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1. Introduction

Water is one of the world's most vital natural resources, essential for all living organisms'
existence and humanity's growth [1]. About 2.5-3% of the Earth's water is freshwater; of this
3%, around 70% resides as ice, while the remaining 30% is groundwater, which can be difficult
to access. By 2050, the global population is expected to exceed 9 billion; and by 2075, 75% of
the world's population will have inadequate access to freshwater [2], due to growing
populations, industrialization, and urbanization have all been related to extensive use of a wide
range of pollutants. Additionally, product manufacturing industries are releasing numerous
wastes that lead to contaminants accumulation in various ecosystems and environments [3].
These days, among the most hazardous contaminants in natural water sources are dyes and
microorganism such as viruses and bacteria [4]. Dyes act as toxic pollutants responsible for a
range of serious adverse effects, including drinking water poisoning and killing aquatic life.
They are highly soluble in water, making them difficult to remove using conventional methods
[5,6]. Meanwhile, waterborne contaminants (bacteria and viruses) cause various illnesses (e.g.,
diarrhea, gastrointestinal disease, etc.), ranging from mild, self-limiting illnesses to severe, fatal
illnesses. According to the World Health Organization (WHO), every year, 2.9 million people,
primarily children, die from water-related diseases [7], and every day, 4,000 children die as a
result of contaminated water, according to an assessment by the United Nations Children's
Fund (UNICEF) [8]. For that, various remediation techniques have been developed to remove
these pollutants, including precipitation [9], flocculation [10], coagulation [11], ion exchange
[12], and reverse osmosis [13]. Nevertheless, current water treatment methods are not effective
enough to entirely remove all pollutants and still adhere to stringent quality requirements for
the water supply [14]. In addition, these methods have several limitations, including high
energy requirements, expensive, incomplete removal of pollutants, and generation of harmful
sludge [15,16]. To solve this problem, nanotechnology offers a potential solution to purify
water with a low cost and high efficiency [17]. The growth of nanotechnology and nanoscience
has created new opportunities for water pollution cleanup. Due to their smaller size, high
surface area to volume ratio, extremely reactive, high solution mobility, excellent mechanical
properties, porosity, hydrophilicity, dispersibility, hydrophobicity, and outstanding chemical
characteristics, nanotechnological routes are more efficient than traditional ones [11,18].
Several different treatment techniques have recently been developed to enhance the quality of

treated wastewater. These include membrane separation, photocatalytic methods, and



adsorption using cheap materials [19]. Membrane technology is one of the wastewater
treatment technologies that has expanded dramatically over the past two decades due to its
advantages in water and wastewater treatment. Membrane technology offers various
advantages for wastewater treatment, including significantly reducing equipment size, energy
requirements, and capital costs [20]. Membrane-using adsorption techniques are considered the
most promising method for removing pollutant ions from effluents. Many materials, including
activated carbons [21], clay minerals [22], chelating materials [23], and chitosan/natural
zeolites [24], have been studied for their ability to adsorb metal ions from aqueous solutions.

However, low sorption capacities and efficiencies severely limit their applicability [25].

Recently, cellulose-based nanomaterials have been investigated as promising materials that can
be used partly or totally as membranes or support for other materials during water treatment to
remove pollutant ions [26,27]. Furthermore, cellulose has outstanding properties such as non-
toxic, renewability, biodegradability, hydrophilicity, simple processing, and inexpensive, in
contrast to other supports, improving nanoparticle's stability, reactivity, and reusability, then
inhibiting their agglomeration [28,29]. Attributed to its chemical structure and characteristics,
porosity, and hydrophilicity, it can store a lot of water and transfer oxygen and nutrients
efficiently. Hence, cellulose offers the optimal environment for bacterial development. Using
antibacterial materials to modify cellulose is extensively investigated to solve this issue
[30,31,32,33]. Most metal and metal oxide nanoparticles, such as gold (Au), silver (Ag), copper
(Cu), tungsten oxide (WO:s), titania (TiO2), and zinc oxide (ZnO) have gained more attention
due to optical, electrical, conductivity, catalytic, and antimicrobial properties suitable for
different applications [34,35,36,37,38,39]. They are also often used as photocatalysts to
decompose organic compounds [40]. Several semiconductors have been developed as
photocatalysts in the past few decades, among them titanium dioxide (TiO2) and tungsten
trioxide (WOs3) [41,42]. TiO2 and WOz are often used and widely studied photocatalytic
materials due to their inexpensive, availability, good chemical stability, photocatalytic activity,
and low toxicity [43, 44].

This dissertation focuses on the synthesis of novel nanowire-based hybrid membranes using
cellulose as a reinforcement material for different applications in the removal of bacteria (such
as E. coli), the removal of viruses (such as MS2), and organic dyes (such as methylene blue).

The main objectives of this dissertation are as follows:



a) Preparation of TiO2 NWs and WOz NWs by the hydrothermal method and using Fe,O3
and CuO as additives to fabricate different types of composites (Fe203/TiO2 NW,
CuO/TiO2 NW, Fe,03/WO3 NW, and CuO/WO3 NW) to improve the photocatalytic,
antibacterial, and antiviral properties of the nanowires. Nanowires and composites were
widely investigated using different modern characterization techniques.

b) Synthesis of TiO, NWs and WOs NWs-based hybrid membranes using cellulose as
matrix reinforcement material. Four types of hybrid membranes were produced by
vacuum filtration. The as-prepared membranes were characterized using scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Raman
spectroscopy, X-ray powder diffraction (XRD), microcomputed tomography
equipment (uCT), dynamic light scattering (DLS), Inductively coupled optical
emission spectrometry (ICP-OES), specific surface area and toxicology measurements.

c) The performance of the hybrid membranes in the decolorization of methylene blue
(MB) under UV irradiation, the removal of MS2, and the removal of Escherichia coli

(E. coli) were studied and presented.

2. Literature review and knowledge gap

The world faces many problems and one of them to need for more clean and fresh water. The
World Economic Forum 2019 identified freshwater scarcity as one of the biggest global threats
with prospective effects over the next ten years [45]. Consequently, according to UN Water
ORG, 1.8 billion people live without enough water for everyone, and two-thirds of the world's
population will live in places with water scarcity by 2025. Due to having little or no hygienic
water, millions die yearly from diseases that spread through unsafe water [46,47]. As a result,
the world's water scarcity problem necessitates highly efficient, highly sustainable water
treatment techniques [48]. Many strategies and alternative water treatment techniques have
been developed in the pursuit of sustainability; nevertheless, research has demonstrated the
ineffectiveness of these water treatment techniques [49]. Nanomaterials such as (TiO2, ZnO,
Ag, WOs, and carbon nanotube (CNT)) have gained remarkable attention in water and
wastewater treatment applications due to their unique properties, for instance, their ability to
adsorb a wide variety of pollutants efficiently [50]. However, using some nanomaterials in

water treatment has limitations, such as agglomeration tendency, difficulty in isolation and



recovery from aqueous solutions for reuse, and toxicity [51]. To address this problem,

nanomaterials can be improved using other materials [52,53].

2.1 TiO2 NWs-based composites and membranes in water treatment

Titanium dioxide (TiO2) has attracted much attention and study as a material in the last three
decades, due to its chemical and photostability, availability, biocompatibility, nontoxic, cheap,
physical, optical, and electrical qualities [54,55]. It generally exists in three forms, namely
anatase, rutile, and brookite as shown in Figure 1 [56]. The rutile phase of TiO> is stable at high
temperatures, whereas the anatase phase is stable at low temperatures. The brookite phase is
uncommon and unstable [57]. The crystal structure of TiO. influences its photocatalytic
activity. The anatase phase possesses the highest photocatalytic activity of all TiO2
semiconductor phases [57]. Furthermore, anatase has a higher adsorptive affinity for organic
substances and lower rates of recombination than rutile due to its 10-fold higher rate of hole
trapping [58]. Besides, rutile has a lower band gap of 3.0 eV than anatase, which means each
TiO, form has limitations. A commercial phase of TiO2 named P25 has been used in many
applications containing anatase and rutile combinations [59]. Hu et al. have comparatively
studied the adsorption and photocatalytic degradation of TiO> anatase, rutile nanowires, and
P25 against 15 pharmaceuticals in water, and the results show anatase nanowires have higher
adsorption activity toward some pharmaceuticals. In comparison, rutile nanowires have higher
adsorption activity toward another, and both nanowire phases have higher adsorption activity
than P25 [60]. The effect of calcination on photocatalytic performance of TiO2 NWs has been
investigated by Wu et al.; the result shows the photocatalytic degradation of calcinated TiO>
NWs against RhB higher than TiO> NWSs without calcination [61].



Brookite

Figure 1. Crystal structure of TiO2, adopted from [57]

TiO2 is one of the most effective photocatalysts, exhibiting photoinduced bacterial and viral
disinfection, organic pollutant photodegradation, and self-cleaning characteristics [62].
However, some drawbacks limit to use in water and wastewater treatment, such as rapid
recombination of photogenerated electron-hole pairs due to its wide band gap, and difficult
separation from water [63]. Nataraj et al. have investigated the antimicrobial activity of
different TiO2> morphologies, including wires and particles, against the gram-positive
bacterium Staphylococcus aureus. The results demonstrated that nanowires were more active
than nanoparticles under UV light [64]. Another study investigated the photocatalytic activity
of TiO2 P25 and nanowires toward organic dyes (methylene blue and methyl orange), and they
found that nanowires have higher photocatalytic performance than P25 [65]. In this regard, 1D
TiO2 nanowires have been identified as a suitable photocatalyst to boost photocatalytic
performance and expand application fields because of their unique 1D morphology, high
specific surface area, and outstanding physical and chemical properties that enhance the
separation of electron-hole pairs and electron transport [66]. Different methods have been
developed to prepare TiO2 nanowires, such as hydrothermal [67,68], chemical vapor deposition
[69], electrospinning [70], and solvothermal [71]. Among them, the hydrothermal technique is
one of the most effective due to its low energy requirements, low cost, ecological footprint,

and easy adaption to mass production [72].



Preparation of TiO2 NWs using the hydrothermal method depends on many factors, among
them alkaline type and concentration, reaction time and temperature and annealing temperature
as reported in previous studies such as Le et al. synthesized TiO2 NWs using 10 M KOH for
24 h reaction time at 190 °C and annealed the final product at 400 °C for 30 min, the diameter
and length ranges were 10-20 nm and 700-800 nm respectively [73]. Turki et al. prepared
titanite nanowires using 12.5 M KOH under 155 °C for 24 h and investigated photodegradation
performance towards formic acid using different annealed temperatures (400, 500, 600 and 700
°C) for 2 h in air; they found the nanowires with an annealed temperature 400 °C showed higher
photodegradation activity than other samples [74]. Potrolniczak and Walkowiak synthesized
TiO2 NWs using NaOH and studied the effect of reaction temperature (110, 130, 150, 170 and
200 °C), calcination temperature (400, 600 °C), hydrothermal reaction time (24, 48, 72 and 96
h) and NaOH concentration (5, 10 and 15 M) on the NW structure. They demonstrated that the
reaction temperature below 130 °C did not change the morphology; the TiO2 NW morphology
started to change at 150 °C from nanoparticle to nanowire, and with increasing temperature,
the morphology didn’t change, just the aspect ratio increased; the diameter and length were 60-
180 nm, 2-4 um at 150 °C became thinner 40-100 nm and longer 2-6 um at 200 °C. The
calcination temperature has an impact on TiO> NW; it can be observed that the NW
morphology turns to irregular aggregation when the calcination temperature increases from
400 °C to 600 °C. While the reaction time doesn’t change the NW morphology in the range of
24-72 h and above 72 h, the NW morphology appeared as some nanoparticles attached to the
NW surface. Finally, the NaOH concentrations have a strong effect on NW morphology, at
5M, the NW shows irregular particles; increasing to 10 M the NW appears with a diameter
range of 40-120 nm and 2 um length; when the NaOH concentration increases to 15 M, the
NW elongates to 6 um. They conclude that the optimum operating conditions for TiO> NW
preparation are a reaction temperature 150-200 °C, calcination temperature 400 °C, reaction
time 24-72 h, and a NaOH concentration 10 M [75]. In another study, Hamisu et al. prepared
TiO2 NW using 10 M of different alkaline solvents (KOH, NaOH and NH4OH) with a reaction
temperature of 180 °C for 24 h. They investigated their degradation efficiency against MB
under UV light. The results show that TiO> NW prepared using KOH has a higher
photodegradation activity than others [76].



With outstanding properties, TiO> NWs are used in many applications, especially water
treatment. For instance, Youssef and Malhat prepared TiO2, NWSs using the hydrothermal
method as an adsorbent material to remove different types of heavy metals Pb?*, Cu?*, Fe3*,
Cd?*, and Zn?") from contaminated water; they found that the adsorption efficiency was (97.06,
75.24, 79.77, 64.89, and 35.18%, respectively [77]. In another study, Saleh et al. prepared and
investigated the adsorption ability of TiO2 NWs toward Pb?* and antimicrobial activity in a
dark environment. The results demonstrated that the prepared nanowires performed adequately
against gram-negative and gram-positive bacteria. Additionally, it was observed that the
nanowires are significantly more active against gram-negative than gram-positive bacteria
[78].

Photocatalysis is an advanced oxidation process involving light absorption by semiconductors
(e.g., TiO2) to generate highly reactive hydroxyl radicals (OH’). A semiconductor contains a
valence band (VB) and a conduction band (CB). The band gap is the energy difference between
these two levels, with an energy less than 3.5 V. Without excitation, electrons and holes are in
the valence band. When a semiconductor surface is exposed to light (hv), electrons (e™) are
transported from the valence band to the conduction band, leaving behind holes (h*) in the

valence band and forming electron-hole pairs as shown in eq. (1):

TiO, + hv(UV) — TiO, (e"(CB) + h*(VB)) (1)

The photogenerated valence band holes (h*) react with water to form the (OH") radical eq.
(2). The (OH)) radical is a highly strong oxidizing agent.

H,0(ads) + h*(VB) — OH'(ads) + H*(ads) (2)

At the same time, the conduction band electrons (e”) may contribute to the reduction of O>
molecules in the air absorbed by the TiO> surface, leading to the formation of peroxyl radicals
(0,7) eq. (3). In turn, these photogenerated (OH") (O, ") radicals degrade and oxidize
adsorbed organic/inorganic compounds, microorganisms, and those close to the catalyst

surface. The photocatalytic mechanism of TiO is illustrated in Figure 2 [79,80].

0, + e (CB) — 0, ‘(ads) 3)
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Figure 2. Schematic diagram of photocatalysis mechanism, adopted from [81]

Because of the broad band gap of TiO- anatase (3.2 eV), it can only absorb (3-5%) of ultraviolet
light. Decorating titania with a narrow band gap semiconductor is a potentially effective
method to avoid this issue, such as WOz [82], M0S:> [83], and Fe2Os3 [84, 85, 86]. Some studies
used TiO2 NWs as follows: Youssef et al. prepared a TiO2 NWSs/PS nanocomposite to remove
different types of pesticides from contaminated water and demonstrated that the nanocomposite
has a higher removal performance than pristine TiO. and PS. [87]. Xie et al. made TiO:
NWs/Ag2S nanocomposite and investigated photodegradation activity toward MO, and the
result prove nanocomposite has higher catalytic efficiency than P25 under visible light [88].
Safajou et al. prepared nanocomposite by loading Gr/Pd on TiO2 (nanowire and nanoparticle)
and then investigated the photocatalytic degradation of these nanocomposites against RhB; the
result shows the nanowire decorated on Gr/Pd nanocomposite higher degradation performance
than a nanoparticle [89]. However, the recovery and reuse of materials from aqueous solution
is still a problem. To solve this issue is to use a substrate or membrane technique. Membrane
filtration is a common approach for eliminating water contaminants from the environment since

it is a low-energy method, even at low water pollution levels. Hu et al. synthesized TiO2 NWs



on the Ti substrate membrane and investigated the effect of UV light on degradation activity;
they found that the degradation efficiency of the membrane with light was higher than in the
dark environment [90]. In a recent study, Giuffrida et al. investigated enhanced photocatalytic
properties of doped and undoped TiO>, NWs synthesized on Ti substrate in the visible light
range. They found that the photoactivity of doped and undoped TiO2> NWs shows enhancement
toward MB dye degradation under visible light [91]. The drawback of membrane filtering is
that it produces sludge, which is difficult and expensive to dispose of. One possible solution to
this undesirable phenomenon is to combine the photocatalytic with the membrane filtering
process. Therefore, in the presence of UV light, photocatalytic membrane processes can
degrade pollutants in feed solutions by creating reactive oxygen species, preventing the
formation of a cake layer from contaminant molecules on the membrane surface by destroying
traces of contaminants adhering to the surface [42,92]. Liang et al. evaluated the adsorption
and photocatalytic degradation ability of TiO> NWs filtration membrane against Congo red dye
pollutant; the results confirmed that membrane filtration degradation activity under UV light
was higher than in the dark [93]. Rao et al. prepared and evaluated the antimicrobial activity
of TiO2 NWs and TiO2 NWs/Cu membranes against E. coli and bacteriophages MS2 using
dark and UV light; the result demonstrated that TiO, NWs/Cu membrane has higher
antimicrobial efficiency under UV light than dark mode [94]. Unfortunately, most bacterial
and viral illnesses occur indoors, making photocatalytic membranes inactive [95]. Due to the
development of nanotechnology, several nanoparticles are considered promising for use as
antimicrobial or antibacterial agents, such as copper oxide (CuO) and iron oxide (Fe203) [96].
Copper (I1) oxide (CuQ), one of the most common and cheap transition metal oxides, has been
used in numerous aspects because of its narrow band gap, such as to remove organic pollutants
using photocatalysis, an excellent antibacterial agent and as a catalytic material [97]. Sreeju et
al. investigated the catalytic degradation of CuO NPs toward different organic dyes and
antibacterial activity; the results reveal that CuO has remarkable catalytic degradation and
superior bactericidal activity [97]. Hajipour et al. prepared a nanocomposite containing
TiO2/CuO and evaluated antibacterial and photocatalytic degradation under visible light; the
findings show that the amount of CuO loading greatly enhances the antibacterial and
photodegradation performance, which means an increase in CuO loading leads to an increase
in the antibacterial and photodegradation activities [96]. In the same context, iron (1) oxide
(Fe203) nanoparticles have attracted increasing interest in photocatalytic decontamination
owing to their low cost, stability, nontoxicity, large specific surface area, and especially strong

absorption in the visible light spectrum [98]. Liu et al. studied the photocatalytic degradation
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of dibutyl phthalate (DBP) using Fe>O3z nanoparticles under different operating conditions; the
results reveal that Fe.O3z nanoparticles show high photodegradation activity in the presence of
H20, under 120 min of visible light [99]. Additionally, Fe>Os has a significant ability to create
heterojunction areas when mixed with TiO.. In this combination, additional shallow trap sites
between the conduction and valance bands appear, reducing the band gap energy of TiO, [100].
Cao et al. investigated the effect of Fe2O3 on the photocatalytic performance of TiO2 and found
that the photodegradation activity of TiO2/Fe203 nanocomposite against MO was higher than
pristine TiO2 [101]. Furthermore, this oxide is noteworthy because it possesses nanoscale
magnetic characteristics that can enhance the recyclability of photocatalysts and avoid particle
clumping [42,102]. Other studies use Fe2Os/TiO. and CuO/TiO: to enhance photocatalytic
performance against organic dyes, especially MB. For instance, Simamora et al. prepared
CuO/TiO2 NPs and investigated the photocatalytic activity towards MB; the results show 86%
of MB degraded under 5h of UV irradiation light [103]. Li et al. evaluated the photodegradation
of MB using FexOs/TiO2 ceramic nanopowder under UV light, and they found the
photodegradation rate was 83% in 5h [104]. Recently, Ma et al. loaded CuO NPs on TiO>
nanomeshes and investigated the photodegradation activity against MB under 120 min of
visible light; the result shows the photodegradation efficiency was 35% [105]. Another study
investigated the photodegradation performance of the green synthesis of CuO/TiO2
nanocomposite and found the green synthesis nanocomposite was more efficient than that
prepared chemically under visible light [106]. A’srai et al. used CuO/TiO2 nanocomposite as a
photocatalyst for degraded MB under 180 min UV light and found the photodegradation rate
was 95.47% [107]. Many studies have reported that modification of TiO2 NWs with different
metal and metal oxides enhances their ability to remove various pollutants, as summarized in
Table 1.
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Table 1. Removal ability of TiO> NWs based composite materials and membranes.

No. Composite Light source Pollutant Results Ref. Note
TiO2 NWs uv Rhodamine B 0
1 (powder) (50 min) (RhB) 0% | [6]]
Pb?* 97.06 %
. Cu® 75.24 %
2 T('%flv'a'é’vr)s Dark Fed* 7977% | [77]
P Co? 64.89 %
Zn? 35.18 %
TiO2 NWs/PS Organochlorine 0
3 (composite) Dark pesticide (OCPs) 98.64% [87]
TiO2 NWs/Cu uv E. coli 99.99 % I
4 (membrane) (30 min) MS2 99.990 | L34 | Filtration
TiO2 NWs/Cu E. coli ~40 % I
5 (membrane) Dark MS2 ~ o5 04 [94] | Filtration
TiO2 NWs/rGO uv 0
6 (composite) (5h) COD 98.6% [66]
: uv . 83 %
7 T'C()éo'?nwjé :\t’g)‘oz Visible light Rho(dé‘rr]“é;‘e B | 73% | [108] | 180min
P Infrared 90.5%
TiO2 NWs uv 0
8 (powder) 6 h) Azo dye AR 30 78.1% [109]
TiO2 NWs/Ag uv Methylene Blue 0
d (composite) (80 min) (MB) 9% | [110]
TiO2 NWs uv Degradation of 0
10 (powder) (220 min) naphthalene 982% | [111]
. . Pathogens
TiO2 NWs/CNT Sunlight : 0
1 (membrane) (80-150 min) Organic 5% [112]
compounds
TiO2 NWs
deposited on Ti uv Methyl Orange 0
12 plate. (4h) (MO) 84% | [113]
(membrane)
TiO2 NWs on Ti
13 | foil coated Au W Methylene Blue | 7640 | 1114]
(3h) (MB)
(membrane)
TiO2 NWs Solar light Methylene Blue 0
14 (powder) (60 min) (MB) 89% | [119]
~ 0
TiO, NWs UV Methylene Blue 99 %
15 (membrane) (60 min) (MB) [116]
E. coli 99.9 %
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TiO2 NWs uv - 0
16 (membrane) (90 min) Humic acid 99.5 % [117]
TiO2
NWs/rGo/cellulos | Visible light Methylene Blue 0
17 e acetate (120 min) (MB) 98 % [118]
(membrane)
TiO2 NWs on Ti UV
18 foil . Trimethoprim 85 % [90]
(60 min)
(membrane)
g-C3-Ns@TIi02 . .
19 NWs/GO Solar Ilght Rhodamine 6G 91 % [119]
(240 min) (R6G)
(membrane)
TiO2
NWs/synthetic uv Methylene Blue 0
20 zeolite (180 min) (MB) 0% | [120]
(composite)

2.2. WO3 NWs-based composites and membranes in water treatment

WO:s is one of the promising semiconductors with outstanding properties, such as low toxicity,
inexpensive, high stability, a narrow band gap (2.4-2.8 eV) [121], high photocorrosion stability,
reliable recyclability performance and physicochemical characteristics [122]; due to
remarkable features, it has been investigated in many fields such as photocatalysis [123,124]
water splitting [125] and gas sensor applications [126]. Among them, the photocatalytic
decomposition of organic pollutants is one of the most important applications due to its high
activity, better visible light absorption and being environmentally friendly [127]. Abbaspoor et
al. evaluated the photocatalytic activity of WO3z NPs against MB, and the result showed the
degradation activity was 57.3 % underexposed light for 150 min [128]. Fularz et al. investigated
the catalytic performance of WOs NWSs/Ag nanocomposite compared with TiO2/Ag
nanocomposite in the visible light range. They found that WO3 NWSs/Ag is more efficient due
to a lower band gap [129]. In another study, Arshad et al. studied the photocatalytic
performance of Zn-doped WO3 for MB removal using UV and visible light; the result shows
the dye degradation was 78 % and 92 % under 120 min of visible light and UV, respectively
[130]. However, WO3 photocatalyst has particular limitations, such as the rapid recombination
rate of photogenerated electron-hole pairs; compared to the O2/O2" reduction potential, it has a
more positive conduction band level, which results in a reduction of fewer O, molecules into

superoxide anion free radicals (O2"") during the photocatalytic process and low specific surface
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area [131,132] Many methods for overcoming these limitations have been revealed, including
manipulation with metal or metal oxide, Matalkeh et al. prepared WQO3/Ag nanocomposite and
investigated the degradation activity against MB as an organic dye model and antibacterial
performance under light and dark conditions. The results show the WO3z/Ag nanocomposite
has higher MB degradation and antibacterial activity on gram-negative bacteria (E. coli) than
gram-positive bacteria (S. aureus) in the presence of visible light [133]. Sun et al. prepared
ternary WO3/TiO2/CQDs nanocomposites and evaluated the photocatalytic degradation
activity on an antibiotic (cephalexin) under solar light for 4 h, and they found that the ternary
nanocomposites had higher activity than TiO2 and WOs [134], and/or fabricating 1D WOs3
nanostructured to enhance the specific surface area and promote charge transfer, such as
nanowires [135]. Different methods have been used to prepare WO3 NW, such as hydrothermal
[136], solvothermal [137], water bath [138], microwave assisted hydrothermal [139], bubble-
electrospinning [140], and vapor-phase growth [141]. Hydrothermal and solvothermal methods
are frequently used in the preparation of 1D nanostructures because the generated temperature
and pressure inside the autoclave above the solvent's critical point make the materials more
soluble [142], in addition to low processing cost and simplicity [143]. Nagy et al. conducted a
comparative study for photocatalytic performance between WOz NWs and NPs to remove MO;
the results demonstrated that WOz NWs have a significantly higher MO photodegradation than
WO3 NPs [144]. Different operating conditions can influence WOs NW preparation, such as
reaction temperature, time of reaction, and type of salts used, as presented in earlier studies.
Song et al. prepared WOz NW using sodium tungstate Na;WO. as a precursor with reaction
temperature 180 °C for 12 h in the presence of K2SQOj; the results show that nanowires can't be
obtained without K2SOs. In addition, they investigated the effect of reaction temperature on
NW synthesis and found that at 160 °C no nanowire appeared, just nanorods, and concluded
that nanowires were observed in the reaction temperature range 180-200 °C. In the same study,
they investigated the effect of different inorganic salts, such as NaNOz, KNO3z and Na;SOs, on
NW synthesis. The results demonstrate that nanowires can't be observed using these salts [145].
Tehrani et al. investigated the effect of different reaction times (6, 12, 24 and 36 h) on WOs3
nanostructures; they used sodium tungstate, sodium sulfate as starting materials, citric acid and
hydrochloric acid. The results show that an irregular shape was observed with a (6 h) reaction
time; with further reaction time (12 h), a few nanorods appeared, and then the nanorod became
clearly observed with a (24 h). After that, the WO3 nanostructures change to a 2D sheet with
reaction time (36 h) [136]. In another study, Jamali and Tehrani investigated the effect of

reaction temperature on WO3 nanostructures; they found that increasing temperature from 90
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to 180 °C for 48 h, the WOz nanostructures were observed as nanorods and only changed in

length from 50 nm to 272 nm and diameter from 15 nm to 46 nm [146].

As mentioned earlier, WOz NW cannot be used alone because of the narrow band gap;
consequently, it is limited to use as a photocatalyst. In order to improve photocatalytic
performance and manipulate the band gap structure, the WO3z NWs is often combined with
other metals and metal oxide. Mao et al. synthesized and evaluated the photocatalytic
performance of WO3 NWs, g-C3N4, and rGO and their composites to remove refractory natural
pollutants. The results demonstrated that WO3s NWs/g-C3N4/rGO has higher degradation
removal after 120 min [147]. Zhou et al. studied the photocatalytic oxygen (O2) evolution
properties of WO3 NWs/Gr and pure WOz NWSs by measuring the amount of evolved oxygen
produced by splitting water. After 8 hours, the amount of evolved O, for WO3 NWs/Gr was
1.9 times higher than for pure WO3s NWs [148]. In an oil/water emulsion separation application,
Zhou et al. studied the filtration efficiency of the WO3s NWs/Al,Oz membrane. They found that
the membrane has a higher separation efficiency of up to 92.35 %, and the separation efficiency
after 10 cycles is maintained at 88 % when immersing the membrane in strong alkaline, acidic,
and saline solutions for 24 hours [149]. Among metal oxides, copper and iron oxides are widely
employed due to their photodegradation and antimicrobial activities and to enhance
photocatalytic performance by expanding the photoabsorption range, improving the separation
of electron-hole pairs with photoinduced activity, and enhancing the visible-light range activity
[68]. Dulta et al. investigated the photodegradation and antibacterial performances of CuO NPs
against MB and methyl red under sunlight, and the results show CuO has high
photodegradation and antibacterial activity [150]. To investigate effect of CuO on the
adsorption and photocatalysis of WO3 performance, Dursun et al. conducted a comparative
study between WO3/CuO nanocomposite and pure WOz to evaluate adsorption and
photocatalysis against MB; the results confirmed that nanocomposite could absorb 38.4% more
methylene blue dye and degrade 25.7% faster than pure WO3 [151]. Senthil et al. studied the
photodegradation of WO3 nanorods decorated with Fe2Os NPs against MB under visible light;
the results demonstrated that the degradation activity of WO3s/Fe2O3 nanocomposite under 60
min of visible light was 79.5 % while it was 17.2 % and 46.2 % for Fe2Oz and WOs,
respectively [152]. Based on the studies shown above, WOz NWs have been found to have a
substantially higher photocatalytic performance than WOz NPs due to a large aspect ratio.
[153]; for this, it is used in some studies as a photocatalyst for water treatment, as summarized
in Table 2.
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Table 2. Removal ability of WO3 NWs based composite materials and membranes.

No. Composite Light source Pollutant Results Ref. Note
S-doped WO3 . .
1 NWs Visible I_|ght Methyl Orange 97 % [154]
i (180 min) (MO)
(composite)
Mo-doped WOs3 .
Methylene Adsorption
2 NWs_ Dark Blue (MB) 95 % [155] (10 min)
(composite)
WO3 - .
3 | NWs/rGO/g-CaN V('f'z%";q':g)ht Aﬂ?fég‘s) BL1 9206 | [149]
(composite) !
4 | WOs NWS/ALOs Dark Oil/water 929% | [151] | Filtration
(membrane) emulsions
Methylene 91 %
WO3 NWs@C/g- . . Blue (MB)
5 CaNs V('fé%'%':g)ht Crystal violet | 94% | [156]
(composite) dye
Benzoic acid 62 %
WO3 NWs/TiO, | Visible light | Methyl Orange 0
6 (composite) (230 min) (MO) 65 % [146]
WO3 NWs Visible light | Methyl Orange 0
! (powder) (230 min) (MO) 12% [146]

2.3. Cellulose as membrane reinforcement in water treatment

Over the past few decades, researchers and companies have shown a rising interest in exploring

the potential of polymeric and composite materials derived from sustainable resources

[157,158,159,160]. Cellulose is a sustainable supply of the polymer basic cellulose found in

the highest concentrations in green plants. Natural cellulose-based materials, including wood

and natural fibers, have been utilized as engineering materials for thousands of years, and this

use continues to this day [161]. Cellulose is cheap, accessible, biodegradable and the most

common abundant organic biopolymer found natural on Earth [162]. It has been proposed to

be an excellent supporting material due to its good mechanical properties, and practically

limitless supply of raw materials to meet the growing demand for biocompatible,
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biodegradable, cost-effective, and ecological products [163]. It possesses a complex
carbohydrate (molecular formula (CsH100s)n) composed of carbon, hydrogen, and oxygen, as

shown in Figure 3.

_®\

\%.@

()

Cellulose

Figure 3. Structural formula of cellulose [174]

Xu et al. investigated the photodegradation of RhB using cellulose waste and cellulose
modified by acid under visible light; they found cellulose waste has poor photodegradation
activity and can be enhanced when treated with acid [164]. Due to the abundance of electron-
rich hydroxyl groups, cellulose is highly hydrophilic and contributes to the interaction with
photocatalysts via hydrogen bonding and electrostatic interactions. Moreover, strong
interactions between electron-rich oxygen atoms of hydroxyl groups in cellulose and transition
metal cations as contaminants can aid in removing these cations from wastewater, making it a
promising candidate for supporting the nanomaterials with the photocatalysis process [165].
Bai et al. fabricated cellulose using g-CsNs and investigated the adsorption and
photodegradation performance toward MB through visible light; they found cellulose/g-CaN4
exhibited excellent adsorption and photocatalytic activity (99.8%) much higher than pristine g-
CsN4 (54.2%) [166]. Numerous studies reported that using inorganic nanomaterials has some
limitations as a photocatalyst, such as higher recombination rate, agglomeration, difficult
separation and leaching when metal ions dissolve in the liquid [167,168,169]. Cellulose-
immobilized photocatalysts improve the separation of electron-hole pairs to limit secondary
pollutants and reduce the band gap by hindering the recombination rate of photogenerated

charge carriers, leading to increased transmission of photoexcited charge carriers and improved
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photoefficiency. Also, cellulose binds with catalysts, metal ions, and toxins in the solution,

reducing the catalysts' loss, leaching, and toxic effects [170]. Morshed et al. prepared and

dispersed titania on cellulose and investigated the degradation activity toward MB under UV
light; the result shows that the cellulose/TiO> photodegradation was 98.5% in 40 min [171]. Qi

et al. formed 2D-WO3 with cellulose acetate and investigated the degradation performance

against MB under sunlight; the results exhibit excellent degradation activity of 2D-

WOs/cellulose acetate with an 85% removal rate [172]. The optical dispersion property of

cellulose-based membrane facilitates electron distribution and transfer to metal oxide surface

and the interaction covalent bond chain of metal oxide nanoparticles with cellulose. Moreover,

acts as a capping agent, avoiding nanoparticle aggregation and enhancing photocatalyst

performance [170]. Table 3 summarizes the usage of cellulose in water treatment application.

Table 3. Cellulose-based composite materials and membranes for contaminants removal

No. Composite sIB:Jgrr:;te Pollutant Results | Ref. Note
g | Cellulosemodified /e fight RhB 0% | [i66] | 20
with acid min
2 Cellulose/TiO; uv Me‘“g’l\'/?gg blue | 9805 | [172] | 40 min
3| Cellulose/PVAITIO | Sunlight Methg’l\'/‘fgg’ Pve | ggop | a7y | 120
Al-doped . . Methyl orange 0
4 Zn0/Cellulose Visible light (MO) 90 % | [174] 6h
5 g-CsNa/Cellulose | Visible light | Methyleneblue | g0 o, 1 11681 | 80 min
(MB)
6 Cellulose/MoS | Visible light | R1°damine B | 600 | 11751 | 60 min
(RhB)
7| cellulose/agsPOs | Visible light | RMedamine B o500 | 11767 | 60 min
(RhB)
8 Cellulose/TiO> Weak UV Phenol 90% | [177] | 120h
9 FEOOHT'%Z"“'OSG' Adsorption Pb (1) 989% | [178] | 30 min
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2.4. Knowledge gap

> As can be seen and concluded from the literature review, numerous studies and journal
papers have studied the fabrication and application of TiO2 NWs using different metal
and metal oxide composites such as (MnO., rGO, Ag, and Cu) for different
photocatalytic applications. However, a limited number of studies have reported the
fabrication and investigation of TiO> NWs utilizing cellulose as a reinforcement
material. Hence, it is worth exploring the synthesis and characterization of TiO2 NWs
decorated with inorganic nanoparticles (Fe2Os, CuO) using cellulose as a support

material and investigating their photodecolorization performance against MB.

> Furthermore, there is limited research on the antibacterial and antiviral applicability of
TiO2 NWs-based hybrid membranes as filters using light sources (UV, visible light,
and infrared). However, the antibacterial and antiviral activity of TiO> NWs-based
hybrid membrane in the dark environment, the effect of inorganic nanoparticles
attached to TiO2 NWs surface, and the surface charge of membrane surface on the

performance have yet to be reported.

» On the other hand, a few studies have investigated the photocatalytic performance of
WO3 NWs-based composites. In contrast, there has been no study on fabricating WO3
NWs with inorganic nanoparticles (Fe203, CuO) and cellulose as reinforcement support
material and using it as a filter. Furthermore, the antibacterial and antiviral activity of
these filters has not been reported yet.

3. Objectives

The main goal of the current work is to develop low-cost, effective membrane materials for
water treatment methods derived from abundant, sustainable, and renewable resources that can
be easily prepared. Therefore, stable and self-supported (Fe203/TiO2 NWs/cellulose, CuO/TiO>
NWs/cellulose, Fe;O3/WO3 NWSs/cellulose and CuO/WO3 NWs/cellulose) membranes
constituted of TiO2 NWs and WOz NWs as a material with high adsorption capacity, Fe>Os

and CuO as a photocatalyst, and cellulose as a support material with good mechanical strength
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and high hydrophilic properties was produced. We investigated the antiviral, antibacterial, and

photodecolorization properties of as-prepared hybrid membranes.

During the research work, we wanted to answer the following questions:

1-

Is it possible to synthesis a self-supported membrane using nanowires and cellulose as
support materials?

What could be the effect of applying the inorganic nanoparticles (Fe2Os, CuO) on the
performance of nanowires-based membrane?

What is the chemical interaction between membrane components?

Does the inorganic nanoparticles effect on the surface charge of as-prepared
membrane?

Does the leaching affect the performance of the membrane? What are the amounts of
metal ions dissolved through the filtration process? The concentrations of these metal
ions are under the WHO's limitations?

Do the membranes have a toxic release?

The current thesis consists of three main parts:

1- The first part is the preparation: the preparation consisted of the three parts listed below:

a-

b-

The first part is the synthesis of the TiO> NWs and WOs NWSs, which was achieved by
the hydrothermal method.

The second part is the synthesis of the Fe2Os/TiO2 NWs, CuO/TiO2 NWs, Fe203/WOs
NWs and CuO/WOs NWs composites, which was achieved by
hydrothermal/solvothermal preparation methods.

In the third part, the Fe,O3/TiO2, NWs/cellulose, CuO/TiO2 NWs/cellulose, Fe2O3/WO3
NWs/cellulose and CuO/WO3 NWs/cellulose hybrid membranes were produced using
a vacuum technique that involves passing the prepared suspension through

microfiltration under vacuum.

2- The second part is the characterization of the as-prepared nanowires, nanowires-based

composites, and nanowires-based hybrid membranes were completely characterized using
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various characterization techniques, including XRD, N2 adsorption, SEM, HRTEM, Raman

spectroscopy, contact angle measurements, zeta potential measurements, etc.

3- The third part is the application. The photocatalytic activity of the as-prepared hybrid
membranes was applied as adsorbent materials and photodecolorization of methylene blue;
furthermore, the antibacterial and antiviral activities were studied towards the E. coli and

MS2 removal.

4. Materials and methods

4.1. Materials

For the synthesis of TiO2 NWs:
Titanium dioxide (TiO) (P25) (Sigma Aldrich; Hungary)

Potassium hydroxide (KOH) (VWR International Ltd., Hungary)
Hydrochloric acid (HCI, 37%) (VWR International Ltd., Hungary)

Deionized water (H20)

For the synthesis of Fe2O3/TiO2 NWs nanocomposite:

Iron chloride hexahydrate (FeCls-6H20) (ES Lab Kft.; Hungary)
TiO2 NWs (prepared by us)

Sodium hydroxide (NaOH) (Sigma Aldrich; Hungary)
Deionized water (H20)

For the synthesis of Fe2O3/TiO2 NWs/cellulose hybrid membrane:

As-prepared Fe>O3/TiO2 NWs nanocomposite

Absolute Ethanol (EtOH) (VWR International Ltd., Hungary)

Cellulose (DIPA Ltd.; Hungary)

Polyvinylidene (PVDF) filter (0.1 um pore size and 47 mm diameter) (Durapore-
VVVLP04700); (Sigma Aldrich; Hungary)

For the synthesis of CuO/TiO2 NWs nanocomposite:

TiO2 NWs (prepared by us)

Copper (1) acetate monohydrate (Cu(OOCCHj3).-H20) (VWR International Ltd., Hungary)
Absolute Ethanol (EtOH) (VWR International Ltd., Hungary)
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For the synthesis of CuO/TiO2 NWs/cellulose hybrid membrane:

As-prepared CuO/TiO2 NWs nanocomposite

Absolute Ethanol (EtOH) (VWR International Ltd., Hungary)

Cellulose (DIPA Ltd.; Hungary)

Polyvinylidene (PVDF) filter (0.1 um pore size and 47 mm diameter) (Durapore-
VVLP04700); (Sigma Aldrich; Hungary)

For the synthesis of WO3 NWs:

Sodium tungstate dihydrate (Na2WO4-H-0) (Sigma Aldrich; Hungary)
Sodium sulfate (Na2SO4) (VWR International Ltd., Hungary)
Hydrochloric acid (HCI, 37 %) (VWR International Ltd., Hungary)
Deionized water (H20)

For the synthesis of Fe203/WO3s NWSs nanocomposite:

WO3 NWs (prepared by us)

Iron chloride hexahydrate (FeCls-6H20) (ES Lab Kft.; Hungary)
Sodium hydroxide (NaOH) (Sigma Aldrich; Hungary)

For the synthesis of Fe20O3/WO3 NWs/cellulose hybrid membrane:

As-prepared Fe203/WO3 NWs nanocomposite
Cellulose (DIPA Ltd.; Hungary) Absolute Ethanol (EtOH) (VWR International Ltd.,
Hungary)

Polyvinylidene (PVDF) filter (0.1 um pore size and 47 mm diameter) (Durapore-
VVVLP04700); (Sigma Aldrich; Hungary)

For the synthesis of CuO/WO3 NWSs nanocomposite:

WO3 NWs (prepared by us)

Absolute Ethanol (EtOH) (VWR International Ltd., Hungary)

Copper (1) acetate monohydrate (Cu(OOCCHz3)2 -H20) (VWR International Ltd., Hungary)

For the synthesis of CuO/WO3 NWs/cellulose hybrid membrane:

As-prepared CuO/WOs NWSs nanocomposite
Cellulose (DIPA Ltd.; Hungary)
Absolute Ethanol (EtOH) (VWR International Ltd., Hungary)

Polyvinylidene (PVDF) filter (0.1 um pore size and 47 mm diameter) (Durapore-
VVLP04700); (Sigma Aldrich; Hungary)
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For the filtration experiments:

Bacteriological agar, D-glucose, and sodium dihydrogen phosphate dihydrate (NaH2POj -
2H20) (Simga-Aldrich; Switzerland)

Calcium chloride dihydrate (CaCl2-2H20), microbiology yeast extract and glycerol (Merck
Eurolab; Switzerland)

Streptomycin (AppliChem PanReac; Germany)

Tryptone (Difco 0123) (Becton Dickinson)

Sodium chloride (NaCl) (VWR International; Switzerland)
Sodium hydroxide (NaOH) (Sigma Aldrich; Hungary)

Escherichia coli DH5a (SZMC 21399) Gram negative strain was used for filtration test as a
model organism (this bacterial strain was provided from the Department of Microbiology,

Faculty of Science and Informatics, University of Szeged).

Escherichia coli (Migula 1895) Castellani and Chalmers 1919 (DSM No.: 5695) colonies were
used as host cells for MS2 bacteriophage multiplication (DSM No.: 13767).

Dry E. coli pellets and the MS2 phage suspension (DSMZ Braunschweig; Germany)

4.2. Syntheses
4.2.1. Preparation of nanowires

For the preparation of TiO2 NWs, 3.0 g of TiO2 nanoparticles (precursor) were added to 100
mL of a 10 M KOH aqueous solution and mixed for 30 minutes until a homogeneous
suspension was formed. The suspension was transferred to a Teflon®-lined autoclave (125 mL
capacity) with up to 80% of the total volume. The autoclave was maintained at 160°C for 24
h, then cooled to ambient temperature. The resulting product was collected by vacuum
filtration, then repeatedly washed with a 0.1 M HCI aqueous solution and deionized water until
the pH reached 7. The products were dried overnight in a furnace, and white TiO> NWs powder
was eventually formed. The TiO2 NWs powder was then calcined at 400°C for 1 h. In the same
manner, WO3 NWs were produced via a hydrothermal method, in detail. 2.5 g of sodium
tungstate and 3 g of sodium sulfate (precursors) were dissolved in 80 mL of distilled water.
Drop-by-drop, 3 M HCI was added to the solution while stirring continuously, and the pH was
adjusted to 1.5. And after 10 minutes of stirring, the solution was poured into an autoclave for
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48 h at 180 °C. The product was collected by vacuum filtration, rinsed many times with
deionized water to neutralize the pH, and then dried at 100°C. Consequently, the powder was

calcinated at 400 ° C for 1 h. The synthesis procedure is illustrated in Figure 4.

Precursor N =|  Transferred
= to - . -
Stirring = Autoclave
Solvent I = I

SHLLL (H-) .m li

Hydrothermal
treatment

Neutral pH
vacuum filtration
washed

WOs3 NWs

Figure 4. Schematic diagram for synthesis steps of different nanowires



4.2.2. Preparation of nanowires based Fe2Os composite

Fe>O3/TiO2 NW and Fe203/WO3z NW nanocomposite were prepared by dissolving the
FeClz-6H20 precursor in 100 mL of deionized water to form a homogenous solution. After
that, 0.95 g of previously prepared nanowires were added to the solution and stirred for 1 h,
followed by adding NaOH drop by drop until the solution became base, and transferred to an
autoclave at 90° C for 9 h. The resulting product was washed with 0.1 M to neutral the pH to
7, dried at 50 ° C for 12 h, and then calcinated at 500 ° C for 2 h using a static furnace. The

nanoparticle load in the final mixture was 5% by weight. The preparation steps can be seen in
Figure 5.
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Figure 5. Schematic diagram of synthesis steps for nanowires based Fe>Os composite
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4.2.3. Preparation of nanowires based CuO composite

The (Cu(CHsCOOQ),-H20) precursor was dissolved in 100 mL of EtOH and vigorously stirred
for 30 minutes to obtain complete dissolution. Afterward, 0.95 g of nanowires was added to
the solution under stirred vigorously for 1 h. The mixture was poured into an autoclave and
heated for 12 h at 150 ° C in a static furnace. The final product was collected using vacuum
filtration, rinsed and then calcinated at 500 ° C for 2 h. CuO nanoparticles comprised 5 wt% of

the final composition. These steps are shown in Figure 6.
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Figure 6. Schematic diagram of synthesis steps for nanowires based CuO composite

4.2.4. Preparation of nanowires-based hybrid membranes

0.2 g of the as-prepared nanowires-based nanocomposite powder was mixed in 100 mL of
EtOH for 1 h; after that, 5 g of a cellulose solution (1 w/w%) was added and mixed for

another 1 h. The solution was then filtrated with a vacuum using a PVDF membrane to obtain
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cellulose-based hybrid membranes (total mass of 250 mg/membrane) and then dried in an oven

for 30 minutes at 40 ° C. The preparation steps are shown in Figure 7.
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Figure 7. Schematic diagram of the hybrid membrane preparation procedure

4.3. Characterization of composite materials and hybrid membranes
4.3.1. Transmission Electron Microscopy (TEM)

High-resolution transmission electron microscopy (FEI Technai G?> F20 HRTEM, Hillsboro,
OR, USA) has been performed to confirm the formation of (Fe.O3 and CuO) NPs on the TiO>
NWs and WO3s NWs surface. Powder samples were suspended in ethanol and sonicated for 5
minutes to prepare TEM grids. A droplet of suspension was deposited on a Cu TEM grid (300

mesh copper grids, lacey carbon, Ted Pella Inc.).

4.3.2. Scanning Electron Microscopy (SEM)

We utilized scanning electron microscopy to investigate surface morphology. SEM and EDS
analyses were conducted on hybrid membranes using a Hitachi S-4700 Type Il FE-SEM
(Tokyo, Japan) with a 0-30 KeV range. At the same time, the pristine nanowires were examined
with a Thermo Helios G4 PFIB CXe instrument (Thermo Fisher, Eindhoven, Netherlands)
equipped with an EDS system for elemental analysis (EDAX Inc., Mahwah, NJ, USA). The
EDS system was equipped with an Octane Elect Plus X-ray detector. Standard EDS maps and
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spectra were obtained with Acceleration Voltage ranging from 10 kV to 25 kV, a take-off angle
of 35 degrees, and a dwell duration of 200 milliseconds. Powder was placed on adhesive carbon
tape for SEM examination. Every sample, including powders and membranes, was viewed
directly without any conductive covering. The standard SEM working distance was 5 mm with
an acceleration voltage between 2 kV and 25 kV, based on image quality and charging

conditions.

4.3.3. Energy-dispersive X-ray spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) from AMETEK Inc. was utilized in conjunction
with the HRTEM equipment to analyze the elemental compositions of the nanocomposites.
The EDS system had an active area of 30 mm?.

4.3.4. X-ray micro-computed tomography equipment (uCT)

The YXLON FF35 dual-beam X-ray micro-computed tomography equipment assessed hybrid
membranes' surface morphology and three-dimensional structure. The equipment features a

microfocus X-ray tube, transmission beam, and acceleration voltage of 50 kV.

4.3.5. X-ray powder diffraction (XRD)

The X-ray powder diffraction (XRD) technique was employed to identify the crystal structure
of the nanocomposites and membranes using a Bruker D8 Advance diffractometer (Billerica,
MA, USA). While WOs-based hybrid membranes using a Rigaku Miniflex diffractometer in
parallel beam geometry with a position-sensitive detector (Vantecl) at 40 kV and 40 mA
utilizing CuKa radiation (0.15418 nm) and a Gdbel mirror, with a 1° opening. Measurements
were conducted on specimens put on top in Si sample containers with zero background. The
measurements were taken in the 5-70° (2 Theta) range at a goniometer speed of 0.007° (2
Theta) per 14 seconds. The International Centre for Diffraction Data (ICDD®) is a nonprofit
scientific institution dedicated to obtaining, examining, releasing, and distributing powder

diffraction data for material identification. The previous name was JCPDS. Each substance is
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assigned a specific card number; for example, TiO2 anatase is identified by the card numbers
21-1272. To calculate the interplanar spacing (d-spacing), we used the formula below (Bragg's
law).

_ ni
~ 2 sin®

Where d is the interplanar spacing in A
n is the diffraction order, for first order n=1
M is the x-ray wavelength, CuKa=1.5418 A

0 is the Bragg’s angle in degree

4.3.6. Specific surface area measurement

N2 adsorption experiments were conducted at 77 K using an ASAP 2020 instrument
(Micromeritics Instrument Corp. Norcross, GA, USA) to measure the specific surface area of

the nanowires, nanowires-based nanocomposites, and nanowires-based hybrid membranes.

4.3.7. Dynamic light scattering (DLYS)

An electrophoretic measurement was conducted using dynamic light scattering (DLS)
equipment called ZetaSizer NS-Malvern from the UK. The measurement relies on Malvern's
M3-PALS technology, which combines laser Doppler velocimetry and phase analysis of light

scattering.

4.3.8. Raman spectroscopy

Raman spectroscopy was conducted with a high-resolution Raman spectrometer (Nicolet
Almega XR, Thermo Electron Corporation, Waltham, MA, USA) that had a 532 nm Nd: YAG
laser with a power output of 50 mW.
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4.3.9. Contact angle measurement

The contact angle of the hybrid membranes was evaluated using the sessile drop method using
an SP 12 melt microscope from Sunplant Ltd, Hungary, capturing a silhouette shot. The KSV
software from KSV Instrument Ltd in Finland assessed the recording and calculated the angular

values.

4.3.10. Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra were obtained using a Bio-Rad Digilab Division FTS65A/896 FT-IR
spectrometer with a DTGS detector and a Ge/KBr beamsplitter. The spectra were recorded
between 4000 and 400 cm™ with an optical resolution of 4 cm™. The experiment utilized a
Harrick’s Meridian SplitPea Single Reflection Diamond ATR attachment without sample
preparation. The spectrometer was operated using Win IR Pro v. 3.3 software from Bio-Rad
Digilab Division, and the spectra were examined with GRAMS/AI v. 7.0 software from
Thermo Galactic.

4.3.11. Inductively coupled optical emission spectrometry (ICP-OES)

ICP-OES measurements were conducted using a Varian 720 ES ICP-OES system to quantify
the dissolved Cu and Fe in the filtration tests.

4.4. Photocatalytic Experiments

The adsorption and photocatalytic performance of as-prepared hybrid materials were examined
in the decolorization of methylene blue (MB). Initially, each membrane (250 mg) was
immersed in a solution of MB (100 mL of 0.03 mM) and left in the dark for 2 hours to achieve
adsorption-desorption equilibrium. Subsequently, the solution was subjected to UV-A lamps
(300-500 W, Cosmedico N 400 R7S; Cosmedico, Stuttgart, Germany) for 60 minutes. The
specimens were collected at consistent time intervals and then subjected to centrifugation and
filtration. The reduction in MB concentration was assessed using a UV-vis spectrophotometer

(BEL UV-M51; Bel Engineering, Monza, Italy). The membranes' removal effectiveness was
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determined by measuring the absorbance at 664 nm. The decolorization efficiency, expressed

as a percentage (% dec.), was computed using the following formula:

% dec.= x 100 %

0

Where Co & C are initial and final concentrations of MB and % deg. is the photodecolorization

efficiency of the materials for MB removal.

4.5. Filtration Experiments
4.5.1. Bacterial filtration tests

The bacterial filtration efficiency testing was conducted as follows: A ten-fold serial dilution
was prepared using a 30 mL Lysogeny Broth (LB) medium from the first starter culture. The
concentration of colony-forming units (cfu) in the sixth ten-fold dilution was determined to be
1.21 +0.24x10° cfu/mL using the colony counting method. The suspension was utilized in the
filtering experiment to provide a quantifiable quantity of colonies on the agar plate. Prior to
each filtration, a 3x100 uL sample was uniformly distributed on the surface of an LB agar plate
to assess the initial concentration of colony-forming units (CFUo). The filtering was conducted
using a glass vacuum filtration apparatus (Sartorius Stedim Biotech 16306-25 mm) without
the use of a vacuum pump, employing gravity-driven filtration. After filtration, a sample of
3x100 pL was collected from the filtered suspension to quantify the number of colony-forming
units in the filtrate (CFUs). This data was then used to calculate the BFE% values using the

following formula:

CFUy—CFU;

BFE% =
% CFU,

%

Where BFE% is the bacterial filtration efficiency percentage, CFUo & CFUsare the initial and

final concentration of colony forming units.

4.5.2 Virus filtration tests

The necessary culture media for the growth and filtration of bacteria and MS2, including

antibiotic solution, broth, viral dilution buffer, and hard and soft agar, were prepared according
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to the methods described by B.M. Pecson et al. [179]. The replication of MS2 was carried out
using its host Escherichia coli strain, followed by purification and concentration through a
series of procedures as described in the DSMZ protocol. Periodically, it was necessary to
ascertain the quantity of plaque-forming units (PFUs) present in a suspension of MS2
bacteriophages due to their sensitive nature.  The original stock of purified MS2 had a
concentration of 7.6x10 plaque-forming units per milliliter (PFU/mL). To facilitate future
utilization, the original sample was diluted in a viral dilution buffer (VDB). Therefore, the
phage enumeration method utilized a maximum sample amount of 2 mL to determine the
detection limit of approximately 4 LRV (Log Reduction Value) or 99.99%. The VDB was
made by combining NaH2PO4-2H>0, NaCl, and water. The pH was modified to a value of 7.0
by adding drops of a 0.1M NaOH solution. The virus filtering studies were conducted at a
constant room temperature of 23 °C. The concentration of the MS2 bacteriophages was
assessed after the incubation period. 2 rounds were conducted for each enumeration of MS2
samples, and 3 trials were conducted for each condition.

In filtration experiments, the as-prepared hybrid membranes were placed into a 200 mL glass
funnel equipped with a porous glass insert at the bottom. Gravity-driven filtration was utilized
in the tests without the need for vacuum suction to increase the flow rate of the filtered liquid.
In order to examine the impact of the equipment on the retention of the bacteriophages, a
control experiment was conducted without a filter. 30 mL of the virus dilution buffer was
contaminated with the specific volume of bacteriophage stock required to achieve an active
phage concentration of 10 PFU/mL. This allowed the study of retention of up to 2 magnitudes
(2 log). After each filtering, 1 mL of the filtered liquid was taken and utilized to infect E. coli
for the virus enumeration. The pH levels of the experiment filtrations were conducted at 7.0 to

simulate real-life conditions.

4.6. Toxicology Experiments

The toxicology test was conducted in Kisanalitika Ltd. in Sajobabony, Hungary. Fish tests can
evaluate surface water's environmental danger or examine pollution's harmful consequences.
Acute toxicity is the noticeable harmful impact on an organism shortly after exposure to a toxin,
typically within days. This study measures acute toxicity using the lethal concentration 50
(LC50), which is the concentration of a toxic substance in water that results in the death of 50%
of the test fish group within a specific time frame. A static test was conducted, meaning the
test solution did not flow and remained constant during the experiments. Zebrafish (Danio
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rerio) were utilized to conduct the studies. The fish must be in optimal health without apparent
physical abnormalities. Water toxicity testing was carried out by creating a dilution series
utilizing water from the fish aquarium as the dilution water, which also worked as the water
for the control test group. The aquarium's dilution water was aerated, and its oxygen and pH
levels were monitored consistently. The test groups were immersed in 500 mL of hybrid
membrane soaking water for 24 hours or in water filtered through the hybrid membranes being
tested. Each test group consisted of 5 fish. Fish were exposed to the test water at varying
concentrations for 48 hours. Fish mortality was monitored at specific time points: 2 hours, 24

hours, and 48 hours.

5. Results and discussion

5.1. Investigation of as-prepared materials

5.1.1. Surface morphology of pristine nanowires, nanowire-based nanocomposites and
hybrid membranes

After the synthesis of TiO2 and WO3 nanowires, TiO2 and WOs nanowire-based composites
and hybrid membranes, SEM investigations were carried out to gain information about their
surface morphology. As can be seen in Figure 8 a—d, the preparation of both TiO> NWs and
WOs NWs was successful. Based on SEM observations it was found that the TiO> NW had an

average diameter of 10-15 nm, while the WOz NWs had an average diameter of 100-200 nm.
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Figure 10. TEM images of (a) TiO2 NWs with lower and (b) higher magnifications (c) WO3
NWs with lower and (d) higher magnifications

As presented above, the nanowires were produced without any deformations. Now, we must
ensure the nanoparticle additives are attached to the nanowire surface. Hence, the HRTEM
technique was used. Fe;O3/TiO2 NW and CuO/TiO2 NW nanocomposites are shown in
HRTEM micrographs (Figure 11). These HRTEM images showed that both hanocomposites
had been successfully fabricated, although with slightly different nanocomposite structures.
The HRTEM images revealed that the surface of the TiO, NW was covered in inorganic
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nanoparticles (Fe-Oz and CuO), and segregated particles were not visible, as shown in Figures
11 a, b. Furthermore, the average particle sizes of Fe.Oz and CuO nanoparticles were also
estimated from the HRTEM images using the iTEM software (Olympus Soft Imaging
Solutions). 100 particles from each sample were measured to get an average particle size.
Figure 11 a demonstrates that the estimated diameter of Fe.O3 nanoparticles is in the range of
20-30 nm, while Figure 11 b shows that the diameter of CuO nanoparticles is on average 2-3

nm.

Figure 11. HRTEM images of (a) Fe203/TiO2 NW and (b) CuO /TiO2 NW nanocomposite

In the same manner, WOs-based nanocomposites were investigated also by the HRTEM
technique. TEM micrographs demonstrated the successful synthesis of Fe2O3/WOs NW and
CuO/WOs NW nanocomposites. In addition, the nanoparticle structures were quite similar.
However, the average particle size of the Fe2O3 and CuO nanoparticles attached to the surface
of WO3 NW was different, as shown in Figures 12 a and b, and segregated particles were not
seen. iITEM software (Olympus Soft Imaging Solutions) was utilized to determine the average
diameter of the Fe2O3 and CuO nanoparticle particle sizes based on the HRTEM images. 100
individual particles from each sample were measured to estimate the average particle size.
According to these calculations, the average diameter of CuO nanoparticles was 20-30 nm,
whereas the Fe2Os nanoparticles had a diameter in the 40-50 nm range.
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Figure 12. TEM images (a) Fe203/WO3 NW and (b) CuO/WO3 NW nanocomposite

SEM was also applied to characterize the hybrid membranes of the as-prepared TiO>
NWs/cellulose (Figure 13 a, b), Fe2O3/TiO2 NWs/cellulose (Figure 13 c, d) and CuO/TiO>
NWs/cellulose (Figure 13 e, f). Self-supported hybrid membranes are shown in Figures 13 a,
c, e, and the microstructure of Fe2Os/TiO2 NWs/cellulose and CuO/TiO. NWs/cellulose is
shown in Figures 13 b, d, f. The Fe.Os particles clumped together in the Fe;Os/TiO-

NWs/cellulose membrane, leading to larger agglomerates and pores.
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Figure 13. Photograph and SEM images of (a, b); TiO2 NW/cellulose; (c, d); Fe2O3/TiO>
NWi/cellulose and (e, f); CuO/TiO2 NW/cellulose hybrid membranes

Figure 14 a, c, and e shows the as-prepared WO3 NW(/cellulose (Figure 14 a), Fe.O3/WO3
NW/cellulose (Figure 14 c) and CuO/WO3 NW/cellulose (Figure 14 e) hybrid membranes. In
contrast, Figure 14 b, d, and f shows the microstructure of WOz NW/cellulose (Figure 14 b),
Fe203/WO3s NW/cellulose (Figure 14 d), and CuO/WO3z NW/cellulose (Figure 14 f) hybrid
membranes. Because of the smaller individual particle size of the CuO nanoparticles, the

CuO/WOs NWs/cellulose membrane exhibited a larger pore size.
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Figure 14. Photographs and SEM images of (a, b) WOs NW/cellulose (c, d) Fe2O3/WOs
NW/cellulose and (e, f) CuO/WO3 NW/cellulose hybrid membranes
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Although nanowires-based nanocomposite and hybrid membranes were investigated using
SEM and TEM, these measurements did not reveal the 3D structure of the hybrid membranes.
The small size of the investigated area is one of the major limitations of using electron
microscopy techniques in the field of membrane technology. Therefore, uCT analysis was
conducted to learn more about the homogeneity and 3D morphology of the hybrid membrane
structure. The 3D cross-section analysis of the nanowires-based hybrid membranes is shown
in Figure 15 (a-1). The brighter forms in hybrid membranes denote cellulose's presence. At the
same time, the grey fibrous material originated from the nanowires decorated with
nanoparticles additives (Figure 15 a-1). The hybrid membrane structure was found to have a

roughly homogenous distribution of the nanocomposite additives and cellulose.
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Figure 15. 3D CT cross section analysis of TiO2 NW/cellulose (a, b), Fe.O3/TiO>
NW/cellulose (c, d), CuO/TiO2 NW/cellulose (e, f), WOz NW/cellulose (g, h), Fe203/WO3
NW(/cellulose (i, j) and CuO/WOs NW/cellulose hybrid membranes (k, I)

As shown in Table 4, the nanowires-based hybrid membranes' material volume values were
also calculated in the full 3D extension. The measured volume of the materials for TiO> NW
based hybrid membrane was the same in both instances (0.33 mm?). The resulting volume
percentages of materials were also very similar with only a 0.5% variation; according to the
results obtained, the 3D structure of the membranes developed is the same. The differences
seen in the E. coli and MS2 filtration studies are attributed to differences in the material quality
of the membranes rather than morphological differences. On the other hand, a substantial
difference was found when comparing the volume of material values, which were calculated
in the full 3D extension of the WOz NWs based hybrid membranes and shown in Table 4. It
was 43.8 % for the WOz NW/cellulose and 47.5% for the Fe>Os/WO3z NWSs/cellulose
membrane, but only 36.7% for the CuO/WOs NWs/cellulose membrane. Based on the findings
mentioned above, it is possible to conclude that although the 3D structure of the membranes
produced is relatively similar, the morphology of the membranes, particularly the volume of
material ratios is different. Besides the material quality, this may have contributed to the
differences seen during the bacteria and virus filtration experiments. Based on the results
obtained in uCT, as shown in Figure 15 the TiO2 NW-based hybrid membranes have a larger
pore size than that of WO3 NW-based hybrid membranes. This result is in good agreement with

the SEM and surface area measurements results.
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Table 4. Material volume values of the hybrid membranes

Sample Material \golume Volume percentage of
(mm?) material (%0)

TiO2 NWs/cellulose 0.42 48.0
Fe203/TiO2 NWs/cellulose 0.33 45.6
CuO/TiO2 NWs/cellulose 0.33 46.1
WO3 NW/cellulose 2.68 43.8
Fe203/WO3 NW/cellulose 2.42 47.5
CuO/WO3 NW/cellulose 1.12 36.7

5.1.2. Chemical compositions of pristine nanowires, nanowire-based
nanocomposites and hybrid membranes

After investigating the surface morphology of the as-prepared membrane materials by SEM,
HRTEM and uCT techniques, the chemical structure and chemical bonds were also examined
with different characterization methods. Firstly, EDS analysis was carried out to determine the
elemental composition (Figure 16). As can be observed in the case of TiO2> NWs (Figure 16 a)
the signals are originating from oxygen (O), titanium (Ti), and potassium (K) and copper (Cu).
While, in the case of WO3s NWs (Figure 16 b) the next most important signals which are the
tungsten (W) and (O) the copper (Cu) and carbon (C) was also indicated. The presence of other
elements, including potassium (K), copper (Cu) and carbon (C), originated from the TiO2 NW
preparation procedure (K) and the sample holder (lacey Cu TEM grid).
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Figure 16. EDS spectra of (a) TiO2 NWs and (b) WOs NWs

In order to confirm the presence of the CuO and Fe>Oz nanoparitlces on the surface of the as-

prepared TiO2, NW-based nanocomposite samples, EDS analysis was performed. As illustrated

in Figure 17 a and b; the results revealed that the most important signals were from titanium

(Ti), oxygen (O), potassium (K), iron (Fe), and copper (Cu). These signals confirmed the

presence of TiO2, Fe20s, and CuO in the samples. In the case of the Fe;Os/TiO> NW

nanocomposite sample, the (Cu) peak is originated from the sample holder (lacey Cu TEM
grid), and the (K) peak was due to the residual KOH used in the preparation of the TiO2, NW.

It was also observed that the copper (Cu) signal is significantly stronger in the case of

CuO/TiO2 NW sample, because these signals are originating not only from the lacey Cu TEM

grid, but also from the CuO decorated TiO2 NW-based nanocomposite.
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Figure 17. EDS spectra of (a) Fe203/TiO2 NW and (b) CuO/TiO2 NW nanocomposites
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Simultaneously, Figure 18 a and b show the EDS spectra of Fe,O3/WO3 NW and CuO/WOs3
NW nanocomposites. The results demonstrate that the most important signals come from
copper (Cu), tungsten (W), iron (Fe), and oxygen (O). The signals of the O, W, Fe, and Cu
peaks confirm the presence of WO3, Fe;03, and CuO in the nanocomposite powders. For the
Fe>O3/WOsNW nanocomposite sample, the Cu and C peaks can be attributed to the sample
holder (lacey Cu TEM grid). Similarly, the WOs NW-based nanocomposite the Cu peak is
stronger in the case of CuO coated WO3 NW sample than Fe.O3z decorated nanocomposite
powder, which confirms the presence of CuO nanopartilces in the sample next to the lacey Cu
TEM grid.
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Figure 18. EDS spectra of (a) Fe20Oz/WO3 NW and (b) CuO/WO3 NW nanocomposites

Additionally, EDS analysis was carried out on all the as-prepared hybrid membrane samples
to identify their elemental composition and verify the existence of Fe.Osz and CuO
nanoparticles. The EDS results shown in Table 5 reveal the atomic percentage (atomic%) of
the detected element in all samples (i.e., pure, composites and membranes). Titanium (Ti),
tungsten (W), oxygen (O), and carbon (C) signals indicated that cellulose, TiO2 and WOz were
present in the hybrid membranes. Moreover, iron (Fe) and copper (Cu) signals were detected,
which were correlated to the Fe-O3 and CuO nanoparticles, respectively. We also found traces
of other elements such as potassium (K) and sodium (Na) originate from the TiO> NW, WOs3
NW and Fe>O3 preparation process. The obtained results are in good correlation with HRTEM
and SEM.

44



Table 5. Elemental (EDS) analysis in atomic percentage (%) of the nanowires, nanowires-
based composites and nanowires-based membranes

Sample name C Ti O W K Na Fe Cu

TiO2 NW - 34 63 - 2 - - 1

WO3 NW - - 76 23 - - - 1
Cellulose 45 - 55 - - - - -

TiO2 NW/cellulose 33 14 50 - 3 - - -
WO3 NW/cellulose 36 - 48 14 - 2 - -
Fe203/TiO2 NW 13 28 47 - 4 - 5 3
CuO/TiO2 NW 16 28 48 - - - - 8
Fe203/WO3 NW 7 - 24 55 - ) 6 3
CuO/WOs3 NW 9 - 20 61 - 2 - 8
Fe203/TiO2 NW/cellulose 20 23 50 - 3 - 3 1
CuO/TiO2 NW/cellulose 25 11 58 - 2 - - 4
Fe.03/WO3 NW/cellulose 32 - 48 16 - 2 2 -
CuO/WO3 NW/cellulose 31 - 49 14 - 2 - 4

5.1.3. Structural properties of pristine nanowires, nanowire-based nanocomposites
and hybrid membranes

In the previous chapters, we have presented the surface morphology and chemical compositions
of nanowires, nanowires-based nanocomposite, and nanowires-based hybrid membranes. In
the next step, XRD analysis was carried out to identify and characterize the crystal structure of
the as-prepared nanowires Figure 19. The diffraction peaks are located at around 25°, 33.8°,
39.2°, 48°, 54.2°, 56.5°, 66.4° and 68.8°, corresponding to (101), (211), (220), (200), (105),
(213), (004) and (403) refer to tetragonal anatase phase with lattice parameters a=b=3.784 A,
c= 9.514 (JCPDS 21-1272) (Figure 19 a). The other peaks located at 27.4°, 36.1° and 41.2°
correspond to (110), (101) and (111) relate to rutile phase (JCPDS no-21-1276). Furthermore,
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the diffraction peaks at 11.4°, 29.2°, 42.9°, and 59.8° correspond to the monoclinic phase of
potassium hexatitanate K>TigO13 with lattice parameters a= 15.593, b= 3.796, c= 9.108 (PDF
no. 40-0403) and represent the crystallographic planes (200), (310), (602), and (610). These
findings are consistent with [180]. In the same context, The diffraction peaks observed at angles
of 14°, 18°, 22.7°, 24.3°, 26.8°, 28.1°, 33.6°, 36.5°, 37.6°, 42.8°, 44.3°, 46.5°, 49.8°, 52.2°,
53.5°, 55.4°, 57.5°, 58.5°, and 63.5° correspond to the crystallographic planes (100), (111),
(001), (110), (101), (200), (111), (201), (210), (300), (211), (002), (220), (310), (112), (221),
(202), (400), and (401), respectively. These peaks are indicative of the hexagonal structure of
WO3 NW, with lattice parameters a=b= 7.298 and c= 3.897 (PDF no. 75-2187) (Figure 18 b).
All these results are in agreement with [181,182].

(@)
—_ e Anatase
= ¢ Rutile
X * K,TigOy5
2
‘»
c °®
2 »
£
-
g % 1
© . B o
£ ¢ @
(=)
z =
= 3
® ® e

10 20 30 40 50 60 70
20

46



(b)
T .\V03
S
L
=
w
{ = )
[<}]
-
=
=)
)]
N °
©
&= o
o o
= . ° e e .
® ® lle oo® ee o ®
......... e S e
10 20 30 40 50 60 70
20

Figure 19. XRD analysis of (a) TiO2 NWs and (b) WOs NWs

The crystal structure of the as-prepared nanocomposites and membranes was identified using
XRD analysis. The diffraction peaks at 25.1°, 33.2°, and 39.2° in Figure 20a correspond to
crystallographic planes (012), (104), and (110), respectively. The peaks come from hematite
(a-Fe203) as identified by (JCPDS 33-0664). The diffraction peaks at around 25°, 36.2°, 37.5°,
38.5°, 48.0°, 54.3° and 56,6° correspond to the (101), (103), (004), (112), (200), (105) and
(211) reflections, respectively, and relate to tetragonal anatase phase of the TiO2 NW (JCPDS
21-1276). Furthermore, the diffraction peaks at 24.2°,29.2°, 43.2°, and 60.1° correspond to the
crystal phase (002), (310), (602), (610) of monoclinic potassium hexatitanate K>TisO13 (PDF
no. 40-0403). Cellulose diffraction peaks (PDF no. 03-0289) were detected at 16.3°,22.7°, and
34.5°, corresponding to the crystal planes (110), (110), (200), and (400) reflections. All these
findings are in agreement with previous reports [183, 184, 185]. Figure 20 a below clearly
illustrates the unique occurrence of Fe,Os3, without any other forms of iron oxide (hamely, FeO
and Fe304) being identified. Moreover, a noticeable peak shift in the characteristic peaks of
TiO2 NW after Fe2Oz loading is observed. For instance, the peak at 42.9° shifts to 43.2°, which
can be attributed to the replacement effect. This effect occurs when Fe ions replace Ti ions at
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specific locations, resulting in the incorporation of Fe ions into the TiO; lattice [186, 187, 188,
189] To support this statement, we calculated the interplanar spacing (d-spacing - the distance
between interatomic) using Bragg's law. The result clearly shows that the d-spacing reduced
from 2.106783 to 2.090479, providing strong evidence that the TiO> NW is subjected to

compressive strain after loading additives.

To investigate the effect of additives on the lattice parameters of nanowires, firstly, the lattice
constants were calculated based on the data obtained from the as-prepared materials and then
compared with JCPD cards. The results show that the lattice constants of TiO> NW changed
from a=b=3.786 A, c=9.43 A to a=b=2.67 A, c= 10.88 after Fe,Os particles attached on TiO;
NW surface, then a=b=2.67 A, c=10.86 for the Fe,O3/TiO2 NW/cellulose membrane.

v Cellulose —— Fe203/TiO2 NW/Cellulose
(a) « TiOg NW —— Fep03/TiO NW
+ FepO3 TiO2 NW/Cellulose

Normalized Intensity (a.u.)

15 20 25 30 35 40 45 50 55 60 65 70
20 (°)

Figure 20 b shows the XRD analysis of the TiO, NWs-based nanocomposite and hybrid
membrane. The diffraction peaks at 38.3°, 49.4°, and 55° index to (200), (202), and (020)
reflections, respectively, related to the monoclinic crystal phases of copper oxide (CuO) as
identified by (JCPDS 45-0937), which agreed with [190], [191]. Figure 20 b below clearly

demonstrates the absence of Cu20 or any other forms, as only characteristic CuO peaks were
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detected. Furthermore, a noticeable shift in TiO2 NW peaks can be observed after CuO loading.
Specifically, the peak at 42.9 (d-spacing = 2.106783) shifted to 43.28 (d-spacing = 2.088816).
This phenomenon has been previously explained [192, 193]. The lattice parameters of TiO>
NW were confidently altered from a=b=3.783 A, ¢=9.43 A to a=b=3.789 A, ¢=8.987 A after
CuO particles attached to the TiO> NW surface. Furthermore, the lattice parameters were
changed to a=b=3.786 A, ¢=8.987 A for the CuO/TiO> NW/cellulose membrane.

v Cellulose —— CuO/TiO2 NW/Cellulose
(b) « TiOz NW —— CuO/TiO2 NW
* ¢+ Cu0 ®* —_TiO2 NW/Cellulose

Normailzed Intensity (a.u.)

15 20 25 30 35 40 45 50 55 60 65 70
20 (°)

Figure 20. XRD of (a) Fe203/TiO2 NW/cellulose and (b) CuO/TiO2 NW/cellulose
hybrid membranes

Figure 21 shows the XRD investigations of WOz NWs-based nanocomposites and membranes,
the diffraction peaks at 19.1, 33.4, and 44.5 indexed to (012), (104), and (113), respectively,
correspond to Hematite (a-Fe203) (JCPDS 33-0664). The diffraction peaks at 14.4, 24.9, 28.5,
36.9, 43.1, 50.3, 55.8, 58.7, and 63.7 correspond to reflections at (100), (110), (200), (201),
(300), (220), (202), (400), and (401), respectively, belong to the hexagonal structure of WO3
NW (PDF No. 75-2187). The diffraction peaks at 23.2 and 34.6 correspond to (200) and (400)
reflections, respectively, are identified as crystal planes of cellulose (PDF No. 03-0289) (Figure

49



21 a). All these results agree with [134, 137, 194]. Furthermore, Figure 21 b shows the results
of the XRD analysis of the CuO/WO3 NWs/cellulose hybrid membrane. The diffraction peaks
seen at 38.6 48.8, and 53.7 indexed to reflections (200), (202), and (020) corresponding to
monoclinic crystal phases of the copper oxide (CuO) (JCPDS card number 45-0937). These
findings agree with [195]. Many peak shifts can be observed in WO3 diffraction after loading

additives for the same reasons described earlier.
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Figure 21. XRD of (a) Fe203/WO3z NW/cellulose and (b) CuO/WO3s NW/cellulose hybrid
membranes

In the next step, we wanted to answer the question of whether chemical bond(s) were formed
between the membrane components. In order to demonstrate the chemical interaction between
cellulose and the nanowires-based nanocomposite additives, Raman spectroscopy analysis was
carried out. The Raman spectra of the CuO/TiO> NW and Fe>O3/TiO2> NW nanocomposites
(black curves), the pristine cellulose (red curves) and the as-prepared CuO/TiO2, NW/cellulose
and Fe203/TiO2 NW/cellulose hybrid membranes (blue curves), respectively. Figure 22 a
exhibits Raman spectra with peaks at 143 cm™, 412 cm™, and 638 cm™, representing the Eq
(144 cm™), Big (399 cm™), and E4 (639 cm™) modes of anatase TiO- crystals [196] and peaks
at 284 cm™ and 636 cm™ correspond to the Aq (296 cm™) and Bag (636 cm™) modes of CuO
crystals [197]. In Figure 22 a, red curve shows the characteristic cellulose peaks found at 138,
1097, 1365, and 1650 cm™ [198]. In the spectrum of the hybrid membrane shown in Figure 22
a, blue curve shift was seen in the characteristic peaks of the CuO/TiO2 NW nanocomposite
and cellulose. Also, as shown on the hybrid membrane's spectrum, three new peaks show at
1028, 1439, and 1549 cm™ (marked with green arrows in Figure 22a). As there are no
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characteristic peaks of the nanocomposite and cellulose in this area, these bands likely resulted
from the interaction of the oxygen-containing surface functional groups of cellulose and the
CuO/TiO2 NW nanocomposite. The Raman spectra of the Fe.Oz/TiO> NW/cellulose hybrid
membrane exhibits three peaks at 143, 450, and 659 cm™, which correspond to the Eq (144 cm
1, B1g (399 cm™1), and Eq (639 cm™®) modes of anatase TiO, crystals [140], while peaks at 286,
658, and 880 cm™ correspond to the Eq (293, 613, and 814 cm™) modes of a-Fe2Oj3 crystals
[199]. The characteristic peaks of the Fe2O3/TiO2 NW nanocomposite and cellulose were
slightly shifted in the spectra of the Fe2O3/TiO2 NW/cellulose hybrid membrane (Figure 22 b
blue curve), similar to the CuO/TiO2. NW/cellulose membrane (Figure 22 a). Moreover, two
additional peaks are visible at 993 and 1516 cm™ (marked green in Figure 22 b). These peaks
can be attributed to the interaction between cellulose's oxygen-containing surface functional
groups and the FeO3/TiO2 NW nanocomposite. The cellulose fibers and CuO/TiO2 NW,
Fe>03/TiO2 NW nanocomposites could form non-covalent interactions, most likely hydrogen

bonds, which would cause band shifting and new characteristic peaks [200].
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Figure 22. Raman analysis of (a) CuO/TiO2 NW/cellulose and (b) Fe2Os/TiO>
NW/cellulose hybrid membranes

In the same context, Raman spectra of CuO/WO3 NW and Fe203/WO3 NW nanocomposites,
pristine cellulose and as-prepared CuO/WOs NW/cellulose and Fe>O3/WO3 NW/cellulose
hybrid membranes are shown in Figure 23 a and b, respectively. Raman analysis was conducted
to prove the chemical interaction between membrane components, i.e., the chemical interaction

between WO3 based-inorganic nanoparticles and cellulose.
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Figure 23. Raman analysis of (a) CuO/WO3 NW/cellulose and (b) Fe2O3/WO3

NW(/cellulose hybrid membranes
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According to the Raman spectra in Figure 23 a, the formation of the vibration of O-O bonds
(at 130 cm™), the bending vibration of the bridging oxygen of W-O-W bonds (318 cm™), and
the stretching vibration bonds (706 cm™) are all represented by peaks [201]. The peak at 934
cm™ corresponds to the W=0 bonds of hexagonal WO3 nanowires, while the stretching
vibration of O-W-O bonds induces the peak at 800 cm™ [202]. The peak at 266 cm™ originates
from CuO nanocrystals [203]. As seen in Figure 23 a, red curve, the cellulose peaks may be
located at 127, 1097, 1365, and 1650 cm™ [198]. Most of the WO3 NW and the CuO
nanoparticles peaks in the spectrum of the hybrid membrane were shifted, as shown in Figure

23 a, blue curve.

Furthermore, the Raman spectra in Figure 23 b for the Fe2O3/WO3 NW/cellulose hybrid
membrane exhibit peaks at 109, 320, and 683 cm™, which correspond to the formation of
vibration of O-O bonds (109 cm™), the bending vibration of bridging oxygen of W-O-W
bonds (320 cm?), and the stretching vibration bonds (683 cm™). The peak at 925 cm™ is created
by the -W=0 bonds of hexagonal WO3 nanowires, while the stretching vibration of O-W-O
bonds induces the peak at 804 cm™. The peak at Eq 240 cm™ is correspondingly associated with
the a-Fe>O3 crystals' mode [178]. The Fe.03/WO3 NW nanocomposite and cellulose peaks
were slightly shifted in the spectra of the Fe203/WO3 NW/cellulose hybrid membrane (Figure
23 b blue curve), similar to the CuO/WOs NW(/cellulose membrane (Figure 23 a). The
CuO/WO3 NW, Fe;03/WO3 NW nanocomposites and cellulose fibers could format non-
covalent interactions, most likely hydrogen bonds, which would cause band shifting peaks and

explain the phenomena mentioned above [204].

FT-IR analysis was carried out for additional characterization and to definitively confirm a
chemical bond formed between the membrane components. In addition to reference cellulose
(black curve) and TiO2> NW/cellulose (red curve), Figure 24 also shows the IR spectra of the
hybrid membranes (blue and brown curves) in the range of 400-800 cm™. The vibrational
bands made up primarily of metal-oxygen stretching are present at low frequencies. The TiO>
NW/cellulose has two bands with an intensity of 439 and 584 cm™, and cellulose has five bands
with intensities at 434, 518, 557, 609, and 663 cm™, as can be seen from the black curve. In the
case of hybrid membranes, the peaks mentioned above were slightly shifted, from 439 cm™ to
440 cm* and 442 cm™* and from 584 cm™ to 586 cm™, most likely due to chemical interactions
between the CuO, Fe;0s, and TiO2 NW nanoparticles. In addition, a new band at 669 cm™
(marked by green) can be seen in the spectra of both hybrid membranes attributed to the metal-

oxygen stretching band as a result of the interaction between TiO> NW and CuO and Fe,O3
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nanoparticles, as there are no recognizable bands of the pristine components in this region
[205,206].
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Figure 24. FT-IR analysis of cellulose (black curve), TiO> NW/cellulose (red curve), CuO
ITiO2 NW/cellulose (blue curve) and Fe2Os/TiO2 NW/cellulose (brown curve)

Figure 25 shows the FTIR spectra of the WOz NW based hybrid membranes (blue and green
curves) in addition to the reference cellulose (black curve) and WOz NW/cellulose (red curve).
This low-frequency range is dominated by vibrational metal-oxygen stretching bands. The
black curve shows that cellulose has five bands with considerable intensity at 434, 518, 557,
609 and 663 cm™, whereas the WO3 NW/cellulose has four bands with significant intensity at
434,483, 611, and 807 cm'™. In the case of hybrid membranes, the previously mentioned peaks
shifted slightly, from 434 cm™ to 435 and 433 cm™, from 483 cm™ to 480 and 485 cm™, from
611 cm* to 599 and 608 cm™*, and from 807 cm™ to 802 and 809 cm, likely due to the chemical
interaction between the CuO/WO3 NW, Fe>O3/WO3 NW nanocomposites and cellulose fibers.

56



~—Fe,0,/WO, NW/cellulose
— CuO/WO, NWicellulose
—— WO, NWicellulose .=~
—Cellulose

608 cm”'

808 cm™

. 485¢cm’
s 433 cm’

599 cm™'

Absorbance (a.u.)

4 609 cm'' 55 4
663 cm oo7.m 518 cm” 434 cm™

N

1000 900 800 700 600 500 400
Wavenumber (cm‘1)

Figure 25. FT-IR analysis of cellulose (black curve), WOz NW/cellulose (red curve),
CuO/WOs NW/cellulose (blue curve) and Fe2O3/WO3 NW/cellulose (green curve)

5.1.4. Textural and surface properties of pristine nanowires, nanowire-based
nanocomposites and hybrid membranes

The final characterization step is to determine the surface properties for as-prepared materials
such as the specific surface area and surface charge because they are essential factors in the
adsorption and photocatalytic process in water treatment. Initially, the N> adsorption technique
was applied to characterize the as-prepared materials to determine their specific surface area
of each sample, as shown in Table 6.
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Table 6. Specific surface area of the as-prepared nanowires, nanowires-based composite,
nanowires-based hybrid membranes

Specific Surface Area

Sample Name (m2g)
TiO2 NW 168
WO3 NW 16
Cellulose membrane 6
TiO2 NW/cellulose 64
WO3 NW/cellulose 14
Fe203/TiO2 NW 146
CuO/TiO2 NW 139
Fe203/WO3 NW 7
CuO/WO3 NW 6
Fe203/TiO2 NW/cellulose 122
CuO/TiO2 NW/cellulose 117
Fe203/WO3 NW/cellulose 8
CuO/WO3 NW/cellulose 5

As we can see above, the specific surface areas of TiO, NW and WO3 NW were 168 m?/g and
16 m?/g, respectively, and the specific surface area was reduced slighltly after loading
inorganic nanoparticles: this phenomenon is attributed to the coverage effect when the
inorganic nanoparticles tend to agglomerate and cover a portion of the nanowires surface [107].
Also, incorporating nanowires into cellulose resulted in a decrease in their specific surface area

due to the mesoporous structure of nanowires being covered by cellulose [207].

To gain more information about the pore system of as-prepared nanowires-based hybrid

membranes, the adsorption/desorption isotherm was carried out, as shown in Figure 26.

58



3004 |-=- Adsorption ’J 3501 —=— Adsorption 'J
e | e Desorption a o B » - Desorption b .
9 250 " L |
9 v 1‘ 9

”E . ©_ 25 - ‘.
S 2004 ‘ “ E .
H . B 200 4 /'y
£ 1504 74 § .
§ A F o
e 100 e 100 P
= ’/. = g
O o5 = G —
> % —___ o > 50 -

manmaun & -
e ;-
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Relative Pressure (P/Po) Relative Pressure (P/Po)

35 25
s —e— Adsorption —=— Adsorption|
g1 —+— Desorption c 5 o . Desorptioni d
»

Eczs- G
§ e 5, 15
8 154 g § 10 -4
2 3
10
S s E >
o L
L) T T T T 0 1 T T ' L]
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 08 0.8 1.0
Relative Pressure (P/P,) Relative Pressure (P/P,)
zs - e e - zs
= Adsorption| —=— Adsorption
g -~ Desorption| e| J g | = Desompion f

. 1 Ba ;
c ) B a
o M 1 b

Sid el § d
S el = 15+ E
: 1 ¢
a

10 % & 10 - -
g ¥ 3 2
-5 5+ - ’ # 3 5 z ‘ :
> >— o > I ol *

o—0—— 1 -
0 !. T T T T 0 IF. T T T L
0.0 02 04 08 0.8 1.0 0.0 0.2 04 06 0.8 1.0
Relative Pressure (P/Po) Relative Pressure (P/Po)

59



100 - = Adsomption

& « Desorption g '

el a

o

N % :

£

A >

i | :

s »

8 -
n

g w :

E <

I ey

- ;

> o

- ® =
..—.-- -
o 1 o . n 1
0.0 0.2 0.4 06 0.8 1.0

Relative Pressure (P/Po)

Figure 26. Adsorption/desorption isotherms of a) Fe.O3/TiO2 NW/cellulose, b) CuO/TiO>
NW/cellulose, c) Fe203/WO3 NW/cellulose, d) CuO/WO3 NW/cellulose, €) cellulose, f)
WOz NW/cellulose, g) TiO> NW/cellulose

Figure 26 demonstrates that all samples exhibit type Ill adsorption/desorption isotherms, as
classified by IUPAC, indicating mesoporous materials with a pore size range of 2-50 nm and
type H3 hysteresis, which confirms a slit-like layered pore structure [112]. Although the
specific surface area of nanowire’s-based hybrid membrane was reduced, the performances
were enhanced by reducing the band gap or inhibiting the electron-hole recombination rate,
which enhanced the photodecolorization ability against MB [106], [110], [196], [208].

Besides specific surface area, surface charge is considered one of the most critical factors in
some wastewater treatment processes, especially filtration. Therefore, zeta potential
measurement was conducted. The zeta potential ({) of the hybrid membranes was assessed at
pH 7.0, as shown in Table 7. Before the experiments, the materials were suspended in deionized
water to achieve the desired concentration of 0.1 wt.%. Each measurement was repeated three
times. By investigating the potential of cellulose, TiO2 NWs/cellulose, and hybrid membranes
(), we can assess whether CuO and Fe»>Os nanoparticles attached to the surface of TiO>
NWs/cellulose can enhance the efficiency of virus retention. Pristine cellulose had a negative
zeta potential of (-32.2 mV), while after functionalization the hybrid membranes became more
positively charged at (-18.2 and -10.4 mV). The surface treatment of hybrid membranes
increases the isoelectric point (IEP), resulting in a higher positive charge on the surface and
higher electrostatic contact with bacteriophages. As a result, the filtering effectiveness of MS2
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may also increase. Since MS2 has an ({) potential of about (-30 mV) [209], it is unexpected to
have a high viral retention value from pure cellulose with a zeta potential of (-32.2 mV).
Contrarily, it has been demonstrated that Fe2Os and CuO nanoparticles have positive ()
potentials at pH 7.0 [210]. As shown in Table 7, it can also be concluded that the surface
functionalization of TiO2 NWs by incorporating CuO and Fe2O3 nanoparticles caused the zeta
potential values in the case of hybrid membranes to shift to a less negative region. According
to these results, the surface electric characteristics of TiO, NWs-based membranes are
presumably more suitable for the retention of MS2 bacteriophages.

In case of WO3 NW based hybrid membrane, the ({) potential of WO3 NWs/cellulose, and
hybrid membranes has been also analyzed, and it was determined that the CuO and Fe.O3
nanoparticles adhered to the surface of WOs NWs could also increase the efficacy of virus
retention. The zeta potential of the functionalization of hybrid membranes increased their
positive charge (-14.5 and -7.6 mV). The surface treatment increases the isoelectric point (IEP),
resulting in a higher positive surface charge. The hybrid membranes' surface interacts with
bacteriophages through electrostatic forces, as a result, the filtration efficacy of MS2 may also
increase. Additionally, the coating of CuO and Fe2O3 nanoparticles to the surface of WOz NWs
altered the zeta potential values for the hybrid membranes to a less negative region, as shown
in Table 7. These results indicate that the surface electric properties of WO3s NWSs-based
membranes are more favorable to the retention of MS2 bacteriophages.

Table 7. Zeta potential values of the pristine cellulose and the nanowires-based membranes at

pH 7.0

Sample Zeta (§) potential (mV)
Cellulose -322+1.1
TiO2 NWs/cellulose 279+ 1.0
Fe203/TiO2 NWs/cellulose -182+0.5
CuO/TiO2 NWs/cellulose -104+0.3
WO3 NWs-cellulose -21.4+0.8
Fe>03/WO3 NWs/cellulose -145+0.5
CuO/WOs3 NWs/cellulose -7.6+£0.3
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Contact angle measurements were also applied to identify the hydrophilic and/or hydrophobic
character of the as-prepared membranes. It was found that, putting the water droplets on the
surface of the membranes they were highly absorbed, which can be attributed that the
membranes are super hydrophilic nature.

5.2. Applications of membranes

5.2.1. Adsorption and photocatalytic decolorization of methylene blue

Completing the materials science analysis and characterization of the as-prepared
nanocomposite powders and membrane materials, we investigated the photodecolorization
performance of as-prepared hybrid membranes. The adsorption capacity can be a non-
negligible factor in the removal process; thus, we conducted adsorption experiments on P25
and other membranes for 2 h, as shown in Figure 27. The adsorption capacities of TiO, NW-
based hybrid membranes appeared to be higher than those of WOz NW-based hybrid
membranes, which may be attributed to a higher specific surface area. Several studies have
reported that the adsorption ability of various organic pollutants can be enhanced onto Fe>O3

and CuO, making these compounds attractive membrane components for wastewater treatment

[100, 211].
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Figure 27. Adsorption and photodecolorization activity of P25 (red line), Fe203/TiO>
NW/cellulose (blue line), CuO/TiO2, NW/cellulose (green line), Fe2O3/WO3 NW/cellulose
(purple line), and CuO/WO3 NW/cellulose (orange line) hybrid membranes in MB tests
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The decolorization performance of the as-prepared membranes was evaluated under UV light
irradiation against methylene blue dye. Figure 27 shows the MB removal efficiency of the P25,
and the as-prepared hybrid membranes under UV irradiation. As it can be seen the TiO2 NW-
based hybrid membranes showed significantly higher MB removal affinity compared to the
WOz NW-based samples. The decolorization rates of Fe;O3/TiO> NW/cellulose and CuO/TiO»

NW/cellulose membranes were approximately 90% in the cases of both samples.

It is essential to note that only P25 and hybrid membranes are shown here because it has been
reported that pure cellulose exposed to UV light causes structural deformations. It was one of
the main reasons that we utilized a smaller amount of cellulose in the hybrid membranes. The
substantial removal of MB by the membranes indicates their ability to degrade organic dye
molecules. The outstanding decolorization efficiency may be attributed to the synergistic
effects of TiO2 NWs with nanoparticles (Fe2Os, CuO) on their surface and the adsorption of
MB on cellulose. In addition, since pure cellulose does not contain any photocatalyst, it is not
anticipated that a pure cellulose membrane would possess photocatalytic activity. Also, the
high specific surface area of both Fe2Os/Ti02, NW/cellulose and CuO/TiO2 NW/cellulose is an
essential factor in decolorizing MB by providing a high number of active sites on their surface,

resulting in the adsorption of large numbers of MB molecules.

Based on our results and other studies (mentioned in literature), we can conclude that
CuO/TiO2 and Fe20s/TiO2 have outstanding photodecolorization activity against MB, as
shown in Figure 27. However, comparing our results with other studies shows that the as-
prepared membranes (Fe.O3/TiO> NW/cellulose and CuO/TiO2> NW/cellulose) were more
efficient than others due to several reasons, such as the decolorization rate was 90% under only
60 min of UV light, and the most crucial reason is that other studies used different
nanocomposites. Hence, they need more equipment’s to separate them from the solution. On
the other hand, here we would like to highlight that our membranes were moderately stable
after 60 min application. It was one of the reasons that we used 60 min irradiation, although
we applied 2h adsorption tests before the photodecolorization reactions were started. While the
photocatalytic activity of the WOz NW-based hybrid membranes was also measured by
removing methylene blue (MB) after 60 min of exposure to UV light as shown in Figure 27.
The results indicate that the maximum decolorization efficiency of the CuO/WO3 NW/cellulose
membrane is approximately 63% compared to 50% of the Fe,O3/WO3 NW(/cellulose

membrane. In addition, according to the literature, Fe2Os has a lower photocatalytic activity
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than CuO [212]; as a result, it can improve the catalytic efficiency of the CuO/WOs3/cellulose
membrane. In our investigations, high-pressure tanning lamps (Cosmedico®, Cosmedico,
Stuttgart, Germany) were utilized, eliminating visible light emission. Therefore, no cut-off
filter was necessary. Some studies used the same materials mentioned to highlight our results
and give a better comparison with others, such as Zhao's investigation of the photodegradation
of MB using WOz/Fe>0O3 under visible light. The results show the degradation rate was 72% at
4h of light exposure [208]. Al Safari et al. evaluated the photocatalytic performance of
CuO/WOs towards MB; they found the degradation activity rate was 86.5% under visible light
within 90 min [213]. Which means that the Fe2O3/WO3 and CuO/WOs3 can be only effective
under visible light, while in our study, both can be used under UV light. This section clearly
states that tungsten oxide can serve as an effective photocatalyst capable of visible light [214]
and UV light [215], while titanium oxide is only effective in UV light.

5.2.2. E. coli filtration experiment

Control tests were conducted before starting the filtration testing to explore the possibility of
adsorption on the funnel membrane holder without using membranes. Figure 28 shows the E.
coli removal efficiency values of as-prepared membranes. In TiO, cases, membranes
containing TiO2, NW-based inorganic nanocomposite additives demonstrated significantly
greater E. coli removal (Figure 28, red and green columns) than membrane built using only
TiO2 NW and cellulose without the addition of Fe2O3 and CuO nanoparticles (Figure 28, orange
column). As can be seen, the Fe203/TiO2 NW/cellulose membrane achieved the highest E. coli
removal efficiency of 61%. (Figure 28 red column). In addition, the performance of the
CuO/TiO2 NW/cellulose membrane was enhanced (Figure 28, green column, 51%) compared
to the performance of the pure TiO2 NW/cellulose membrane (Figure 28, orange column, 39%).
Although the removal efficiency of the pure cellulose membrane was also measured, it was not

included in Figure 28 because gravity-driven filtration with this membrane was not practicable.

64



[] Tio,NW/cellulose
Il Fe,0,/TiO,NW/cellulose

100

5 1 cuorTio ,NWicellulose
~ 90 4l WO,NW/cellulose

P {[_]Fe,0,WO,NWicellulose
o

= 80 1 cuowo Nwicellulose
2 70

= !

= 60-

o .

. 50 )

2 40-

§ 30 y

o 20-

S 10-

K 0

Figure 28. E. coli removal efficiency (BFE%) of as-prepared membranes

Based on the findings mentioned above, it was discovered that incorporating Fe2O3/TiO2 NW
and CuO/TiO2 NW nanocomposites into hybrid membrane structures increased the bacteria
removal efficiency, as shown in (Figure 28, columns orange, red and green). Consequently, the
exceptional filtration performance of hybrid membranes indicates that the removal properties
of the membranes are primarily attributable to the nanocomposite Fe.O3/TiO, NW and
CuO/TiO2 NW additives.

The E. coli removal efficacy values of WOz NW-based membranes can also be seen in Figure
28. The membrane containing Fe203/WQO3z NW nanocomposite eliminated significantly more
E. coli (Figure 28, yellow column) than the membrane containing CuO/WQO3z NW (Figure 28,
pink column). The removal efficiency of the WO3 NW/cellulose membrane (blue column in
Figure 28; 92%) was not substantially greater than that of the Fe2O3/WO3 NW/cellulose
membrane (89%). While the CuO/WO3; NW/cellulose membrane had a retention efficiency of
69% for E. coli. These results are strongly correlated with the material volume determined
using 3D uCT. Based on our prior observations and [191], the E. coli filtration and removal
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process is primarily attributable to the size exclusion effect and not the electrostatic-based
adsorption force. Therefore, membranes with greater material percentage volume, such as WOs3
NW/cellulose membrane (43.8 %) and Fe,O3/WO3 NW/cellulose membrane (47.5 %), are
more likely to exhibit greater E. coli retention.

5.2.3. MS2 filtration experiment

The results of MS2 filtration experiments are shown in Figures 29 and 30. Both membranes
(TiO2 NW based hybrid membranes and WO3 NW based hybrid membranes) were found to be
capable of retaining MS2 bacteriophages as model contaminants, but their efficiencies were
substantially different. As shown in Figure 29 ¢ and Figure 30 green column, the CuO-coated
TiO2 NW membrane exhibited the most promising adsorption characteristics compared with
other TiO2 based hybrid membranes. The LRV of the CuO/TiO, NW/cellulose membrane
reached up to 2 at pH 7 (Figure 29 ¢ and Figure 30 green column), the LRVs of the Fe;O3/TiO>

NW/cellulose and TiO/cellulose membranes demonstrated notably lower virus retention

capacity. In the case of Fe>O3/TiO2> NW/cellulose membrane, the virus retention value was 1.2
LRV (Figure 29 b and Figure 30 red column), whereas it was only 0.6 LRV for TiO>

NW/cellulose membrane (Figure 29 a and Figure 30 orange column).
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While the results of MS2 filtration experiments of WO3 NW based hybrid membrane can also
be seen in Figures 29 d-f and 30. All membranes were found to be capable of retaining MS2
bacteriophages as model contaminants, but their efficiencies were substantially different. As
shown in the Figures 29 f and 30 pink column, the CuO-coated WO3 NW membrane exhibited
the most promising adsorption properties, the LRV of the CuO/WO3 NW/cellulose membrane
was up to 2.5 at pH 7 (Figure 30 pink column), the LRVs of the Fe.O3/WO3z NW/cellulose and
WO3 NW/cellulose membranes demonstrated significantly less virus retention capacity. The
Fe203/WO3 NW/cellulose membrane had a virus retention value of 1.6 LRV (Figures 29 e and
30 yellow column), whereas the WOz NW/cellulose membrane had a 0.9 LRV (Figures 29 d

and 30 blue column).

Based on the results and as previously reported, the specific surface area and the electrostatic
force between the bacteriophages and the adsorbents are crucial parameters for virus rejection
during virus filtration [216]. The increased virus retention value of the CuO/WO3; NW/cellulose
membrane can be explained by two primary phenomena: the inactivation of virions by CuO
nanoparticles and their electrostatic adsorption on the membrane surface [217]. The adsorption
properties of TiO2 NW-based membranes against MS2 were also investigated and described
above. Comparing the MS2 adsorption results of WOz NW and TiO, NW-based hybrid
membranes, it was found that the WOs NW-based hybrid membranes had higher retention
capacity in each case. Based on the obtained results, it can be stated that in addition to the
electrostatic interaction between the bacteriophages and the nanoadsorbents, the material

quality of the nanowire can contribute significantly to viral filtration.

To measure the total dissolved Cu and Fe content through the filtration process, samples for
inductively coupled optical emission spectrometry (ICP-OES) measurements were prepared by
filtering pH 7.0 deionized water through a membrane under the previously described
experimental conditions. Table 8 reveals that in each instance, the amount of dissolved metal
ions was less than the WHO limits (Cu 2 mg/L; Fe-no health-based guideline value is proposed
for iron) [218]; consequently, the dissolution of Cu and Fe during filtration does not exceed the
international standards. Moreover, based on the obtained values, it is presumed that leaching

does not influence the results of E. coli and MS2 filtration experiments.
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Table 8. Determination of dissolved amount of Cu and Fe content by ICP-OES measurement

Sample Cu (ug/L) Fe (ng/L)
Fe203/TiO2NWs/cellulose 57 £0.0010
CuO/TiO2NWs/cellulose 46 +0.0003
Fe203/WO3 NWs/cellulose 62 +0.0010
CuO/WO3 NWs/cellulose 108 +0.0003

5.2.4. Toxicology experiment

Toxicology testing is considered a critical factor affecting the usability and applicability of as-
prepared membranes. After conducting the tests, it was found that none of the membranes
exhibited toxic properties under the experimental conditions employed (1 membrane immersed
in 500 mL of dilution water and 500 mL of filtered water, respectively). During the testing
period, no fish groups exhibited any mortality, concluding that all prepared membranes are not
toxic and environmentally friendly and considered a potential high-performance filter for water

purification.

6. Summary

This work aims to fabricate stable and self-supported membranes using nanowires-based
composite and cellulose fibers as a reinforcement material for water treatment applications.
The following conclusions can be obtained from the results of experiments acquired for this
PhD work:

e TiO2 NWs and WO3 NWs have been successfully synthesized using the hydrothermal
method. The morphology and average diameter were investigated by SEM and TEM
techniques, and the results revealed the average diameter for TiO> NWs and WOz NWs
was 2-10 and 60-140 nm, respectively. Furthermore, the crystal structure was identified

using XRD analysis.
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The synthesis of Fe203/TiO2 NWs and Fe203/WO3 NWs composite materials was made
successful using the hydrothermal preparation method. While CuO/TiO2, NWs and
CuO/WO3 NWs composite materials were synthesized using the solvothermal
technique. Using high-resolution transmission microscopy (HRTEM) to confirm the
dispersion of inorganic nanoparticles on the TiO> NWs and WOs NWs surface and
determine their average diameter. The result showed the average diameter of Fe,O3 and
CuO attached on TiO2 NWs surface was 20-30 and 2-3 nm, respectively. In contrast,
their diameter was 20-30 and 40-50 nm when attached on WOs NWs surface.
Moreover, Raman measurements confirmed the chemical interaction between TiO>

NWs, WO3 NWs and inorganic nanoparticles.

A new and novel type of cellulose-based hybrid membrane (Fe2O3/TiO2 NWs/cellulose,
CuO/TiO2 NWs/cellulose, Fe203/WO3 NWs/cellulose and CuO/WO3s NWs/cellulose)
was developed and characterized. uCT was performed to investigate the 3D
morphology and homogeneity for as-prepared membranes; for TiO.-based hybrid
membrane, no significant difference was observed in the membrane structures and a
slight difference in percentage by volume of materials. While in the WO3 NW-based
hybrid membrane, a significant difference was found. The percentage by volume of
materials value was 43.8 for the WO3 NW/cellulose, 47.5% in the case of Fe2O3/WO3
NWs/cellulose membrane, and the case of CuO/WOs NWSs/cellulose membrane, the
measured value was only 36.7%, which mean the difference in activity attributed to
materials quality and morphology. Raman measurements confirmed the presence of
chemical interaction between membrane components. Furthermore, the toxicology

measurements reveal that all as-prepared membranes have no toxic properties.

The photocatalytic decolorization of MB of the different as-prepared membrane
(Fe203/TiO2 NWs/cellulose, CuO/TiO2 NWs/cellulose, Fe2O3/WO3 NWs/cellulose and
CuO/WO3 NWs/cellulose) was presented. It was found by comparing the results that
CuO/TiO2 NW/cellulose has higher photocatalytic decolorization of MB obtained at 90
% for 60 min under UV. This finding is attributed to the high specific surface area of
TiO2 NW-based hybrid membranes.
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The antibacterial properties against Gram-negative E. coli bacteria of the as-prepared
hybrid membranes were studied. The results demonstrated that WOs NW/cellulose
showed a higher E. coli removal filtration value of 92 %. The primary factor responsible
for the filtering and elimination of E. coli is the size exclusion effect rather than the
electrostatic-based adsorption force. Membranes that have a higher percentage volume
of material, such as the WO3s NW/cellulose membrane (43.8%) and the Fe,Os/WOs3
NW/cellulose membrane (47.5%), are more likely to have a higher E. coli retention.

The antiviral properties of the different as-prepared membranes (Fe2Os/TiO>
NWs/cellulose, CuO/TiO2 NWs/cellulose, Fe,O3/WO3s NWs/cellulose and CuO/WOs3
NWs/cellulose) were also investigated. The antiviral properties of the as-prepared
hybrid membranes were studied against MS2 bacteriophage. The zeta potential was
used to determine the surface charge of the membranes, and the result showed that
cellulose has a negative zeta potential, and the hybrid membranes become more
positively charged due to functionalization. Since MS2 has an ({) potential of about (-
30 mV). CuO/WO3 NW/cellulose showed outstanding MS2 removal ability with an
effectiveness of up to 2.5 Log (99.9 %). The results indicate that both the electrostatic
interaction between the bacteriophages and the nanoadsorbents, as well as the material
quality of the nanowire, play a substantial role in viral filtering.
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7. New scientific results

1t thesis: Preparation of hybrid nontoxic membranes by applying cellulose as

reinforcement material.

Cellulose is an ideal candidate as an environmentally benign matrix material to fabricate self-
supported and stable membranes. Cellulose derivatives are preferably combined with other
types of fibrous materials, or the surface of cellulose fibers is decorated with various
nanoparticles. In this work, | have shown that it is possible to combine nanocomposites
containing two components with cellulose fibers while keeping the cellulose content relatively
low (20 wt%), resulting in stable and easy to handle membranes. Four different types of
additives such as Fe203/TiO2 NW, CuO/TiO2 NW, Fe;0O3/WO3 NW and CuO/WOs NW were
used for the cellulose-based membranes prepared by screening. Toxicological experiments

revealed that all the membranes thus produced do not exhibit toxic properties.

I confirmed that flexible self-supporting cellulose-reinforced hybrid membranes could be
synthesized by the combination of 20 wt% of cellulose and different types of nanocomposite
additives by using a simple papermaking method. Accurate determination of the cellulose
content was essential for the stability and applicability of the membranes to be produced. A
non-covalent chemical interaction between the cellulose reinforcement and the
nanocomposite additives was proven by Raman and FTIR investigations. Toxicology studies
showed that combining cellulose fibers with nanocomposites could open new pathways in

the field of environmentally friendly water treatment.
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2nd thesis: Application of cellulose-reinforced hybrid membranes for MB decolorization

Decolorization efficiency of the synthesized membranes was evaluated using methylene blue
dye as a model pollutant under UV light irradiation. Comparing the results of four types of
membranes Fe2O3/TiO2 NWs/cellulose, CuO/TiO2 NWs/cellulose, Fe203/WO3 NWs/cellulose,
and CuO/WO3 NWs/cellulose it was found the TiO> NW-based hybrid membranes showed
significantly higher MB decolorization affinity compared to the WOs NW-based samples.
Furthermore, | found that CuO decorated nanowire-based membranes showed higher MB
removal efficiency than those containing Fe2Os decorated nanowires in both cases. | verified
that CuO/TiO2 NWs/cellulose membrane showed the highest photocatalytic efficiency (90 %)
under 60 min of UV light.

I confirm that the material quality of the membrane components is essential to the efficiency
of hybrid membranes in the MB decolorization reaction. It was found that there is a
significant difference in performance between WOz and TiO2 based membranes, which is
closely related to the number of active binding sites on the surface of the membranes, the
adsorption capacity of the membranes and their surface charge. I confirm that applying 60
min UV irradiation the CuO/TiO2> NWs/cellulose membrane demonstrated the highest MB

decolorization efficiency with a percentage of 90%.
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34 thesis: Application of cellulose-reinforced hybrid membranes for bacteria (E. coli)

filtration

Comparing the TiO> NW-based membranes with the WO3 NW-based membranes in general
was concluded that in E. coli filtration experiments the WO3 NW-based membranes showed
significantly higher retention ability. Furthermore, it was found that the removal efficiency of
WO3 NW/cellulose membrane (92%) was not significantly higher than that of Fe2O3/WOs3
NW/cellulose membrane (89%). In contrast, the CuO/WOz3/cellulose membrane showed lower
E. coli retention with an efficiency of 69%. These results showed good correlation with the
material volume percentages measured by 3D uCT technique. | confirmed that WO3
NWs/cellulose has a higher material percentage volume, which plays an important role in
bacteria retention. Moreover, regarding inductively coupled optical emission spectrometry
(ICP-OES) measurements, | confirmed that the amount of metal ions dissolved through

filtration is less than the WHO limitation.

I confirm that the material volume of the cellulose-reinforced membranes has played a major
role in the filtration experiments. Higher material volume impacts bacteria retention
processes and significant E. coli removal (90%) can be reached by applying Fe,O3/WOs3

NWs/cellulose membrane.
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4™ thesis: Application of cellulose-reinforced hybrid membranes for virus (MS2)

filtration

The four types of hybrid membranes such as FeO3/TiO2 NWs /cellulose, CuO/TiO>
NWs/cellulose, Fe203/WO3z NWs/cellulose, and CuO/WO3 NWs/cellulose were compared, and
| verified that CuO/WO3 NWs/cellulose showed the highest MS2 retention showed up to 2.5
LRV (log removal value) at pH 7. Furthermore, it was also concluded that CuO decorated
samples and membranes provided higher virus retention values in both case than membranes
contained Fe>Os nanoparticles. By zeta potential measurements | confirmed that inorganic
nanoparticles improve the surface charge of the cellulose-reinforced membranes, which can

explain the enhancement in MS2 retention performance.

I confirm that material quality, the type of the applied nanowire and the chosen nanoparticle
plus the membrane surface charge can play a significant role and influence the retention
processes of MS2 bacteriophages. CuO/WO3 NWs/cellulose demonstrated the highest
antiviral retention up to 2.5 LRV at pH 7.
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