also enhances
the recyclability and reusability of the photocatalysts.

Due to their tremendous performance, photocatalytic and antimicrobial materials
have been coupled with other processes such as membrane filtration, adsorption and elec-
trochemical processes for air and water treatment applications. Considering the excellent
work that has been demonstrated on various types of photocatalytic nanomaterials to pro-
duce nanofiber composite membranes thus far, further improvements should be explored
for enhanced performance, stability, and reusability. Scaling up and commercialization of
these excellent nano-infused nanofiber materials for practical applications can be explored
once a thorough assessment has been made on the fate, toxicity, and cost of these nanofiber
composite membranes.
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membranes modified with carbon nanofibers and silver nanoparticles. Mater. Chem. Phys. 2019, 223, 39–45. [CrossRef]

141. Zhao, F.; Chen, S.; Hu, Q.; Xue, G.; Ni, Q.; Jiang, Q.; Qiu, Y. Antimicrobial three dimensional woven filters containing silver
nanoparticle doped nanofibers in a membrane bioreactor for wastewater treatment. Sep. Purif. Technol. 2017, 175, 130–139.
[CrossRef]

142. Kwon, H.; Cha, J.; Lee, C.W. Preparation and Characterization of Antimicrobial Bilayer Electrospun Nanofiber Membrane for
Oily Wastewater Treatment. J. Korean Phys. Soc. 2020, 76, 34–43. [CrossRef]

143. Hashmi, M.; Ullah, S.; Kim, I.S. Copper oxide (CuO) loaded polyacrylonitrile (PAN) nano fi ber membranes for antimicrobial
breath mask applications. Curr. Res. Biotechnol. 2019, 1, 1–10. [CrossRef]

144. Dilamian, M.; Montazer, M.; Masoumi, J. Antimicrobial electrospun membranes of chitosan/poly (ethylene oxide) incorporating
poly (hexamethylene biguanide) hydrochloride. Carbohydr. Polym. 2013, 94, 364–371. [CrossRef]

http://doi.org/10.1080/1040-840291046768
http://www.ncbi.nlm.nih.gov/pubmed/12546197
http://doi.org/10.3201/eid0707.017723
http://doi.org/10.1111/j.1574-6976.2009.00190.x
http://doi.org/10.1007/s10854-016-5999-7
http://doi.org/10.1016/j.memsci.2017.12.071
http://doi.org/10.1039/C1NR11364J
http://www.ncbi.nlm.nih.gov/pubmed/22159162
http://doi.org/10.1016/j.micromeso.2008.01.032
http://doi.org/10.1016/j.jcis.2018.10.092
http://www.ncbi.nlm.nih.gov/pubmed/30414503
http://doi.org/10.1016/j.jcis.2017.11.061
http://doi.org/10.1016/j.jiec.2016.09.035
http://doi.org/10.1016/j.memsci.2016.02.035
http://doi.org/10.1016/j.jhazmat.2009.07.139
http://doi.org/10.1016/j.jhazmat.2017.07.005
http://doi.org/10.1016/j.carbpol.2017.03.073
http://doi.org/10.1016/j.lwt.2012.07.027
http://doi.org/10.1016/j.watres.2008.11.014
http://doi.org/10.1016/j.memsci.2010.12.032
http://doi.org/10.5185/amlett.2014.572
http://doi.org/10.1021/acs.iecr.8b04893
http://doi.org/10.22038/nmj.2018.05.002
http://doi.org/10.1016/j.matchemphys.2018.10.002
http://doi.org/10.1016/j.seppur.2016.11.024
http://doi.org/10.3938/jkps.76.34
http://doi.org/10.1016/j.crbiot.2019.07.001
http://doi.org/10.1016/j.carbpol.2013.01.059


Membranes 2021, 11, 678 31 of 32

145. Shi, R.; Geng, H.; Gong, M.; Ye, J.; Wu, C.; Hu, X.; Zhang, L. Long-acting and broad-spectrum antimicrobial electrospun
poly(e-caprolactone)/gelatin micro/anofibers for wound dressing. J. Colloid Interface Sci. 2018, 509, 275–284. [CrossRef]

146. Han, C.; Cai, N.; Chan, V.; Liu, M.; Feng, X.; Yu, F. Enhanced drug delivery, mechanical properties and antimicrobial activities in
poly (lactic acid) nanofiber with mesoporous Fe3O4-COOH nanoparticles. Colloids Surfaces A 2018, 559, 104–114. [CrossRef]

147. Han, D.; Sherman, S.; Filocamo, S.; Steckl, A.J. Long-term antimicrobial effect of nisin released from electrospun triaxial fiber
membranes. Acta Biomater. 2017, 53, 242–249. [CrossRef] [PubMed]

148. Liu, X.; Lin, T.; Gao, Y.; Xu, Z.; Huang, C.; Yao, G.; Jiang, L.; Tang, Y.; Wang, X. Antimicrobial electrospun nanofibers of cellulose
acetate and polyester urethane composite for wound dressing. J. Biomed. Mater. Res. Part B Appl. Biomater. 2012, 100 B, 1556–1565.
[CrossRef]

149. Xue, J.; Niu, Y.; Gong, M.; Shi, R.; Chen, D.; Zhang, L.; Lvov, Y.; Materials, B.; Composites, I.; Technology, C.; et al. Electrospun
Microfiber Membranes Embedded with Drug-Loaded Clay Nanotubes for Sustained Antimicrobial. ACS Nano 2015, 9, 1600–1612.
[CrossRef]

150. Woong, D.; Hwan, S.; Hwan, H.; Hoon, K.; Seok, C.; Hwan, Y. Multi-biofunction of antimicrobial peptide-immobilized silk fibroin
nanofiber membrane: Implications for wound healing. Acta Biomater. 2016, 39, 146–155. [CrossRef]

151. Huang, Y.; Dan, N.; Dan, W.; Zhao, W.; Bai, Z.; Chen, Y.; Yang, C. Bilayered Antimicrobial Nano fiber Membranes for Wound
Dressings via in Situ Cross-Linking Polymerization and Electrospinning. Ind. Eng. Chem. Res. 2018, 57, 17048–17057. [CrossRef]

152. Tan, K.; Obendorf, S.K. Fabrication and evaluation of electrospun nanofibrous antimicrobial nylon 6 membranes. J. Memb. Sci.
2007, 305, 287–298. [CrossRef]

153. Su, Y.; Mainardi, V.L.; Wang, H.; Mccarthy, A.; Zhang, Y.S.; Chen, S.; John, J.V.; Wong, S.L.; Hollins, R.R.; Wang, G.; et al.
Dissolvable microneedles coupled with nanfiber dressings eradicate biofilms via effectively delivering a database designed
antimicrobial peptite. ACS Nano 2020, 14, 11775–11786. [CrossRef]

154. Kaur, S.; Sundarrajan, S.; Rana, D. Review: The characterization of electrospun nanofibrous liquid filtration membranes. J. Mater.
Sci. 2014, 49, 6143–6159. [CrossRef]

155. Athanasekou, C.P.; Romanos, G.E.; Katsaros, F.K.; Kordatos, K.; Likodimos, V.; Falaras, P. Very efficient composite titania
membranes in hybrid ultrafiltration/photocatalysis water treatment processes. J. Memb. Sci. 2012, 392–393, 192–203. [CrossRef]

156. Ma, N.; Zhang, Y.; Quan, X.; Fan, X.; Zhao, H. Performing a microfiltration integrated with photocatalysis using an Ag-
TiO2/HAP/Al2O3 composite membrane for water treatment: Evaluating effectiveness for humic acid removal and anti-fouling
properties. Water Res. 2010, 44, 6104–6114. [CrossRef]

157. Zhang, X.; Jianhong, A.; Lee, P.; Delai, D.; Leckie, J.O. TiO2 nanowire membrane for concurrent filtration and photocatalytic
oxidation of humic acid in water. J. Membr. Sci. 2008, 313, 44–51. [CrossRef]

158. Moustakas, N.G.; Katsaros, F.K.; Kontos, A.G.; Romanos, G.E.; Dionysiou, D.D.; Falaras, P. Visible light active TiO2 photocatalytic
filtration membranes with improved permeability and low energy consumption. Catal. Today 2014, 224, 56–69. [CrossRef]

159. Athanasekou, C.P.; Morales-torres, S.; Likodimos, V.; Em, G.; Pastrana-martinez, L.M.; Falaras, P.; Dionysiou, D.D.; Faria, J.L.;
Figueiredo, J.L.; Silva, A.M.T. Prototype composite membranes of partially reduced graphene oxide/TiO2 for photocatalytic
ultrafiltration water treatment under visible light. Appl. Catal. B Environ. 2014, 158–159, 361–372. [CrossRef]

160. Athanasekou, C.P.; Moustakas, N.G.; Morales-torres, S.; Pastrana-martínez, L.M.; Figueiredo, J.L.; Faria, J.L.; Silva, A.M.T.;
Dona-rodriguez, J.M.; Em, G.; Falaras, P. Ceramic photocatalytic membranes for water filtration under UV and visible light. Appl.
Catal. B Environ. 2015, 178, 12–19. [CrossRef]

161. Nyamutswa, L.T.; Zhu, B.; Navaratna, D.; Collins, S.; Duke, M.C. Proof of concept for light conducting membrane substrate for
UV-activated photocatalysis as an alternative to chemical cleaning. Membranes 2018, 8, 122. [CrossRef] [PubMed]

162. Song, H.; Shao, J.; He, Y.; Liu, B.; Zhong, X. Natural organic matter removal and flux decline with PEG–TiO2-doped PVDF
membranes by integration of ultrafiltration with photocatalysis. J. Memb. Sci. 2012, 405–406, 48–56. [CrossRef]

163. Song, X.; Liu, Z.; Sun, D.D. Nano gives the answer: Breaking the bottleneck of internal concentration polarization with a nanofiber
composite forward osmosis membrane for a high water production rate. Adv. Mater. 2011, 23, 3256–3260. [CrossRef]

164. Xu, Z.; Greiner, A. Preparation and performance assessment of low-pressure affinity membranes based on functionalized,
electrospun polyacrylates for gold nanoparticle filtration. ACS Appl. Mater. Interfaces 2021, 13, 15659–15667. [CrossRef]

165. Gao, Y.; Hu, M.; Mi, B. Membrane surface modification with TiO2–graphene oxide for enhanced photocatalytic performance. J.
Membr. Sci. 2014, 455, 349–356. [CrossRef]

166. Liu, T.; Li, B.; Hao, Y.; Yao, Z. photocatalyst for wastewater treatment. Chem. Eng. J. 2014, 244, 382–390. [CrossRef]
167. Molinari, R.; Pirillo, F.; Loddo, V.; Palmisano, L. Heterogeneous photocatalytic degradation of pharmaceuticals in water by using

polycrystalline TiO2 and a nanofiltration membrane reactor. Catal. Today 2006, 118, 205–213. [CrossRef]
168. Lv, Y.; Zhang, C.; He, A.; Yang, S.; Wu, G.; Darling, S.B. Photocatalytic Nanofiltration Membranes with Self-Cleaning Property for

Wastewater Treatment. Adv. Funct. Mater. 2017, 27, 1700251. [CrossRef]
169. Qiu, H.; Lv, L.; Pan, B.; Zhang, Q.; Zhang, W.; Zhang, Q. Critical review in adsorption kinetic models. J. Zhejiang Univ. Sci. A 2009,

10, 716–724. [CrossRef]
170. Maleki, A.; Hayati, B.; Najafi, F.; Gharibi, F.; Joo, S.W. Heavy metal adsorption from industrial wastewater by PAMAM/TiO2

nanohybrid: Preparation, characterization and adsorption studies. J. Mol. Liq. 2016, 224, 95–104. [CrossRef]
171. Huang, F.; Xu, Y.; Liao, S.; Yang, D.; Hsieh, Y.L.; Wei, Q. Preparation of amidoxime polyacrylonitrile chelating nanofibers and

their application for adsorption of metal ions. Materials 2013, 6, 969–980. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jcis.2017.08.092
http://doi.org/10.1016/j.colsurfa.2018.09.012
http://doi.org/10.1016/j.actbio.2017.02.029
http://www.ncbi.nlm.nih.gov/pubmed/28216302
http://doi.org/10.1002/jbm.b.32724
http://doi.org/10.1021/nn506255e
http://doi.org/10.1016/j.actbio.2016.05.008
http://doi.org/10.1021/acs.iecr.8b03122
http://doi.org/10.1016/j.memsci.2007.08.015
http://doi.org/10.1021/acsnano.0c04527
http://doi.org/10.1007/s10853-014-8308-y
http://doi.org/10.1016/j.memsci.2011.12.028
http://doi.org/10.1016/j.watres.2010.06.068
http://doi.org/10.1016/j.memsci.2007.12.045
http://doi.org/10.1016/j.cattod.2013.10.063
http://doi.org/10.1016/j.apcatb.2014.04.012
http://doi.org/10.1016/j.apcatb.2014.11.021
http://doi.org/10.3390/membranes8040122
http://www.ncbi.nlm.nih.gov/pubmed/30513814
http://doi.org/10.1016/j.memsci.2012.02.063
http://doi.org/10.1002/adma.201100510
http://doi.org/10.1021/acsami.1c01217
http://doi.org/10.1016/j.memsci.2014.01.011
http://doi.org/10.1016/j.cej.2014.01.070
http://doi.org/10.1016/j.cattod.2005.11.091
http://doi.org/10.1002/adfm.201700251
http://doi.org/10.1631/jzus.A0820524
http://doi.org/10.1016/j.molliq.2016.09.060
http://doi.org/10.3390/ma6030969
http://www.ncbi.nlm.nih.gov/pubmed/28809351


Membranes 2021, 11, 678 32 of 32

172. Foroozmehr, F.; Borhani, S.; Hosseini, S.A. Removal of Reactive Dyes from Wastewater using Cyclodextrin Functionalized
Polyacrylonitrile Nanofibrous Membranes. J. Text. Polym. 2016, 4, 45–52.

173. Georgieva, V.G.; Tavlieva, M.P.; Genieva, S.D.; Vlaev, L.T. Adsorption kinetics of Cr(VI) ions from aqueous solutions onto black
rice husk ash. J. Mol. Liq. 2015, 208, 219–226. [CrossRef]

174. Hubicki, Z.; Barczak, M. Adsorption of phenolic compounds by activated carbon—A critical review. Chemosphere 2005,
58, 1049–1070. [CrossRef]

175. Kim, J.; Bruggen, B. Van Der The use of nanoparticles in polymeric and ceramic membrane structures: Review of manufacturing
procedures and performance improvement for water treatment. Environ. Pollut. 2010, 158, 2335–2349. [CrossRef]

176. Yang, X.; Yi, H.; Tang, X.; Zhao, S.; Yang, Z.; Ma, Y. Behaviors and kinetics of toluene adsorption-desorption on activated carbons
with varying pore structure. J. Environ. Sci. 2017, 67, 104–114. [CrossRef] [PubMed]

177. Seredych, M.; Lison, J.; Jans, U.; Bandosz, T.J. Textural and chemical factors affecting adsorption capacity of activated carbon in
highly efficient desulfurization of diesel fuel. Carbon 2009, 47, 2491–2500. [CrossRef]

178. Verona, D.A.; Antizar-Ladislao, B.; Semiao, A. Harversting Microalgae with Ultrafiltration—Membrane Fouling and Flux Decline.
Available online: https://sites.google.com/site/algaeultrafiltration/current-issues/fouling-and-flux-optimisation?tmpl=%2
Fsystem%2Fapp%2Ftemplates%2Fprint%2F&showPrintDialog=1 (accessed on 26 June 2021).

179. Zhang, X.; Fang, X.; Li, J.; Pan, S.; Sun, X.; Shen, J.; Han, W.; Wang, L.; Zhao, S. Developing new adsorptive membranes by
modification of support layer with iron oxide microspheres for arsenic removal. J. Colloid Interface Sci. 2018, 514, 760–768.
[CrossRef]

180. Balta, S.; Sotto, A.; Luis, P.; Benea, L.; Van Der Bruggen, B.; Kim, J. A new outlook on membrane enhancement with nanoparticles:
The alternative of ZnO. J. Memb. Sci. 2012, 389, 155–161. [CrossRef]

181. Koushkbaghi, S.; Zakialamdari, A.; Pishnamazi, M. Aminated-Fe3O4 nanoparticles fi lled chitosan/PVA/PES dual layers nano
fi brous membrane for the removal of Cr (VI) and Pb (II) ions from aqueous solutions in adsorption and membrane processes.
Chem. Eng. J. 2018, 337, 169–182. [CrossRef]

182. Ng, L.Y.; Mohammad, A.W.; Leo, C.P.; Hilal, N. Polymeric membranes incorporated with metal/metal oxide nanoparticles:
A comprehensive review. Desalination 2013, 308, 15–33. [CrossRef]

183. Mudhoo, A.; Bhatnagar, A.; Rantalankila, M.; Srivastava, V.; Sillanpää, M. Endosulfan removal through bioremediation,
photocatalytic degradation, adsorption and membrane separation processes: A review. Chem. Eng. J. 2019, 360, 912–928.
[CrossRef]

184. Zhao, L.; Deng, J.; Sun, P.; Liu, J.; Ji, Y.; Nakada, N.; Qiao, Z.; Tanaka, H.; Yang, Y. Nanomaterials for treating emerging
contaminants in water by adsorption and photocatalysis: Systematic review and bibliometric analysis. Sci. Total Environ. 2018,
627, 1253–1263. [CrossRef] [PubMed]

185. Safizadeh, F.; Ghali, E.; Houlachi, G. Electrocatalysis developments for hydrogen evolution reaction in alkaline solutions—A
Review. Int. J. Hydrogen Energy 2014, 40, 256–274. [CrossRef]

186. Yuan, N.; Jiang, Q.; Li, J.; Tang, J. A review on non-noble metal based electrocatalysis for the oxygen evolution reaction. Arab. J.
Chem. 2020, 13, 4294–4309. [CrossRef]

187. Tang, C.; Titirici, M.; Zhang, Q. A review of nanocarbons in energy electrocatalysis: Multifunctional substrates and highly active
sites. J. Energy Chem. 2017, 26, 1077–1093. [CrossRef]

188. Tarasevich, M.R.; Korchagin, O.V. Electrocatalysis and pH (a Review). Electrochim. Acta 2013, 49, 600–618. [CrossRef]
189. Lu, L. Nanoporous noble metal-based alloys: A review on synthesis and applications to electrocatalysis and electrochemical

sensing. Microchim. Acta 2019, 186, 664. [CrossRef]
190. Griese, S.; Kampouris, D.K.; Kadara, R.O.; Banks, C.E. A Critical Review of the Electrocatalysis Reported at C 60 Modified

Electrodes. Electroanalysis 2008, 20, 1507–1512. [CrossRef]
191. Koper, M.T.M. Electrocatalysis on bimetallic and alloy surfaces. Inorg. Mater. Catal. 2004, 548, 1–3. [CrossRef]
192. Zeradjanin, A.R.; Grote, J.; Polymeros, G.; Mayrhofer, K.J.J. A Critical Review on Hydrogen Evolution Electrocatalysis:

Re-exploring the Volcano-relationship. Electroanalysis 2016, 00, 2256–2269. [CrossRef]
193. Sapountzi, F.M.; Gracia, J.M.; Weststrate, C.J.K.; Fredriksson, H.O.A.; Niemantsverdriet, J.W.H. Electrocatalysts for the generation

of hydrogen, oxygen and synthesis gas. Prog. Energy Combust. Sci. 2017, 58, 1–35. [CrossRef]

http://doi.org/10.1016/j.molliq.2015.04.047
http://doi.org/10.1016/j.chemosphere.2004.09.067
http://doi.org/10.1016/j.envpol.2010.03.024
http://doi.org/10.1016/j.jes.2017.06.032
http://www.ncbi.nlm.nih.gov/pubmed/29778142
http://doi.org/10.1016/j.carbon.2009.05.001
https://sites.google.com/site/algaeultrafiltration/current-issues/fouling-and-flux-optimisation?tmpl=%2Fsystem%2Fapp%2Ftemplates%2Fprint%2F&showPrintDialog=1
https://sites.google.com/site/algaeultrafiltration/current-issues/fouling-and-flux-optimisation?tmpl=%2Fsystem%2Fapp%2Ftemplates%2Fprint%2F&showPrintDialog=1
http://doi.org/10.1016/j.jcis.2018.01.002
http://doi.org/10.1016/j.memsci.2011.10.025
http://doi.org/10.1016/j.cej.2017.12.075
http://doi.org/10.1016/j.desal.2010.11.033
http://doi.org/10.1016/j.cej.2018.12.055
http://doi.org/10.1016/j.scitotenv.2018.02.006
http://www.ncbi.nlm.nih.gov/pubmed/30857090
http://doi.org/10.1016/j.ijhydene.2014.10.109
http://doi.org/10.1016/j.arabjc.2019.08.006
http://doi.org/10.1016/j.jechem.2017.08.008
http://doi.org/10.1134/S102319351307015X
http://doi.org/10.1007/s00604-019-3772-3
http://doi.org/10.1002/elan.200804238
http://doi.org/10.1016/j.susc.2003.10.045
http://doi.org/10.1002/elan.201600270
http://doi.org/10.1016/j.pecs.2016.09.001

	Introduction 
	Photocatalytic Electrospun Nanofiber Membranes 
	Photocatalytic NanoMaterials and Electrospun Nanofiber Membranes 
	Coupled and Hybrid Photocatalytic Nanofibers 

	Antimicrobial Membranes 
	Other Applications of Hybrid Photocatalytic Membrane Processes 
	Filtration 
	Adsorption Technology 
	Electrocatalysis 

	Challenges and Future Direction 
	Conclusions and Perspectives 
	References

