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Abstract: Water is essential for life; however, many people in developing countries, particularly in rural areas, lack
access to clean and safe piped water. Lack of appropriate water treatment makes such people to consume untreated
water containing biological and chemical pollutants, leading to diseases and even death. Hence, developing eco-friendly
technologies using available resources can help address this critical issue. In this study a-Fe,O3-TiO; coated polyester
membranes were employed the disinfection of water containing Escherichia coli (E. coli) as an indicator microorganism.
The coated and uncoated membranes were characterized by scanning electron microscopy (SEM), energy-dispersive X-ray
(EDX) spectroscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD). Antibacterial studies were
done through direct contact with bacteria (glass bottle test) and the flow test under sunlight irradiation at various initial
bacterial concentrations (2.45 x 103 to 2.45 x 10° CFU/mL). SEM images revealed the presence of the photocatalyst
within the membranes, and EDX confirmed the successful impregnation through component analysis. A clear inhibition
zone was observed around the coated membranes, 19 and 17 mm for 2.45 x 103 and 2.45 x 103 CFU/mL, respectively,
and no inhibition zone was observed around the uncoated membranes. The coated membranes achieved disinfection
efficiency of 91.3% in the glass bottle test and 98.30% in the flow test under sun light irradiation. The novelty of the study
is that a-Fe;03-TiO, impregnated photocatalytic membranes demonstrated excellent disinfection efficacy compared to the
uncoated membranes and can readily be applied for water purification in areas that lack centralized water treatment systems.
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1. Introduction

In recent years, numerous diseases have emerged, caused by various microbes such as bacteria, fungi, and viruses ',

which are transmitted by water?, food“, air>, and even clothing®. Ensuring that drinking water is free from microbial
contamination is critical, as even brief exposure can lead to waterborne illnesses. Consequently, regulations should
emphasize the verification of drinking water’s microbial safety. This is generally done by testing for indicator organisms,
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with Escherichia coli (E. coli) being the preferred standard. Thermotolerant coliforms can also be used, though they are
considered less reliable, yet still acceptable’.

Traditional water treatment procedures are frequently employed to address bacterial pollution, especially in areas
with low resources®. Boiling is one of the most basic and effective methods for killing germs and pathogens, as it include
boiling water for at least one minute”. Another common method for disinfecting water is chlorination, which includes
adding chlorine or sodium hypochlorite. It is frequently used in municipal and domestic water treatment because of its
cost-effectiveness and capacity to destroy bacteria and viruses. However, it must be carefully regulated to avoid dangerous

chemical consequences '°

. Filtration, using sand or ceramic filters, physically removes microorganisms from water. This
technology traps impurities and is frequently combined with disinfection techniques such as chlorination to assure safety '!.

Membrane separation processes are widely used for water treatment to remove bacteria and other contaminants,
providing an effective and sustainable solution. The most commonly used membrane technologies for bacterial removal are
microfiltration (MF) and ultrafiltration (UF). Both processes rely on pressure gradients to push water through the membrane,
while contaminants are retained on the surface or within the membrane structure. These techniques are chemical-free,
making them environmentally friendly, and are widely used in drinking water treatment, wastewater management, and
industrial applications. Membrane filtration is often combined with other disinfection methods, like chlorination or UV
treatment, to ensure complete bacterial inactivation, providing a reliable, scalable, and energy-efficient way to achieve
high water quality '%.

Nanoparticles, which range in size from 1-100 nm, effectively limit microbial growth, including Gram-positive and
Gram-negative bacteria, as well as fungi. Their antibacterial effectiveness originates from their capacity to disrupt cell
membranes, emit metal ions, and have inherent physical features. Metal-based nanoparticles, such as silver, copper, and
zinc oxide and titanium dioxide, exhibit variable antibacterial activity '*~'.

Recent advances in nanomaterials have sparked interest in creating next-generation membranes with improved
antifouling and anti-scaling capabilities for water and wastewater treatment. Key materials include silica, zeolites, metals
(Ag, Zr, Ti), metal oxides (TiO,, ZnO), metal-organic compounds, aquaporin proteins, and carbon-based materials such as
graphene and carbon nanotubes '®!7. Nanoparticles, particularly TiO,, are added to membranes to boost photocatalytic
capabilities for pollutant breakdown and disinfection. TiO,’s effectiveness in heterogeneous photocatalysis is affected by
pollutant concentration and light intensity. Nanocomposites are utilised extensively in wastewater treatment, medicine
delivery, and environmental cleanup '

Doping TiO; with ferric oxide (Fe,O3) has become a focus in photocatalytic research due to its ability to improve
sunlight absorption and overall photocatalytic efficiency!. While TiO, is well-regarded for its stability and photocatalytic
properties, its effectiveness is hindered by limited light absorption, confined to the UV spectrum below 400 nm,
corresponding to wide band-gap energy of 3.76 eV. This restriction reduces its capability under sunlight, as the UV
portion makes up only a minor part of the solar spectrum. In comparison, a-Fe,O3 (hematite) exhibits broader absorption
within the UV—visible range and shows photo-absorption near 527 nm, with smaller band-gap energy of 2.35 eV. Integrating
a-Fe; O3 into TiO, forms a-Fe;03-TiO, composite materials that extend the optical absorption range and shift absorption
into the visible light region. This red-shift is due to the a-Fe,O3 component, enabling better sunlight utilization for
photocatalysis. Notably, a-Fe;O3-doped TiO, composites exhibit absorption around 438.8 nm, corresponding to band-gap
energy of 2.83 eV. This enhanced light absorption makes a-Fe,O3-TiO, composites attractive for solar-driven applications,
including environmental cleanup and the degradation of organic pollutants in water??.

Photocatalytic membranes, which combine physical filtration with photocatalytic degradation using materials like
titanium dioxide (TiO,), Fe; O3 doped TiO,, and solar-powered treatment systems, reduce dependency on conventional
energy sources. These technologies have a synergistic impact in that the combination of photocatalysis and filtration
improves not only the disinfection performance but also the overall efficiency of contaminant removal. Furthermore, the
photocatalytic action aids in the reduction of membrane fouling by decomposing organic foulants on the membrane surface,
increasing the membrane’s lifespan and reuse '®!7%3.

In this study a-Fe,O3-TiO, was incorporated into polyester membranes using an ex-sifu method to obtain an integrated
photocatalytic membrane with superior disinfection efficacy. Doping the titanium dioxide with ferric oxide enhanced the
capacity to absorb visible light thus enabling the use of natural sun light to activate the photocatalyst and facilitate the
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inactivation of bacteria. The novelty of the study is that a-Fe,O3-TiO; impregnated photocatalytic membranes can be
applied as standalone water purification systems in areas that lack centralized water treatment systems. The use of natural
sunlight and gravity based flow eliminates the need for UV lamps and pumps, thereby making the process economical and
environmentally friendly.

2. Materials and methods

2.1 Materials

Titanium dioxide (TiO;) powder and iron (II) nitrate nonahydrate (Fe (NO3)3-9H;0) supplied by DLA company,
Isopropanol ((CH3),CHOH, supplied by Gelsup company, absolute ethanol (C;HsOH) (supplied by Eldo lab), and
polyethylene terephthalate (PET) polyester fabric membranes; (65% polyester, 35% cotton) supplied by Rift valley textiles
(Rivatex) Ltd. All the chemical reagents employed in this study were of analytical grade, necessitating no additional
purification.

2.2 Impregnation of the photocatalysts into the polyester membranes

The a-Fe,03-TiO; was integrated into polyester membranes using an ex-situ method. The a-Fe,03-TiO, was
synthesized from Fe(NO3)3-9H,0 and commercial TiO, as detailed in our previous approach??. A solution of iron (III)
nitrate (0.6 M) was prepared by dissolving iron (III) nitrate nonahydrate (Fe(NO3)3-9H,0O) in ethanol. Titanium dioxide
(TiO,) powder was added to the solution, which was stirred magnetically while sealed to prevent ethanol evaporation.
After 30 min of stirring, the mixture was sonicated, first for 15 min at 35 kHz, followed by 15 min at 130 kHz. The cover
was then removed, and the ethanol was evaporated overnight at 50 °C on a hot plate. The dried product was calcined for
10 min at 300 °C, ground into a powder, and heated in a furnace for 6 h at 300 °C.

The immobilization of a-Fe,O3-TiO; nanoparticles onto polyester membranes was performed using a modified
aqueous heat attachment method, based on the protocol by > first; polyester membranes (40 cm x 40 cm) were thoroughly
cleaned with detergent at 80 °C for 30 min to remove impurities. They were then rinsed with water to remove detergent
residues and treated with acetone at 25 °C for 30 min. Next, the membranes were immersed in a 1 M NaOH solution at 80
°C for 5 h, followed by thorough rinsing with water and drying at 80 °C for 24 h.

Once cleaned, the membranes were immersed in a-Fe;O3-TiO, suspension at 80 °C for 2 h while stirred magnetically
at 200 rpm, and then dried at 40 °C for 24 h. This immersion and drying cycle was repeated three times. The a-Fe;03-TiO;
concentration was adjusted to achieve a coating density of 8 g/m? on the membranes. Afterward, the coated membranes
were cured at 150 °C for 30 min, followed by immersion in water at 80 °C for 30 min to remove loosely bound particles.
Finally, they were dried at 80 °C for 24 h and stored in a desiccator for future use.

2.3 Characterization of the photocatalysts

The 0-Fe,03-TiO, photocatalysts were synthesized and reported in our previous study>>. The a-Fe,O3-TiO, coated
polyester membranes were characterized for surface morphology through scanning electron microscopy (SEM: Zeiss,
Ultra55). The chemical composition was analyzed through Fourier transform infrared spectroscopy (FTIR: PerkinElmer,
Frontier) in ATR mode, covering a range of 4000-650 cm~!. X-ray diffraction (XRD) analysis, performed with a Smartlab
X-ray Diffractometer capable of PXRD, HRXRD, and XRR, was used to determine the structure of the coated membranes.
Additionally, chemical characterization was performed using energy-dispersive X-ray (EDX) spectroscopy.

2.4 The disinfection performance of the photocatalysts coated membranes

The antibacterial efficacy of both coated and uncoated membranes (used as controls) was evaluated against gram-
negative Escherichia coli (E. coli) strain ATCC 25922. This was done through contact of the membranes with E. coli
containing media, employing qualitative techniques Disk Diffusion and Glass Bottle tests. Additionally, the disinfection
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efficiency of the coated membrane was assessed during the filtration of water with varying E. coli concentrations (Flow
test).

A concentrated bacterial culture was diluted using a serial dilution method. Initially, 1 gram of concentrated bacteria
was dissolved in 9 mL of distilled water to achieve a concentration of 10° bacteria. After thorough mixing, 1 mL of this
solution was further diluted with 9 mL of water to achieve a concentration of 10! bacteria. This process was repeated until
reaching a concentration of 10° bacteria. Figure 1 illustrates the shaking process and the bacterial concentrations ranging
from 10° to 106 CFU/mL

b

Figure 1. Bacteria dilution (a) shaker and (b) the bacteria concentrations (10°-10 ¢) CFU/mL

2.4.1 Disk diffusion test

In the disk diffusion test, coated and uncoated membrane pieces were placed on MacConkey agar plates pre-inoculated
with E. coli, serving as controls. The antibacterial compounds from the membranes diffuse into the agar, forming a gradient.
If the compound inhibits bacterial growth, a clear inhibition zone forms around the membrane, indicating antibacterial
activity. MacConkey agar (51.5 g/L) was prepared, and all materials were autoclaved. E. coli at concentrations of 2.45
x 103 CFU/mL and 2.45 x 10°> CFU/mL were applied to the agar. The membranes were incubated for 24 h at 37 °C, and
inhibition zones were measured.

2.4.2 Glass bottle test

The Glass Bottle Test evaluates the disinfection efficacy of a substance in liquid containing target microorganisms. In
this method, the substance is submerged in the liquid, allowing its antimicrobial properties to diffuse and inhibit microbial
growth. For this study, 0.1 mL of E. coli (98,000 CFU/mL) was added to a glass bottle and diluted to 10 mL. Coated
and uncoated membrane pieces (10 x 10 mm) were then introduced into the bottle, mixed, and 0.1 mL of the solution
was transferred onto agar media for analysis. The percentage reduction in bacterial colonies (R%) was calculated using
Equation (1)

R% = (#) «100 (1)

where, A and B represent the number of bacteria colonies in CFU for uncoated and coated membranes, respectively.
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2.4.3 Flow test

To prepare synthetic bacterial feeds, 1 mL of the 10 CFU/mL solutions was diluted to 10 mL, and then 0.1 mL was
transferred to 10 liters to create a feed with 12 x 10* CFU/100 mL (high concentration). This feed was filtered under solar
irradiation for 90 min, with samples collected every 30 min, using various coated membranes and an uncoated membrane
control. A medium (6 x 10* CFU/100 mL) concentration of synthetic feed and low (13 x 103 CFU/100) concentration
real water feed from dam also tested for antimicrobial efficiency. Bacterial growth was evaluated on MacConkey agar, and
disinfection efficacy was calculated using log removal values (LRV) to compare influent and effluent bacterial counts.

LRV =1log,y(Cf/Cyp) 2

where Cy and C), represent the concentrations of microorganisms in the influent and effluent, respectively.

3. Results and discussion

3.1 Characterization of the photocatalysts

The characterization of bare TiO,, a-Fe,O3 photocatalysts, and co-doped a-Fe,O3-TiO, composites was performed
as detailed in our previous work??. SEM imaging confirmed the presence of the photocatalytic nanoparticles, while FTIR
and XRD analyses revealed distinct peaks associated with these materials. UV-DRS analysis showed that doping TiO, with
a-Fe; O3 enhanced its band-gap properties and shifted the absorption into the visible light spectrum, facilitating improved
sunlight absorption.

3.2 Characterization of the photocatalysts
3.2.1SEM & EDX analysis

Figure 2 shows SEM images of the coated and uncoated membrane surfaces at magnifications of 100.00 kX and 75.00
kX. In images (a) and (b), the coated membrane surface displays the presence of a material, presumed to be a-Fe,O3-TiO;
nanoparticles (NPs). The micrographs reveal a porous and clustered morphology, suggesting enhancements in surface
properties. Both large and small particles of similar size were observed. When compared to the uncoated membranes, the
coated ones exhibited a smoother surface, indicating that the photocatalyst improved the membrane’s texture, making it
softer than its uncoated counterpart. The a-Fe,03-TiO;,-coated polyester-cotton membrane likely exhibited a smoother
texture due to the uniform distribution of the photocatalyst on its surface. The nanoparticles form a thin, even coating that
fills in surface irregularities, enhancing the membrane’s overall smoothness. This coating can also create stronger binding
interactions between the a-Fe,03-TiO; particles and the membrane fibers, resulting in better adhesion and structural
cohesion. Additionally, any heat treatment involved during preparation can facilitate integration and densification, further
refining the surface. The presence of a-Fe,03-TiO; may also promote a reorganization of the polyester-cotton matrix,
reducing micro-defects and creating a more even and uniform surface.

The EDX analysis of the coated membranes, shown in Figure 3, highlights the chemical composition. The spectrum
revealed distinct peaks, indicating the presence of 0.33% Ti, 46.53% O, 52.9% C, and 0.25% Fe in the coated membrane.
These elemental results confirm that only the fabric membrane and photocatalyst materials are present, demonstrating the
high purity and effectiveness of the impregnation process.
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Figure 2. SEM images of (a,b) coated membranes and (¢,d) uncoated membranes (control) at 100 kX and 75 kX magnifications
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Figure 3. EDX images of the coated membranes showing the chemical composition
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3.2.2 FTIR analysis

FTIR analysis (Figure 4) was performed on both uncoated and coated polyester-cotton membranes, identifying the
characteristic functional groups of the fabric materials. Prominent peaks at 1162 cm~! and 1709 cm™! confirmed the
membranes’ polyester-dominant composition>, while the cotton component exhibited distinct absorption bands, including
C=0 stretching, C-O stretching, and O-H deformation within the 1200—1700 cm~" range. A broad absorption band between
3600 and 3000 cm~! was linked to OH stretching and hydrogen bonding in the cellulose structure, alongside peaks for
methylene and methine stretching observed in the 30002800 cm™' range°. Despite the introduction of a-Fe,03-TiO,
nanoparticles, no significant shifts in the FTIR peaks were observed between coated and uncoated membranes. This lack
of variation is likely due to the low nanoparticle concentration and minimal chemical bonding, aligning with previous
studies on nanoparticle-coated textiles>’. The peak reductions in coated membranes are attributed to reactions between the
membranes and the photocatalyst.

uncoated membranes

- coated membranes
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Figure 4. FTIR curves of coated and uncoated membranes
3.2.3 XRD analysis

Figure 5 presents the XRD patterns of both coated and uncoated membranes, highlighting the distinct crystalline
structures of the polyester-cotton blend. The diffraction pattern for cotton reveals prominent peaks at 20 values of 14.5,
22.7%%,33.96 and 45.4%° while the polyester exhibits notable peaks at 20 values of 16.5, 22.6, and 25.2%%. The diffraction
peaks observed in both treated and untreated membranes reflect the fabric’s inherent semi-crystalline nature, indicating
that the surface treatment does not disrupt the original crystalline structure. This consistency suggests that the modification
applied is heterogeneous and does not alter the fabric’s molecular arrangement or crystallinity>*3!. The observed shift in
peaks, particularly at 33.96 and between 25.2 and 14.5, is attributed to the interaction between the membranes and the
photocatalyst.
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Figure 5. XRD patterns of coated and uncoated membranes

3.3 The disinfection performance of the photocatalysts coated membranes

3.3.1 Disk diffusion

Table 1 displays the zone of inhibition (in millimeters) for coated membranes, as well as uncoated membranes, against
negative bacteria (E. coli) using concentrations of 2.45 x 10° and 2.45 x 10°> CFU/mL.

In Figure 6, the growth of the inhibition zone is clearly depicted for E. coli concentration 2.45 x 103 CFU/mL for
both coated and uncoated membranes. Notably, around the uncoated membranes, bacterial growth is observed everywhere,
even on the membrane itself, indicating the absence of antimicrobial properties in plain polyester. Conversely, for coated
membranes, clear inhibition zones are evident around each, varying in length depending on the bacteria concentration.
Using a lighter concentration of bacteria, 2.45 x 103 CFU/mL concentrations expand the inhibition zone for coated
membranes due to the reduction in bacterial numbers. However, the uncoated membranes still lack an inhibition zone due

to their absence of antimicrobial properties.

coated
2.45x10°

uncoated
2.45x10°

uncoated
2.45x10%

Figure 6. Zone of inhibition in mm for the coated and uncoated membranes against E. coli (2.45 x 10° and 2.45 x 10%) CFU/mL concentration
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Table 1. Zone of inhibition in mm for the coated and uncoated membranes against E. coli (2.45 x 10° and 2.45 x 10*) CFU/mL concentration

Membranes type Zone of inhibition in mm E. coli
2.45 x 10° CFU/mL  2.45 x 10° CFU/mL
Uncoated membrane Zero zero
coated membrane 17 19

The generation of reactive oxygen species, such as superoxides and hydroxyl radicals, which penetrate bacterial
cells and damage their membranes, is what gives photocatalyst nanoparticles their antibacterial characteristics®>. The
incorporation of TiO, doped with ferric oxide into polyester fabric enables the inactivation of gram-negative bacteria such
as E. coli, Prorokova et al. incorporated photocatalysts of titanium dioxide doped with ferric into polyester fabric and
observed inhibition zones when testing the antimicrobial properties of the coated fabric against E. coli 3.

3.3.2 Glass bottle test

Table 2 elucidates the removal efficiency of E. coli 9.8 x 10° CFU/100 mL concentration using membranes coated
with a-Fe,03-TiO; as well as the uncoated membrane, as determined through the glass bottle test method. The results
confirm that the uncoated membranes lack antimicrobial activity, resulting in a zero-removal efficiency of E. coli. The
coated membranes exhibited antimicrobial efficiency of 91.3%. This effectiveness stems from the combined action of both
photocatalysts, TiO, ** and Fe,03*°. Indeed, both doping photocatalysts contributed to the overall antimicrobial function
of the membranes.

Table 2. Removal efficiency of E. coli using the Glass bottle test

Membranes type E. coli removal efficiency %

Uncoated membrane 0.00
coated membrane 91.30

3.3.3 The flow test

The disinfection efficiency of three different feed concentrations of water was evaluated. The concentrations were as
follows: high (12 x 10* CFU/100 mL), medium (6 x 10* CFU/100 mL) for synthetic feed water and low concentration 13
x 103 CFU/100 mL of real feed water. The removal efficiency (%) and Log Reduction Value (LRV) were calculated and
are presented in Table 3.

Table 3. Disinfection efficacy of the synthetic feed water

Synthetic feed (E. Coli) Dam water (E. Coli)
12 x 10* CFU/100 mL 6 x 10* CFU/100 mL 13 x 10> CFU/100 mL
Removal % LRV Removal % LRV Removal % LRV

Uncoated 64.60 0.45 63.50 0.44 65.00 0.46
Coated 98.00 1.70 97.50 1.60 98.30 1.77

Membranes type

For the synthetic feed, the uncoated filters achieved notable E. coli removal percentages of 64.6% and 63.5% for the
high and medium E. coli concentrations, respectively. The corresponding Log Reduction Values (LRVs) were 0.45 for
the high concentration and 0.44 for the medium concentration. This indicates that the removal efficiency improved as
the E. coli concentration in the feed water increased. The likely reason for this is that higher concentrations caused more
E. coli to deposit on the filter surface, enhancing the filtration effectiveness>®. The removal efficiency of the dam water
increased to 65%, and the Log Reduction Value (LRV) became 0.46. This improvement in removal efficiency may be
attributed to the lower initial concentration of E. coli, which can lead to more effective filtration process. Additionally, the
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natural turbidity of the dam water might have helped reduce the effective pore size of the membranes, thereby enhancing
the removal efficiency.

For the membranes coated with titanium dioxide doping with ferric oxide, there was an increase in removal percentage
and Log Reduction Value (LRV) due to the antimicrobial properties of the TiO,>7® and Fe, 03 ***? photocatalysts. The
removal percentages achieved were 98% for high concentrations, 97.50% for medium concentrations, and 98.30% for dam
water concentrations. The corresponding LRVs were 1.70 for high concentrations, 1.60 for medium concentrations, and
1.77 for dam water concentrations.

4. Conclusions

The red coloration confirmed the successful incorporation of a-Fe;O3-TiO; into polyester membranes, as further
validated by characterization results. SEM images revealed the presence of the photocatalyst within the membrane structure,
while EDX confirmed successful impregnation by detecting its elemental composition. On the other hand, both FTIR and
XRD analyses indicated the presence of polyester/cotton fabric in both coated and uncoated membranes. This confirms that
the membranes maintain their polyester/cotton composition after coating, ensuring structural consistency throughout the
process. Coated membranes exhibited strong antibacterial activity, with inhibition zones of 17 and 19 mm, while uncoated
membranes allowed bacterial growth, including on the surface, demonstrating the photocatalyst’s effectiveness. Flow
tests showed enhanced disinfection efficiency, with Log Reduction Values (LVR) increasing from 0.45, 0.44, and 0.46 for
uncoated membranes to 1.7, 1.6, and 1.77 for coated membranes under high, medium, and low bacterial concentrations,
respectively. The study, conducted with high bacterial concentrations, yielded effective results, suggesting the coated
membranes would perform even more efficiently in real water systems with typically lower bacterial levels.
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