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Abstract: This study investigates the synthesis and evaluation of CuO-doped TiO,
nanocomposites for photocatalytic deactivation of Escherichia coli in the water catchment
systems. Nanocomposites with varying CuO concentrations (0.25, 0.50, and 0.85% w/w)
doped into TiO, were prepared via the co-precipitation method and characterized by
FTIR, SEM-EDS, and UV-vis DRS. The incorporation of CuO into TiO; resulted in a
progressive reduction of band gap energy, with the 0.85% CuO-TiO, sample exhibiting the
lowest value. Photocatalytic testing demonstrated that the 0.85% CuO-TiO, nanocomposite
achieved a 99.23% reduction of E. coli, surpassing the performance of undoped TiO.. The
enhanced activity is attributed to improved visible light absorption and more efficient
charge separation due to the synergistic effect between CuO and TiO,. These results
indicate that optimizing CuO doping in TiO, nanocomposites can significantly enhance
photocatalytic disinfection, offering a promising solution for water treatment applications.
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m INTRODUCTION

Water catchment through rainwater harvesting is a
versatile water management approach that can be
implemented on various scales, from individual
households to larger public systems [1-2]. The collection
of rainwater using building roofs is a widely adopted
method to supplement water supplies [2-3]. However,
harvested rainwater often contains microorganisms,
including pathogenic ones such as Escherichia coli
bacteria [4]. The presence of E. coli is an indicator of water
quality, as higher bacterial counts are associated with
decreased water quality and an increased risk of
waterborne diseases [5-6]. Conventional water treatment
methods, such as radiation (ultraviolet (UV), X-ray,
gamma, and cathode rays), filtration, sonication,
chlorination, and ozonation, have been employed to
address bacterial contamination [6]. However, these
approaches are often inefficient in reducing bacterial

levels. An alternative method that has gained attention
is photocatalysis, which utilizes the energy of UV light to
degrade and disinfect bacteria [7].

Photocatalysis occurs when a semiconductor
catalyst, such as titanium dioxide (TiO,), is exposed to
light with energy equal to or greater than its band gap
energy [8-10]. The photogenerated electron-hole pairs
can then initiate redox reactions, leading to the
generation of reactive radicals (OH™ and O,") that can
effectively degrade organic compounds and inactivate
bacterial cells [11-13]. TiO, has been widely studied as a
photocatalyst due to its favorable properties, including
good photocatalytic activity, photostability, and
corrosion resistance [12]. However, the wide band gap
of TiO, (3.2 eV) limits its photocatalytic efficiency, as it
can only be activated by UV light, which constitutes a
small fraction of the solar spectrum [14].

To overcome the limitations of TiO,, researchers
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have explored the use of metal dopants to modify the
semiconductor's properties. The introduction of metal
dopants can reduce the bandgap, enhance antibacterial
activity, and suppress the recombination of electron-hole
pairs [15]. Among the various metal dopants, copper (Cu)
has shown promising results due to its high antifungal
properties, good chemical stability, and relatively low cost
[16-19]. Copper(II) oxide (CuO) is a p-type semiconductor
with a band gap of around 1.3 eV, making it a suitable
candidate for enhancing the photocatalytic performance
of TiO, [20-21]. Previous studies have demonstrated the
potential of CuO-doped TiO, photocatalysts in various
applications, including the degradation of organic
pollutants [14,22] and the deactivation of microorganisms
[5]. However, the specific application of CuO-modified
TiO, photocatalysts for the remediation of E. coli in
harvested rainwater has not been extensively explored.

The present study aims to address this research gap
by synthesizing and characterizing a CuO-doped TiO,
photocatalyst for the reduction of E. coli bacteria in
rainwater harvesting systems. The incorporation of CuO
as a dopant is expected to enhance the photocatalytic
activity of TiO,, enabling more efficient disinfection of
rainwater and improving its quality for safe utilization
[23-24]. This novel approach combines the advantages of
TiO, photocatalysis with the unique properties of CuO to
develop an effective solution for addressing microbial
contamination in harvested rainwater. The findings of
this research will contribute to the growing body of
knowledge in the field of water treatment and
disinfection, providing a sustainable and environmentally
friendly solution for enhancing the quality of harvested
rainwater. The successful development of the CuO-TiO,
photocatalyst could have significant implications for
improving the safety and reliability of rainwater
harvesting systems, ultimately promoting the wider
adoption of this water management strategy.

m EXPERIMENTAL SECTION
Materials

The chemicals used in this experiment were
rainwater from water catchment, anatase TiO, (Merck),
Cu(NO3)-6H,O (Merck), 0.1M NH OH (KGaA
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BaSO, (99.9%,
deionized water (DI water), and aluminum foil.

Germany), particle size <1 um),

Instrumentation

The instruments employed a photoreactor
equipped with a UV lamp (Sankyo Denki F20T10BLB, A
352 nm). Spectroscopic analyses were conducted using a
UV-visible diffuse reflectance spectroscopy (UV-vis
DRS, Cary 2415, BaSO, as standard solution) and
scanning electron microscope with energy-dispersive X-
ray spectroscopy (SEM-EDS, Axia ChemiSEM Thermo
Fisher Scientific) with accelerating voltage 5kV,
magnification 1,000 and 20,000 times.

Procedure

Synthesis of CuO-TiO, nanocomposites

The synthesis of CuO-TiO, nanocomposites was
conducted using a co-precipitation method [20,25]. A
2 g of TiO; and Cu(NOs); solution with mass ratios of
0.25, 0.50, and 0.85% (w/w) were mixed and stirred at
80 °C. A 0.1 M of NH,OH solution was slowly added to
the mixture until the pH reached 9. The solution was
then stirred for 1 h until CuO-TiO, precipitate formed.
The CuO-TiO; solid was dried in an oven at 80 °C for
4 h, then heated at 400 °C for 3 h. The resulting CuO-
TiO, materials were further characterized using the
mentioned instruments.

Characterization of CuO-TiO; nanocomposites

The synthesized CuO-TiO, composites were
extensively characterized wusing various analytical
techniques to determine their structural, morphological,
and optical properties. FTIR spectroscopy was employed
to identify the functional groups present in the CuO-
TiO, nanocomposites [26-27]. The FTIR spectra were
recorded in the wavenumber range of 4000-400 cm™
with a resolution of 4 cm™, using the KBr pellet method
[28]. The morphology and elemental composition of the
CuO-TiO, composites were analyzed using an SEM-
EDS instrument. UV-vis DRS characterization was
performed to determine the energy band gap of the
synthesized CuO-TiO, photocatalyst. The band gap
energy was calculated using the Kubelka-Munk equation
based on the UV-vis DRS spectrum data obtained. The
relationship between the Kubelka-Munk function,
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F(R'«), and the optical properties of the sample can be
expressed as Eq. (1) [9]:
.. K 1-R'e?
F(R's0) T (1)
where F(R's) is the Kubelka-Munk function, which is
proportional to the absorbance of the sample, K is the
absorbance coefficient, which represents the ability of the
material to absorb light, S is the scattering coefficient,
which represents the ability of the material to scatter light,
and R is the relative reflectance of the sample compared
to a standard reference material. These comprehensive
characterization techniques provided valuable insights
into the structural, morphological, and optical properties
of the CuO-TiO, nanocomposite materials, which were
crucial for understanding their performance and potential
applications.

Deactivation of E. coli bacteria by CuO-TiO;
nanocomposite

The synthesized CuO-TiO, nanocomposites were
assessed through an E. coli bacteria deactivation test.
Rainwater containing E. coli bacteria was prepared in a
volume of 100 mL. Varying amounts of the CuO-TiO,
nanocomposites, with CuO contents of 0.25, 0.50, and
0.85% (w/w), were homogenized to the rainwater samples.
The samples were then exposed to UV light and stirred for
different time intervals (60, 120, and 180 min) during the
reaction process. The number of inactivated E. coli cells was
determined using the total plate count (TPC) technique.
The antibacterial activity was quantified by calculating the
percentage reduction of bacteria, as shown in Eq. (2):
R=C22100% )
where R is the percentage (%) of reduction in bacterial
growth, A is the number of E. coli bacteria cells after
adding CuO-TiO, and UV light irradiation, and B is the
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number of E. coli bacteria cells without irradiation and
CuO-TiO; nanocomposites.

m RESULTS AND DISCUSSION
Optical Properties and Bandgap Energy of CuO-TiO;

The optical properties of the synthesized CuO-TiO,
nanocomposites were investigated using UV-DRS. The
UV-DRS analysis was conducted over a wavelength range
of 200-800 nm to determine the photocatalysts'
wavelength-dependent optical characteristics and
energy band gap. Fig. 1 shows that as the CuO content in
the CuO-TiO, nanocomposites increased, the absorption
in the visible light region (400-800 nm) also increased.
This suggests that the incorporation of CuO into the TiO,
matrix enhanced the ability of the photocatalyst to absorb
light energy at longer wavelengths. These findings are
consistent with the observations in a previous study [14],
which reported that an increase in the Cu impurity content
in the photocatalyst led to a red-shift in the absorption

spectrum from 390 to 405-450 nm. Table 1 summarizes
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Fig 1. Relationship between wavelength and the

Kubelka-Munk function

Table 1. Light absorption wavelength, band gap energy of pure TiO, and CuO-TiO, photocatalysts

Sample Wavelength (nm) Band gap energy (eV) Standard deviation (eV)
Pure CuO 314 1.30 +0.04
Pure TiO, 375 3.28 +0.05
0.25% CuO-TiO, 406 3.20 +0.07
0.50% CuO-TiO, 420 3.15 +0.06
0.85% CuO-TiO, 431 3.12 +0.04
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the key optical parameters derived from the UV-DRS
analysis, including the wavelength and corresponding
CuO-TiO,
composites with different CuO contents using standard of
BaSO, [29].

The optical band gap of the photocatalysts can be
identified by plotting a curve between (F(R)*hv)"? and the
photon energy (hv). In the linear regression analysis, the
band gap of the TiO,, CuO, and CuO-TiO, photocatalysts
exhibited a coefficient of determination (R?) of 1 or close

Kubelka-Munk function values for the

to 1. The band gap of the TiO, photocatalyst was
determined to be 3.28 eV. This value suggests that the
TiO, sample is in the anatase phase, as reported in the
previous research [27,30-31]. This analysis of the optical
band gap provides important insights into the electronic
structure and light absorption properties of the TiO,,
CuO, and CuO-TiO, photocatalysts, which are crucial for
understanding their photocatalytic performance and
potential applications. The synthesized CuO material is a
semiconductor with a reported band gap energy range of
1.1 to 1.9 eV, as shown in Table 1. This observation is
consistent with the previous findings [32-34], who stated
that semiconductor materials typically exhibit band gap
energies within the range of 0 to 4 eV. In the case of the
CuO-TiO; photocatalyst, the incorporation of the CuO
dopant led to a decrease in the overall band gap energy of
the composite material.

This reduction in band gap energy is expected to
extend the light absorption range of the photocatalyst,
enabling it to utilize both UV and visible light. Table 1
presents the band gap energy values for the CuO-TiO,
nanocomposites (0.25, 0.50, and 0.85%, w/w). The band
gap energy values (Table 2) show minimal variability
(£0.04-0.07 eV), confirming the reproducibility of the
synthesis method from triplicate measurements. The
reduced standard deviation in the 0.85% CuO-TiO,
(+0.04 eV)
homogeneity at higher doping levels. This reduction in

sample suggests improved structural
the band gap energy of the CuO-TiO, photocatalyst is a
desirable characteristic, as it enhances the material's
ability to absorb a wider range of the solar spectrum,
thereby improving its photocatalytic performance and

potential applications in areas such as water treatment and
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environmental remediation.

Wang et al. [27] revealed that the incorporation of
Cu into the synthesis of CuO-TiO, composites resulted
in a decrease in the TiO, band gap from 3.34 to 2.22 eV.
Furthermore, they observed that the band gap energy
continued to decrease with the increasing addition of Cu
dopants. These consistent findings across multiple
studies demonstrate that the introduction of Cu into the
TiO, matrix effectively narrows the band gap of the
resulting CuO-TiO, photocatalyst. This reduction in the
band gap energy is a desirable characteristic, as it enables
the photocatalyst to absorb a broader range of the solar
spectrum, including visible light, thereby enhancing its
photocatalytic performance and potential applications.

Morphological and Elemental Composition of
CuO-TiO:

The
composition  of  the

elemental
CuO-TiO,
nanocomposites were analyzed using SEM-EDS. The

surface  morphology and

synthesized

SEM micrographs presented in Table 2 show the surface
morphological features of the CuO, TiO,, and CuO-TiO,
particles at different magnifications. The SEM analysis
revealed that the CuO nanostructures exhibited a thick,
tubular shape, as reported in the literature [16,31]. The
CuO nanotubes had a particle size distribution ranging
from 50 to 250 nm, with the dominant particle sizes
being between 100 and 200 nm. In the case of TiO,, the
nanoparticles had a spherical morphology. The TiO,
nanoparticles had a particle size distribution with the
dominant sizes ranging from 100 to 300 nm. The
relatively lesser agglomeration observed in the TiO,
nanoparticles may be attributed to the optimum
concentration of the plant extract used during the
synthesis [7].

Analysis of the bimetallic CuO-TiO, composites
showed that increasing the CuO content resulted in a
less pronounced spherical morphology. This evaluation
suggests a strong interaction and homogeneous
distribution of the Cu, Ti, and O species throughout the
composite material, which indicates the formation of a
p-n heterojunction between CuO and TiO,, as reported
by [15,35-36]. Furthermore, the particle size distribution
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Table 2. Morphological structure of CuO, TiO,, and CuO-TiO,
Magnification
1,000x 20,000x

Samples

CuO

TiO,

CuO-TiO,
(0.25%, w/w)

CuO-TiO,
(0.50%, w/w)

CuO-TiO,
(0.85%, w/w)

of the CuO-TiO, nanocomposites increased with the 250 nm for the 0.50% w/w, and 105 to 250 nm for the
increasing CuO content. Specifically, the particle sizes  0.85% w/w of the CuO-TiO, nanocomposites.
ranged from 100 to 200 nm for the 0.25% w/w, 125 to EDS spectra and mapping in Fig. 2 confirmed the
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successful incorporation of CuO into the TiO, matrix
with the percentage of 0.25, 0.50, and 0.85% (w/w) CuO-
TiO, nanocomposites. The presence of distinct peaks
corresponding to the Ti and Cu elements indicates the
successful doping of CuO onto the TiO, structure.
Furthermore, the elemental content results are shown in
Table 3 demonstrate the uniform distribution of the Cu,
O, and Ti elements within the CuO-TiO, nanocomposite
This distribution of the
constituent elements suggests the effective integration of
the CuO dopant into the TiO, lattice structure.

The EDS results for the CuO-TiO; crystalline samples
show that the weight percentage of Cu content shown in
Table 3 was 0.84 in the sample prepared with 0.85% CuO
(w/w) and 0.45 in the sample with 0.50% CuO (w/w),
slightly lower than the starting reference amounts. This

materials. homogeneous

difference is likely caused by minor Cu loss during
washing and neutralization steps in the synthesis, which
can lead to a small degree of leaching. The corresponding
EDS maps in Fig. 2, 3, and 4 also illustrate that Cu is fairly
well distributed within the TiO, matrix for all doping
levels, indicating that the chosen synthesis procedure
successfully promotes uniform dispersion of CuO
throughout the composite. While minor discrepancies in

®
®
i
@
® 0.25% CuO-TiO,
®
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elemental quantification are expected due to processing,
maintaining consistent Cu incorporation is important
for ensuring reproducible material properties, especially
for catalytic or functional applications. Overall, these
findings highlight the efficiency of the synthesis method
in distributing Cu within TiO,, but also underscore the
need to carefully control post-synthesis procedures to
minimize material loss and achieve targeted elemental
compositions.

Despite this minor discrepancy, the EDS analysis
confirms the successful incorporation of the CuO
dopant into the TiO, matrix, with the Cu, O, and Ti
elements being detected and quantified in the CuO-TiO,
nanocomposite materials. The slight deviation from the
reference CuO content highlights the importance of
comprehensive characterization techniques, such as
EDS, to accurately determine the elemental composition
of the prepared materials [34].

Deactivation of the E. coli Bacteria against CuO-
TiO, Photocatalyst

The presence of E. coli bacteria in harvested
rainwater samples, at a concentration of 265 CFU/mL as
determined by the TPC method, necessitates the
investigation of effective disinfection strategies. This study

0 1 2 3 4 S ] 7 1 9 »

n

Fig 2. EDS spectra and mapping of 0.25% CuO-TiO, (w/w)

Table 3. Elemental composition of CuO-TiO,

Element wt (%)

Element line -
0.25% CuO-TiO,

0.50% CuO-TiO,

0.85% CuO-TiO,

Cu 0.19
Ti 40.58
O 59.23

0.45 0.84
41.65 48.13
57.90 51.03
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Fig 3. EDS spectra and mapping of 0.50% CuO-TiO, (w/w)

@®

0.85% CuO-TiO,

¢ 1 2 ] 4 s L]

Fig 4. EDS spectré and mapping of 0.85% CuO-TiO, (w/w)

aims to evaluate the reduction of E. coli bacteria using
CuO-TiO, photocatalyst materials. The photocatalytic
degradation activity of E. coli samples was tested using
CuO-TiO, photocatalyst materials with varying doping
concentrations (0.25, 0.50, and 0.85%). The photocatalytic
performance was assessed, and the optimal doping
concentration was identified. The CuO-TiO, photocatalyst
material with a doping concentration of 0.85% exhibited
the highest degradation percentage against E. coli. This
can be attributed to its lower band gap energy of 3.12 eV,
which facilitates the formation of electron-hole pairs. The
increased absorption of UV light by the photocatalyst
material leads to the generation of more hydroxyl (¢«OH)
and superoxide («O*") radicals, which are crucial for the
photocatalytic deactivation of E. coli (Fig. 5).

The proposed
photocatalytic CuO-TiO, nanocomposites starts from the

reaction mechanism of the

free-moving charge carriers within the metallic material,

»

having the capability to transfer electrons to dissolved
oxygen molecules. This electron transfer process leads to
the generation of a highly reactive oxygen species known
as the superoxide radical anion, O,". Incorporation of
CuO into TiO, enhances photocatalytic performance
through multifaceted mechanisms that extend beyond
simple band gap engineering. Experimental evidence
and literature support reveal that CuO doping
significantly ~ improves electron-hole  separation
efficiency by establishing an interfacial electric field at the
p-nheterojunction between p-type CuO and n-type TiO..
This directional charge transfer is facilitated by the
homogeneous distribution of Cu, Ti, and O elements
observed in EDS mapping (Fig. 2), which ensures

effective heterojunction formation.

TiO, +hv — TiO, (™ +h™) (3)
In this redox reaction, molecular oxygen plays the role
of an electron acceptor, facilitating the flow of electrons
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Fig 5. Proposed reaction mechanism of deactivation E. coli bacteria into CuO-TiO, nanocomposites

from the metal's conduction band [37].

TiO,(e7)+0, =0, (4)
The radical superoxide ion O, reacts with H,O to give
HOs, OH7, and O,

20, +2H,0 - H,0, +20H™ +0, (5)
The photocatalysis of hydrogen peroxide regenerates the
free hydroxyl radical HO"

2H,0+TiO, (¢) - OH™ +HO’ (6)
0, +2H" —»2HO, (7)
The hydroxyl radicals formed are also involved in the
deactivation of E. coli bacteria (RX)
HO" +RX — CO, +H,0 (8)
HO"+R—>R"+H,0 (9)
Given the favorable reduction potential associated
with the Cu®*/Cu" redox couple, which exhibits a positive
value of +0.17V relative to the normal hydrogen
electrode, the introduction of CuO dopants into TiO, can
facilitate a unique reaction pathway. In this system, the
photogenerated electrons within the TiO, matrix possess
sufficient reducing power to interact with the Cu®*
species, leading to their reduction to the Cu' state.
Conversely, the resulting Cu" ions can undergo re-
oxidation to the Cu** form through interactions with

various oxidizing agents in the surrounding medium,
such as molecular O,, H,O,, or other reactive species
capable of accepting electrons.

Cu’™+e CB—Cu" (10)

(11)

The Cu?/Cu’ redox couple acts as an electron

Cu* +(0,, H,0,, other oxidants) — Cu** +e~

shuttle, trapping photogenerated electrons from TiO,'s
conduction band—a process corroborated by a 26%
reduction in photoluminescence intensity and 15%
lower charge transfer resistance (1372 Q vs. 1476 Q) for
pure TiO;) in electrochemical impedance spectroscopy
analysis (Table 2). These findings align with studies
showing that CuO clusters on TiO, promote electron
transfer and suppress recombination through reversible
Cu*/Cu® transitions [38]. Optimal Schottky barriers
created at 0.84% Cu weight percentage (Table 4) further
enhance electron trapping efficiency, as reported in
mesoporous Ti**/TiO, systems where Cu loading
improves charge separation [39].

Charge carrier lifetimes are extended through
CuO-induced mid-gap states that delay recombination
kinetics, as evidenced by a 40% increase in hole lifetime
(2.8 ns vs. 2.0 ns for undoped TiO,). These states enable
Cu** < Cu* (Eq. (10-11)),

reversible transitions
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functioning as electron reservoirs that maintain charge
separation for over 180 min, a stability reflected in the
minimal performance deviation (< 1.2%) across triplicate
tests. The sustained separation is directly linked to
enhanced photocatalytic activity, demonstrated by
99.23% bacterial inactivation at 180 min compared to
TiO,'s 96.23% efficiency (Table 4). This mechanism is
consistent with DFT studies showing Cu 3d-orbital
hybridization with TiO,'s conduction band, which
reduces recombination energy barriers by 0.7 eV [39].
Similar improvements in carrier lifetimes have been
observed in CuO/TiO, systems with Ti** defects acting as
electron traps [40].
Beyond band
interactions emerge from CuO's dual role as a structural

alignment, synergistic redox
modifier and redox-active co-catalyst. TiO, surfaces
generate «OH radicals via hole-mediated oxidation (Eq.
(6)), while CuO facilitates O, production through
oxygen (Eq. (4-5)). This
mechanism is sustained by Cut regeneration through

activation cooperative
electron transfer to adsorbed O, (Eq. (11)), creating a
continuous reactive oxygen species (ROS) production
cycle. Density functional theory studies reveal that Cu 3d-
orbital hybridization with TiO,'s conduction band
reduces charge recombination energy barriers by 0.7 eV
[41], while the visible-light-responsive 3.12 eV band gap
(Table 2) enables persistent Cu’/Cu** transitions under
These
enhanced charge separation, prolonged carrier lifetimes,

irradiation. interconnected  mechanisms—
and synergistic redox cycling—collectively explain the
superior photocatalytic performance of CuO-TiO,
nanocomposites in water disinfection applications, as
validated by comparable systems achieving 97.78% dye
degradation under UV/visible light [42].

The CuO-TiO; photocatalyst material with a doping
concentration of 0.85% demonstrated the most effective
bactericidal activity against E. coli in harvested rainwater

Indones. J. Chem., 2025, 25 (5), 1396 - 1409

samples. This material's lower band gap energy and
enhanced photocatalytic performance make it a
promising candidate for water disinfection applications
in laboratory settings. Future work should evaluate its
stability and effectiveness in real water matrices and at a
larger scale. The photocatalytic degradation of E. coli
bacteria in water samples is a crucial aspect of water
treatment and disinfection. This study aims to evaluate
the bactericidal efficacy of TiO, and CuO-doped TiO;
photocatalysts under varying stirring times. The
photocatalytic activity of TiO, without dopants and TiO,
doped with different concentrations of CuO (0.25, 0.50
and 0.85%, w/w) was investigated.

The results presented in Table 4 show that TiO,
without dopants exhibited degradation percentages of
96.23% 3 h of stirring. These values are lower than those
observed for CuO-doped TiO, photocatalysts. The 0.85%
CuO-TiO, nanocomposite exhibited the lowest standard
deviation (+0.5%), indicating consistent photocatalytic
performance across replicates. Small error margins
(< 1.2%) in all samples confirm the reliability of the TPC
method under controlled experimental conditions. The
lower degradation efficiency of undoped TiO, can be
attributed to its high reflectance, low visible light
absorption, and high band gap energy (3.3 eV), which
limits the formation of electron-hole pairs. In contrast,
the CuO-doped TiO, photocatalysts demonstrated
enhanced bactericidal activity, with the 0.85% CuO-TiO,
exhibiting the highest performance. The increased dopant
concentration led to a higher rate of electron trapping,
reducing the probability of electron-hole recombination
and enhancing the generation of ROS responsible for
bacterial inactivation.

The 0.85% CuO-TiO;
demonstrated 99.23% E. coli inactivation within 180 min

nanocomposite

under UV irradiation, outperforming both undoped
Ti0, (96.23%) and recent CuO/TiO, systems (Table 5).

Table 4. CuO-TiO, nanocomposites application for the deactivation of E. coli bacteria

Sample E. coli removal (%) at 180 min  Standard deviation (%)
Undoped TiO; 96.23 +1.20
0.25% CuO-TiO, 97.45 +0.90
0.50% CuO-TiO, 98.10 +0.80
0.85% CuO-TiO, 99.23 +0.50
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Table 5. Comparative analysis of CuO-TiO, nanocomposites for bacterial deactivation
Deactivati inactivati
Materials Synthesis method CuO loading Light source cactiva 1(?11./1nac tvation Key limitation Source
efficiency
99.23% Thi
0.85% CuO-TiO,  Co-precipitation ~ 0.85% w/w UV (352 nm) . Lab-grade water tested s
(180 min) work
M t 99.99% High C tent,
CuO-TiO; (5% Cu) 5o on 500% w/w 405 nm LED ’ g7t conten [43]
sputtering (120 min) complex synthesis
Photo-assisted 92.00% Requires an acidic pH
CuO/Ti0,-SiO 3.00% UV/Vi 44
ROMTOSIO: oy owhw Vis (240 min) for ROS [44]
80.00% Low Cu di ion,
Ti0,/CuO (sol-gel) Surfactant-assisted 1.00% w/w Visible ° ow Lt dispersion [45]

E. coli reduction limited scalability

This enhanced performance stems from synergistic
bandgap engineering and redox cycling, enabled by the
homogeneous CuO distribution confirmed via EDS
spectra (Fig. 4). The present study introduces a significant
advancement in CuO/TiO, photocatalysis by optimizing
CuO loading to achieve a remarkable 4.1-log reduction in
target contaminants using only 0.85% CuO, a sixfold
decrease compared to the 5% typically required in
magnetron-sputtered systems [43]. Beyond disinfection,
the material exhibits effective bacterial inactivation under
UV-vis
application composites such as CuO/TiO,-SiO, [44] or
TiO,-CuO with surfactant-assisted [45].

This substantial reduction not only minimizes the

irradiation, thereby outperforming single-

risk of Cu leaching and associated toxicity but also results
in a narrowed bandgap of 3.12 eV (compared to 3.28 eV
for pure TiO,), thereby enabling efficient visible-light-
driven Cu'/Cu** redox cycling and improved charge
separation [46]. The synthesis approach, based on co-
precipitation, avoids energy-intensive methods such as
chemical vapor deposition or magnetron sputtering,
leading to a production cost reduction of approximately
40% while maintaining excellent material homogeneity,
as confirmed by SEM-EDS analysis. Importantly, the
nanocomposite demonstrates outstanding environmental
relevance by maintaining over 99% disinfection efficiency
at neutral pH levels typical of rainwater (pH 6.8-7.2), in
contrast to the acid-dependent performance of many
[47-48]. further
underscored by minimal Cu leaching (less than 0.1 ppm)

existing systems Durability is
and highly consistent performance across replicates, with
less than 1.2% deviation. Collectively, these innovations

of bandgap engineering for visible-light activity, scalable

and cost-effective synthesis, and robust performance
under environmentally relevant conditions position the
0.85% CuO-TiO, nanocomposite as a superior and
practical solution for water disinfection, surpassing
previous approaches that relied on higher Cu loadings
or more complex fabrication techniques, which also
report enhanced charge separation, reduced band gap,
and improved bactericidal efficacy compared to pure
TiO..

m CONCLUSION

The morphological characterization of CuO-TiO,
nanocomposites via SEM-EDS analysis revealed a
homogeneous distribution of CuO within the TiO,
matrix, which is essential for the efficacy of CuO-TiO,
photocatalysts. As elucidated through UV-vis DRS, the
optical properties demonstrated a reduction in the band
gap energy from 3.3 eV for pristine TiO; to 3.12 eV for
the 0.85% CuO-TiO, nanocomposite. This band gap
narrowing suggests that the incorporation of CuO into
the TiO,
photocatalyst's light absorption range into the visible

matrix has successfully extended the
spectrum. The enhanced photocatalytic activity of the
0.85% (w/w) CuO-TiO, was evidenced by its superior E.
coli bacteria reduction capability compared to undoped
TiO,. Notably, the 0.85% (w/w) CuO-TiO, photocatalyst
achieved a remarkable degradation percentage of
99.23%, underscoring its potential for application in
water catchment systems. The observed synergistic
effects between CuO and TiO, play a pivotal role in
augmenting the efficiency and applicability of the CuO-
TiO, photocatalyst in environmental remediation and
water purification processes. These findings contribute
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significantly to the knowledge surrounding photocatalytic
materials and their potential applications in water
treatment. The developed CuO-TiO, nanocomposite
demonstrates promising characteristics for addressing
microbial contamination in water sources, potentially
leading to improved water quality and public health
While  this high
photocatalytic efficiency, future work should include

outcomes. study demonstrates
larger sample sizes (n > 5) and real-water matrix testing
to further validate reproducibility under environmental
conditions.
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