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Abstract

This research focuses on the photocatalytic properties of synthesized titanium dioxide and
copper oxide nanocomposites (TiO2/CuO NCs). The synthesis of these TiO2/CuO NCs was
conducted using a sustainable and environmentally friendly green method that involves the
utilization of a leaf extract from an Ethiopian endemic plant known as Rosa Abyssinia.
This green plant-templated approach embraces the advantages of utilizing readily
available natural resources, underscoring the importance of green chemistry in
contemporary research. To evaluate the structural and optical characteristics of the
synthesized nanomaterials, a series of characterization techniques were employed. These
included X-ray diffraction (XRD), which provided insights into the crystal structure and
phase purity of the synthesized materials; UV-visible diffuse reflectance spectroscopy
(UV-Vis-DRS), which was used to assess the light absorption properties; Fourier
transform infrared (FT-IR) spectroscopy, which helped in identifying the functional groups
present; and photoluminescence (PL) measurements, which offered information about
electronic transitions within the materials. From UV-Vis-DRS analysis the estimated
energy band gaps were found to be 2.31 eV for theTiO2/CuO(2:1) composition, 2.65 eV
for TiO2/CuO(1:1) , and 2.75 eV for TiO2/CuO (1:2). The FTIR analysis also revealed the
presence of TiO2 and CuO in the the green synthesized nanocomposites. The PL study
showed that TiO2/CuO (1:1). The photocatalytic activity of the synthesized nanomaterials
was rigorously investigated using methylene blue (MB) dye as a model pollutant. Among
the various compositions studied, the TiO2/CuO nanocomposite in a 1:1 ratio exhibited the
most promising photocatalytic performance for the degradation of methylene blue under
lightirradiation. Several parameters were scrutinized, including the pH of the dye solution,
the amount of catalyst used, and the initial concentration of the dye. The results indicated
that optimal degradation efficiency was achieved at a pH level of 10, a catalyst loading of
20 mg, and an initial dye concentration of 15 ppm. These findings underscore the potential
of using synthesized TiO2/CuO NCs as efficient photocatalysts for the degradation of
organic pollutants, contributing to the advancement of sustainable water treatment
technologies.

Keywords: TiO2/CuO NCs, photocatalytic degradation, Rosa abyssinica, and methylene

blue.
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1 Introduction

1.1 Background of the study

The most essential element for life, water, makes up much of the globe. The existence of
water is essential for every life on Earth. It makes up 71% of the surface of the planet. The
physical characteristics of water include colorless, tasteless, odorless, and clear (Sronsri et
al., 2021).Over the last few decades, due to population growth and rapid industrialization,
ubiquitous contamination includes organic pollutants, heavy metals, inorganic compounds,
and many other complex compounds have been detected in surface, ground, sewage and
drinking water resources (Gomez-Pastora et al., 2017). According to the United Nations’
World Water Development Report (Boretti & Rosa, 2019), changes in the water cycle will
also pose risks to energy production, food security, human health, economic development
and poverty reduction, seriously jeopardizing the achievement of sustainable development
goals. Therefore, it is essential to develop advanced, environmentally friendly, low-cost
and high-efficiency reclamation of wastewater (Zazouli & Kalankesh, 2017).
Nanotechnology is a branch of science that concerns the creation, manipulation, and
control of nanoscale materials known as nanomaterials. Nanomaterials are materials with
at least one dimension less than 100 nm in length and differ from their bulk counterparts
in terms of optical, electrical, and catalytic characteristics (Feiona et al., 2021; Jalab et al.,
2021). Based on their physicochemical properties, these materials have a wide range of
applications in domains such as energy conversion and storage (Anigol et al., 2017);
medicine, and pollution remediation. The chemical, physical, electrical, and optical
properties of nanomaterials are all influenced by particle size, shape, and surface
morphology (Annu & Ahmed, 2018).

Nanoparticles (NPs) are zero-dimensional particles with all three dimensions in the 1 to
100 nm size range. NPs can be used as a medium of transportation for drug delivery in
cancer treatment due to their high bioavailability, efficiency, and improved permeability
(Osonga et al., 2020). Nanostructures (NSs) are potentially applied in water and air
pollution reduction, energy production, and as antibacterial and anti-viral agents.

Nowadays, metal oxide nanostructures (MONSs) get more attention due to their novel



optical, electronic, magnetic, thermal, catalytic, and mechanical properties in comparison
with their bulk materials (Shanaj & John, 2016). As a result, MONSs were studied and
found to be applicable in catalysis, and medical science including antibacterial, antiviral,
and anti-carcinogenic, and for the fabrication of sensor, semi-conductor, and capacitive

electrodes (Ismail et al., 2019).

The essence of water in our lives can be understood from the fact that no living thing can
survive on earth without water. However, water pollution has become a global concern
because of the increased addition of different industrial contaminants to drinking water

reservoirs (Javed et al., 2021).

Environmental issues are quickly rising to the top of the global agenda. One of these is the
affordability of clean water is becoming more and more connected to environmental and
health issues. Pollutants like organic dyes can leak into aquatic habitats, which is one of
the unintended effects of many new industries and technology. Synthetic dyes are
manufactured by a variety of industries, including leather, textile, printing, cosmetics, and
pharmaceuticals. They are a significant cause of water pollution (Alizadeh et al., 2017,
Hosseini et al., 2022). The cationic water-soluble dyes crystal violet and methylene blue
have low biodegradability. Because of this, these dyes damage natural ecosystems by
remaining in the environment for extended periods. Ingestion of organic dyes has been
linked to several health problems in humans, including vomiting, irregular heartbeat,
excessive perspiration, gastritis, and chest pain, according to numerous research (Martins
et al., 2022). Consequently, the elimination of these colors from wastewater is the subject
of numerous studies. Various strategies have been investigated to eliminate color from
industrial discharges and minimize their environmental impact (Bangari et al., 2022; Lu et
al., 2022). These include membrane separation (Khan et al., 2023), reverse osmosis, ultra-
filtration (Ramutshatsha-Makhwedzha & Nomngongo, 2022), chemical precipitation
(Hassanzadeh et al., 2023), adsorption (Cao et al., 2023), and photocatalytic degradation
(Elbadawy et al., 2023). Due to its high efficiency, straightforward, working design, and
affordable implementation, photocatalytic is regarded as one of the most popular and
promising techniques for removing dyes from contaminated water among the methods

mentioned above.



The term photocatalysis is the technique of using photons and a catalyst to absorb light to
start and speed up chemical reactions that cause the contaminants to mineralize (Danish et
al., 2021). There are different types of metal oxides including titanium oxide, copper oxide,
cerium oxide, zinc oxide, zirconium oxide, manganese oxide, and tin oxide that can be used
in a photocatalytic process, they are thought to be the best in this class because of their
high stability over a wide pH range, higher efficiency, affordability, accessibility, low
toxicity, and potent ability to oxidize photo-generated holes (Kumari et al., 2023).
However, their capacity for photocatalytic degradation is significantly diminished by the
rapid recombination of electrons (e—) and holes (h+) (Pattnaik et al., 2023). This issue can
be reduced by making nanocomposites of metal oxides. In nanocomposites, due to the
lower energy of the valence band of the p-type semiconductor, electrons in the conduction
band of the n-type semiconductor will jump on it through the heterojunction, forming
nanocomposites of p-n heterojunction at the interface between the p- and n-type
semiconductors. Due to electron-hole recombination, a depletion area will consequently
arise at the p—n heterojunction interface (Alshaikh et al., 2021). Nanomaterials are
synthesized by different synthesis methods, like physical, chemical, and biological
methods. Among those methods, the biological method attracts researchers’ interest due to
its environmentally friendly low cost, and availability. In this work, TiO2/CuO
nanocomposites were synthesized using Rosa abyssinica leaf extract for the degradation of

potentially hazardous methylene blue dye.

Rosa abyssinica is found in upland dry evergreen forests, forest borders, bushlands, and
dry grasslands, exclusive to Arabia, Ethiopia, Somalia, and Sudan. It is common in central
and northern Eritrea. Its fruits serve as food, medicine (protecting against hookworm), live
fences, and decorations. This prickly evergreen shrub or small tree can reach up to 7 min
height, with few slightly curved prickles on the stem. The leaves are compound, leathery,
consisting of 3 pairs of narrowly ovate leaflets (1-6 cm) with sharp tips and toothed edges
on short stalks winged by leafy stipules. The fragrant flowers are white to pale yellow,
typically 3-20 in dense heads, each stalked with rounded to square tips and many stamens.
The fruits start green and ripen to orange-red, about 2 cm long, fleshy, and edible (Aloi,

2018; Yohannis et al., 2018). The plant photo is shown in Figure 1 below.



Figure 1. Photo of Rosa abyssinica plant.

1.2 Statement of the problem

An increasing global demand for resources leads to energy crises and environmental
pollution. Industrialization contributes to water pollution by releasing organic and
inorganic pollutants (Zhang et al., 2019), harming human health and aquatic and terrestrial
life (Kumari et al., 2023). Common dyes like methylene blue (MB), Crystal violet (CV),
Crystal red (CR), and methylene orange are used by industries such as paper, textile,
plastics, printing, food processing, pharmaceuticals, leather, and dye production (Ghazy et

al., 2022), often discharging untreated sewage into waterways and soils.

Understanding advanced water treatment and recycling technology is crucial due to the gap
between water pollution and the global need for industrial water. While various methods
have been employed to eliminate harmful contaminants, many lack complete degradation.
Heterogeneous advanced oxidation processes using metal oxides are recommended for
their simplicity, efficiency under ambient conditions, cost-effectiveness, environmental
safety, and minimal secondary pollutant production. Currently, TiO, nanomaterials exhibit
significant properties across various fields despite challenges like large band gaps and
electron-hole recombination. Forming TiO»-based binary heterojunctions has emerged as

a novel approach to enhance the separation of photo-generated electron/hole pairs.



This study used Rosa abyssinica leaf extract to synthesize TiO2/CuO NCs, the first report
of such a synthesis using Rosa abyssinica leaf extract. The photocatalytic activity of the

resulting TiO2/CuO NCs against methylene blue dye was also investigated.

1.3 Obijectives of the study

1.3.1 General objective

This work aimed to synthesize titanium dioxide-copper oxide nanocomposites (TiO2/CuO
NCs) using a green synthesis method with Rosa abyssinica leaf and to characterize and

evaluate their photocatalytic performance.

1.3.2 Specific objectives

The specific objectives of the present work were:

¢+ To prepare an extract from Rosa abyssinica leaf and to identify the phytochemicals
that are found in Rosa abyssinica extract.
% To synthesize nanocomposites of TiO2/CuO by green synthesis method using Rosa

abyssinica leaf extracts.

X/
°oe

To characterize synthesized composites' size, morphology, and crystal structure
using TGA, XRD, FTIR, and UV-Vis.
¢+ To evaluate the photocatalytic performance of the TiO2/CuO NCs against MB dye.

1.4 Significance of the Study

Issues about the cleanup of hazardous waste and similar problems have become national
and international priorities. According to literary works, the advanced oxidation process
(AOP) is an alternate method of removing unwanted contaminants, including colors. TiO;
has been extensively studied as a heterogeneous photo-catalyst in AOP, where
heterogeneous catalysis has been effectively used to degrade several families of hazardous
chemicals employing semiconductor materials as a catalyst. Because of their larger specific
surface area and smaller particle size, which boost particle surface reactivity, TiO2 also has
appealing antibacterial qualities. Titanium oxide is a biocompatible substance that exhibits
photo-oxidizing and photocatalytic effects on both chemical and biological entities. In this

study, an n-type TiO. is modified with a p-type CuO to enhance its photocatalytic property.



The green method approach is considered a promising route to control the growth,
morphology, and properties of the nanocomposites. The aggregation/agglomeration of
metal oxide nanocomposites can be avoided by using Rosa Abyssinica leaf extract as a

capping agent, which is an eco-friendly, and nontoxic.

1.5 Scope of the study

This work was limited to the synthesis of TiO2/CuO nanocomposites using the green
method with the help of extract Rosa Abyssinica. The prepared material was characterized
using XRD, FTIR, UV-Vis-DRS, and PL characterization techniques. The photocatalytic
performance of the green synthesized nanocomposites was evaluated using methylene blue

as a representative dye. The reusability of nanocomposites was investigated.



2 Literature Review

2.1 Wastewater treatment

Water that has been impacted by residential, commercial, and industrial use is known as
wastewater. Contaminants found in wastewater include organic debris, microorganisms,
inorganic soluble chemicals, and heavy metals that are poisonous. These contaminants alter
the chemical, biological, and physical properties of pure water. Wastewater primarily
comes from a variety of businesses, including the agriculture sector (Matheyarasu et al.,
2014). Industrial water use is still significantly higher than residential use, but it is far less
than that of agriculture. A large amount of wastewater will be produced by companies
using a lot of water. Before being released into the environment or recycled, all wastewater
must be treated due to environmental contamination and health risks (Selihin & Tay, 2022).
Heavy metals, radionuclides, and trace elements are among the hazardous materials found
in wastewater, along with big microbes including bacteria, viruses, and protozoa.
Additionally, wastewater is a major contributor to waterborne illnesses, which can be fatal
and include cholera and typhoid. In 2004, about 1.5 million children under the age of five
lost their lives as a result of contaminated water (Baek & An, 2011).

These days, wastewater treatment is crucial due to the harmful effects of pathogens and the
risks of wastewater pollution on people, animals, and crops. To prevent pollution of the
environment, consideration must be given to wastewater treatment on a personal and
governmental level. Physical, chemical, and biological processes can be used to treat

wastewater to purify the water of different impurities (Piaskowski et al., 2018).

2.2 Nanotechnology and its Importance

Nanotechnology is the process of controlling matter at the molecular level. Systems based
on nanotechnology are quickly spreading throughout society as a means of reducing
environmental harm and improving materials. Numerous application areas, including solar
power methods, the search for solar energy to meet nuclear energy needs, water propulsion
in textile industries, protection from UV rays, quantum computer, hydrogen fuel cell
fabrication, light space vehicle design, Nano goods production, biomolecules analysis,
smart packaging in the food packaging industry, Nanosensors, and biosensors in the rapid

diagnosis of diseases, have all benefited greatly from nanotechnology (Baysal, 2020).



Different studies have shown that positive results have been obtained from nanomaterial
treatment of brain tumors since the drugs can be transported to the target site via the blood
and brain barrier by using nanoparticles. All the Nanosystems used provide some
advantages in pharmaceutics when compared to conventional systems. These advantages
are increasing the therapeutic effect by increasing the half-life of the drugs, reducing the
side effects of the drugs, monitoring the release and distribution of the drugs, staying in
circulation for a long term (Luo et al., 2022), monitoring the treatment efficiency,
developing effects without harming other systems and organs, avoiding some drug use
problems like drug application at night, forgetting to take or administer drugs, using drugs
in short time intervals, etc. Also in other areas such as industry, nanotechnology has high

acceptability due to its compatible size (Singh et al., 2004).

In the development of drug delivery applications, Nanocarriers are designed in different
pharmaceutical forms including oral, parenteral, pulmonary, nasal, transdermal, or topical
formulations (Karatas et al., 2020). Delivery of the drug to the structure where it will
activate is one of the main problems of pharmaceutical technology. Drug use is limited due
to situations such as low drug solubility, overdose, formation of toxicity, non-specific
transfer, short half-life period, etc. Today, many researchers participate in activities of
developing new drug delivery systems to minimize the increasing problems of drugs and
to turn new developments into clinics (Onoue et al., 2012). In addition to that
nanotechnology has other different application areas in health such as Cancer treatment
(damage to the rapidly proliferating cells) and wound healing which means a slower release
of the nanoparticles than the gel increases the retention time on the skin, treatment of

infectious diseases, Diabetes treatment, etc. (Karatas et al., 2020).

2.3 Metal oxide nanomaterials

Metal oxide nanostructures have received greater interest in materials research recently
because of their unique properties, which include exceptional thermal and electrical
conductivity, variable bandgap/band edge locations, high natural abundance, and great
chemical stability (Bano et al., 2020). In terms of size or shape-dependent physicochemical
and functional qualities, chemical and thermal stability, and a wide range of applications,

nanostructured metal oxides outperform their bulk counterparts. Metal oxide-based



nanostructures have been extensively researched for use in sensors, catalysis,
superconductors, electronics, energy production and storage, medicine, and other medical
sectors because of these exceptional qualities and benefits (Kumar et al., 2020; Murthy et
al., 2020; Pandit & Sankapal, 2021).

Since the materials utilized in a certain field's practical use must have specified attributes,
like a large surface area, outstanding stability, good recoverability, and suitable
bandgap/band edge potentials, producing a metal oxide nanostructured single component.
Finding material that satisfies every criterion is difficult(Baumgarten et al., 2022; Paydar
et al., 2021). To fulfill the conditions of a particular application, numerous alteration
techniques have been developed by modifying qualities such as surface, electrical and
optical properties, shape, composition, and characteristics, and others using methods
including morphology, defect engineering, and doping optimization, the formation of
composites, or coupling with substances like carbon or noble metals additional

semiconductors and nanostructures (Thakur & Mandal, 2020; Wang et al., 2018).

2.3.1 Titanium oxide (TiO2)

Due to its non-flammable and non-toxic properties, titanium dioxide (TiO) is a solid
transition metal oxide that is reasonably abundant and environmentally benign. Once more,
TiO, exhibits strong thermal stability, and good resistance to corrosion, and oxidation
(Roy, 2022). TiO2 is an excellent semiconducting material. TiO2 NPs have good electrical,
optical, and magnetic properties. TiO> NP is extensively used as a photocatalyst,
antimicrobial agent, and electrode material for energy storage devices such as lithium-ion
batteries, and supercapacitors. TiO2 naturally occurs in three crystalline forms, these are
rutile, anatase, and brookite, with band gaps of 3.0, 3.2, and 2.96 eV, respectively. Anatase
and rutile have tetragonal structures with different space groups (Low et al., 2017). The
lattice arrangement of anatase makes it the most electrochemically active phase and
efficient photocatalyst among all naturally occurring crystalline forms of TiO, (Blangetti
etal., 2023).

Rutile is the most frequent form, with a tetragonal structure, 6 oxygen atoms per unit cell,
and TiOe as an octahedron that is slightly deformed. Rutile is the most thermodynamically

stable phase of TiO», with a low value of Gibbs free energy at atmospheric pressure

9



compared to anatase and brookite. Rutile transforms irreversibly from anatase and brookite
to rutile during calcination, beginning at 600 °C and ending at 900 °C. Anatase has a
tetragonal structure as well, even though the TiOg octahedron in the anatase phase is more
deformed than in the rutile phase. Anatase is more stable at low temperatures, and rutile
and anatase are widely utilized in photocatalysis processes. Because the conductive band
of anatase is closer to the negative position than that of rutile, it is more photoactive. This
increases the reducing power. Furthermore, the Fermi level is somewhat higher, with strong
electron mobility, low density, and lower surface energy, all of which contribute to the
application of anatase (Aslam et al., 2020; Rao et al., 2016). The characteristics of TiO>

crystals are listed in Table 1.

Table 1. Some Main Properties of TiO2 Crystal.

Properties Brookite Anatase Rutile
Stability metastable Metastable Stable
Structure Orthorhombic | Tetragonal Tetragonal
Cell volume 137.19 A3 140.68 A3 140.41 A3

a=4.9022 A |a=4.979A a=4.9732 A
Lattice constant( A) b=9.459 A b=9.5613 A b=9.5425 A

C=2.958 A c=29551A | C=2.9586 A
Photocatalytic activity Medium High Low
Melting point (°C) Transformation | Transformation | 1825

to rutile to rutile

2.3.2 Copper oxide nanoparticle (CuO)

Studies on transition metal oxides (MOs) have focused a lot of attention on cupric oxide
(CuO) due to its intriguing characteristics as a p-type semiconductor with a tight band gap
(2.2 eV in bulk) and as the building block for several high-temperature superconductors

and enormous magneto resistance materials (Anjum et al., 2023; Zhang et al., 2014). Large
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surface area CuO nanostructures with possible side effects have better physical and
chemical characteristics than their micro or bulk counterparts. Because these
nanostructures offer promising uses across a range of industries, they have been thoroughly
studied. Science of CuO nanostructures’ great theoretical capacity, safety, and
environmental friendliness, they are also being evaluated as electrode materials for the next
generation of rechargeable lithium-ion batteries (LIBs) (Gebremedhin et al., 2023; Song et
al., 2021). Their high carrier concentration, low thermal emittance, strong solar absorption,
and generally acceptable electrical qualities make them suitable materials for the creation
of solar cells. Gas sensors, bio-sensors, Nanofluid, photodetectors, energetic materials
(EMs), field emissions, supercapacitors, removal of inorganic pollutants, photocatalysis,
and magnetic storage media are just a few of the numerous additional applications that
CuO nanostructures are widely used in (Anand et al., 2023; Meena et al., 2023; Sayyed et
al., 2023). Recent studies have demonstrated that nanoscale CuO can prepare various
organic-inorganic nanocomposites with high thermal, electrical, mechanical, and high-

temperature durability (Sayyed et al., 2023).

2.4 Photocatalysis

The removal of contaminants is the main goal of several wastewater treatment techniques.
These consist of advanced oxidation techniques such as photocatalysis, biological
processes, adsorption processes, electrochemical oxidation, and physicochemical
procedures (Rezaei et al., 2023; Salem et al., 2023). When it comes to removing organic
contaminants from water, photocatalytic degradation is the most promising approach due
to its ease of use, speed, cleanliness, and affordability when compared to other methods
that require large running expenses and take a long time (Rezaei et al., 2023). The
application of photon energy to start a specific reaction process is known as photocatalysis.
As a result of their ability to eliminate various organic contaminants present in water
through a sequence of redox processes, semiconductor materials have gained more
attention in the photocatalysis community. The stimulation of electrons from the valence
band to the conduction band brought on by the absorption of a photon at the right

wavelength is linked to semiconductors' capacity for photocatalysis (Yitagesu et al., 2023).
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2.4.1 Photocatalytic application of TiO2/CuO NCs

An interface between two layers or regions of different crystalline semiconductors is
known as a heterojunction. As was mentioned in a previous section, titanium dioxide is
used intensively for photocatalysis applications. However, the photocatalytic activity of
titanium dioxide is constrained by two criteria. These elements include the quick
recombination of positive holes and electrons as well as the large band gap. By separating
positive holes and electrons and closing the band gap, the heterojunction of titanium
dioxide with other semiconductor metal oxides is another attempt to enhance photocatalytic
activity. The creation of titanium dioxide heterojunctions or composites with other
semiconductors has drawn a lot of interest (Kubiak et al., 2020). The development of
heterojunction increases catalytic efficiency by shifting titanium dioxide's absorption
capability to the visible wavelength side. Various semiconductor metal oxides can be
utilized to create heterojunctions. One semiconductor that might be utilized to create a
heterojunction of titanium dioxide is zinc oxide (ZnO). Zinc oxide has strong catalytic
activity and a band gap resembling that of titanium dioxide. It is therefore anticipated that
under visible light irradiation, the TiO»-CuO heterojunction will demonstrate strong
photocatalytic performance. The fabrication of CuO-TiO; heterojunction as an effective
photocatalyst for the photodegradation of methyl orange has been reported (Janczarek &
Kowalska, 2017).

2.4.2 Photocatalysis mechanism

Exciton or electron/hole (e-/h+) pairs emerge when the photocatalyst absorbs the necessary
energy of light, with holes in the valence band and electrons in the conduction band, as
illustrated in Figure 2 and Figure 3. Each of the charge carriers may go in different
directions depending on the surroundings and band edge positions of the adsorbed species'
redox potential. In the valance band, holes cause oxidation, whereas in the conduction
band, electrons cause a reduction. Alternatively, both holes and electrons may combine
again. Reactive oxygen species (ROS) as superoxide anion radicals (Oz+—), hydroxyl
radicals (*OH), singlet oxygen species (¢O2), and peroxide molecules (H2O>) are therefore
produced by the charge carriers. The redox reactions mentioned above are listed below in

Equations 1-8.
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Figure 2. The proposed photodegradation mechanism of methylene blue (Yitagesu et al.,

2023).
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Figure 3. Energy band diagram for TiO2/CuO heterojunction, before and after contact, with
the photocatalytic mechanism for the degradation of organic dyes and Ni?* ion
reduction (Ahamed et al., 2020).

2.5 Synthesis methods of nanomaterials

Basic synthesis methods for nanomaterials include physical, chemical, and
biological/green approaches. These synthesis methods can be further divided into bottom-
up and top-down approaches. Nanoparticles are initially obtained at the atomic level and
then incorporated into the appropriate material via the bottom-up technique. This
comprises the creation of NPs from colloidal dispersion and powders from the sol-gel
technique, followed by integration (Saleh, 2020). The build-up of material from atoms to
clusters to nanoparticles is known as the bottom-up or constructive process. The most
prevalent bottom-up processes for nanoparticle generation are sol-gel, spinning, chemical
vapor deposition (CVD), pyrolysis, and biosynthesis (Ealia & Saravanakumar, 2017; Rana
et al., 2024). Some of the synthesis methods are shown in Figure 4 (Alvarez-Chimal &
Arenas-Alatorre, 2023).
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Figure 4. Different nanoparticle synthesis approaches and methods (Alvarez-Chimal &
Arenas-Alatorre, 2023).

2.5.1 Microwave heating

Irradiation with microwaves (MW) is a quick and easy way to produce energy for chemical
reactions. Microwave technology is a powerful energy source capable of completing
chemical changes in minutes rather than hours or days of high-temperature heating.
Microwaves are electromagnetic waves with frequencies ranging from 0.3 to 300 GHz and
wavelengths ranging from 1 mm to 1 m that are used in microwave-assisted procedures.
The two major methods of microwave heating are dipolar polarization and ionic conduction
(Nyamukamba et al., 2018). Microwave heating may have various advantages over
traditional heating, including faster reaction times, higher heating rates, and better product
uniformity (Machut et al., 2020). Table 1 shows examples of nanomaterials synthesized

through the microwave method.
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Table 2. Nanomaterials synthesized by microwave and their applications.

Nanomaterials application Reference

TiO,/CuO photocatalysis (Kubiak et al., 2020)
TiO2/CuO photocatalysis (Kannan et al., 2021)=
TiO2/Au photocatalysis (May-Masnou et al., 2018)
CuO/Co0O photocatalysis (Gouasmia et al., 2022)

2.5.2 Sol-Gel Method

The sol-gel method of material synthesis is a straightforward, low-cost, and low-
temperature procedure. The early development of a gel ensures great homogeneity and
eliminates the requirement for atomic diffusion during solid-state calculations.
Furthermore, metal alkoxides are frequently used as precursors, as many of them are liquids
or volatile solids that may be easily filtered, resulting in exceptionally pure oxide
precursors. This component is crucial in the production of electroceramics. The
comparatively high costs of metal alkoxides, on the other hand, may be prohibitive for
some applications, and the release of considerable volumes of alcohol during the
calcination stage necessitates specific safety precautions. After forming a solution
containing the suitable precursors, hydrolysis and condensation are used to convert the
solution into homogenous oxide (gel). The oxide product is obtained by drying the gel and
then calcining it. Alkoxides are usually combined in alcohol to make multi-component
oxides. Acetates and other components for which no alkoxides are available are introduced
as salts. The temperature, pH, and concentration of alkoxides, as well as the addition of
water and alcohol, are all controlled during the hydrolysis process (Srivastava, 2012). Table

4 shows some examples of nanomaterials synthesized by sol-gel methods.
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Table 3. Nanomaterials synthesized by sol-gel methods.

Nanomaterial application References
TiO,/CuO photocatalysis (Khoroshko et al., 2023)
TiO2/Cu0O

photocatalysis (Chi & Wang, 2022)
Ti0,/CuO photocatalysis (YILDIRIM et al., 2010)
TiO,/CuO photocatalysis (Muzakki et al., 2016)
TiO2/Cu0O photocatalysis (Celik et al., 2006)
TiO,/CuO Photocatalysis (Roy, 2022)

2.5.3 Green synthesis

The use of physical and chemical processes to make nanoparticles produces hazardous
byproducts that are harmful to the environment. As a result, the green synthesis approach
is thought to be a promising alternative for producing biocompatible and stable
nanoparticles. The bottom-up technique is used in biologically based nanoparticle
production (Patra & Baek, 2014). Green synthesis methods are needed to avoid the
formation of toxic byproducts by developing dependable, long-lasting, and
environmentally friendly synthesis procedures. The synthesis of nanoparticles by fungi,
bacteria, algae, and plants isa common green synthesis approach (Singh et al., 2018). Plant-
derived nanoparticles are more long-lasting, cost-effective, and quite innovative. Plant
extracts have the advantage of being dual-purpose, working as both reducing and
stabilizing agents to aid in the creation of nanoparticles (El Shafey, 2020; Gnanasangeetha
& Suresh, 2020). Figure 5 shows the general mechanism of green synthesis. Examples of

nanomaterials synthesized by green methods using plant extract are listed in Table 3.
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Figure 5. Biological synthesis of nanoparticles using green technology (Patra & Baek,

2014).

Table 4. Examples of green synthesized nanomaterials.

Plant nanomaterial Application References

Rubus ellipticus | TiO2/CuO photocatalysis (Bisht et al.,
2023)

C. benghalensis | TiO2/CuO photocatalysis (Bopape et al.,
2023)

A. carambola TiO,/CuO photocatalysis (Etape et al.,
2017)

Moringa TiO2/CuO photocatalysis (Solano et al.,

Oleifera 2023)

Eichhornia TiO2/Cu0O photocatalysis (Luetal., 2019)

crassipes
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3 Materials and methods

3.1 Apparatus and instruments

Apparatuses used during this research work were: Fourier-transform infrared spectrometer
(FTIR), x-ray diffractometer (XRD), Ultraviolet-visible spectrophotometer (UV-Vis),
centrifuge, digital electronic balance, furnace, refrigerator, ultrasonic bath/sonicator,
different size of beakers, test tubes, magnetic stirrer, thermometer, Whatman filter paper,
mortar and pestle, cylindrical glass, pH meter, micro grinding machine, hot plate,
micropipettes, spatulas, Erlenmeyer flasks, volumetric flasks, crucible, and aluminum

foils.

3.2 Chemicals and reagents

The chemicals and reagents used in this work were distilled water, Titanium tetra
isopropoxide (27%), ethanol (99%), isopropanol (99%), hydrochloric acid (37%), NaOH,

and copper nitrate. All reagents used in this work were analytical grades.

3.3 Sample Collection and Extract Preparation

The fresh plants’ part of Rosa abyssinica leaf was collected from the forest of Amhara
regional state, Awi zone, Gashena wereda. The plant part used in this study was extracted
from the Rosa Abyssinia leaf washed with distilled water and dried. After crushing into
fine powder using a mortar and pestle, the extract was prepared using distilled water. Then
the mixture was stirred and heated at 60 for 2 hrs. The solution was filtered using Whatman
filter paper. The extracted part was stored at 4 °C for further use (Chatterjee, 2018; El-
Ghamri et al., 2015; Garcia-Salinas & Ariza, 2019).

3.4 Phytochemical Analysis
3.4.1 Test for Alkaloid

1 mL of the Rosa abyssinica leaf extract filtrate was treated with a few drops of Wagner

reagent, and a yellow color formation was observed (Bakatula et al., 2018).
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3.4.2 Test for Flavonoid

The Rosa abyssinica leaf extract was mixed with a few fragments of magnesium ribbon,
and concentrated HCI was added dropwise. The appearance of pink scarlet has been looked

at to indicate the presence and absence of flavonoids (Saha et al., 2020).

3.4.3 Test for Phenol

1 mL of the Rosa abyssinica leaf extract filtrate was taken in a test tube, and 1 to 2 drops
of iron Il chlorides (FeCls) were added. The color change of the mixture was observed

after a few minutes (Oloya et al., 2022).
3.4.4 Test for Saponins

The filtrate of plant extract (1 mL) was taken in a test tube and diluted with 5 mL of distilled
water. It was shaken by hand for 15 minutes. A foam layer was observed on the top of the

test tube. This foam layer indicated the presence of saponins (Agidew, 2022).

3.45 Test for Steroids

The plant extract filtrate (1 mL) was taken in a test tube and dissolved in chloroform (1
mL). Then the sides added 1 mL of acetic anhydride and 2 drops of concentrated sulfuric
acid to the test tube. The upper layer in the test tube turned red, indicating the presence of
steroids (Dubale et al., 2023).

3.4.6 Tannins Test

The plant extract filtrate (2 mL) was taken, and then a few drops of 10% ferric chloride
solution were added to the filtrate. The blue-green color appearance indicates the presence
of tannins in the sample (Oloya et al., 2022).

3.4.7 Test for proteins

In a dry test tube, 2mL extract was taken and then HNO; solution was added drop wisely. The formation of

yellow color shows the presence of proteins (Saha et al., 2020).

3.4.8 Terpenoids Test

The plant extract filtrate (1 mL) was taken in a test tube and dissolved in chloroform (1
mL). The concentrated sulfuric acid (2 drops) was added to the test tube and shaken. The
lower yellow color indicates the presence of terpenoids (Dubale et al., 2023).
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3.5 Green synthesis of TiO2/CuO nanocomposites

The T102/CuO nanocomposites were synthesized using the facile green synthesis route
using Rosa abyssinica leaf extract which acts as a reducing/capping agent. 20 mL of
Titanium tetra isopropoxide (TTIP) was added to the beaker containing absolute ethanol
and distilled water in a ratio of 1:1 with a volume of 50 ml. The solution 0.5 molars of
copper nitrate solutions of 10, 20, and 40 ml were taken separately, to make the ratio of
CuOand TiOzin suchaway that 2:1, 1:1, and 1:2 by precursor volume. The CuQ precursor
solution was slowly poured into the titanium solution while stirring magnetically. Then 50
mL extract of Rosa abyssinica was poured to the mixture step wisely. The solution was
stirred at room temperature until the color change was observed which confirms the
formation of titanium dioxide-copper oxide nanocomposites. The synthesized
nanocomposite solutions were separated by filtering using the Whatman No1 filter paper.
The isolated nanocomposites were dried in an oven at 100 °C overnight and calcined based
on TGA stability information (Ahmad etal., 2020; Aravind etal., 2021; Muniz et al., 2011).
Then the synthesized Nanomaterials were characterized by XRD, FTIR, and DRS

characterization techniques.

3.6 Characterization of the as-synthesized TiO2/CuO nanocomposites

Several characterization approaches were used to examine the properties of the
biosynthesized nanomaterials. The XRD study was performed on a Shimadzu 7000 X-ray
diffractometer (Japan) equipped with Cu Kal radiation source (A = 1.5406 A) with an
accelerating voltage of 40 kV and a source current of 30 mA at a scanning rate of 4° min!
in 20 range of 10 ° to 80 °. The UV-Vis defused reflectance spectrophotometer (JASCO
V-750 UV-Vis) has been utilized to measure the UV-Vis diffused reflectance spectra. FTIR
spectra were obtained using an FTIR-6600 spectrophotometer (JACO International Co.,
Ltd., Tokyo, Japan) between 4000 and 400 cm™. UV-Vis spectrophotometer was used to
study the degradation of the MB dye.

3.7 Photocatalytic activity
The degradation of an aqueous solution of MB with varying concentrations of MB was
used to assess the photocatalytic activity of the synthesized NCs. The reactions took place

in a mechanical stirring photo reactor that was illuminated by 150 W halogen lamps. 20
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mg of synthesized nanomaterials were introduced to a 100 mL aqueous solution of MB dye
while it was being constantly stirred to effectively degrade the dye. Before irradiation, the
solution was continually shaken in the dark for approximately 35 minutes to establish an
equilibrium for adsorption-desorption between the photocatalysts and MB dye. Then, the
light source was positioned on top of the solutions and was irradiated under continuous
stirring. The decomposed dye sample was periodically withdrawn every 10 min and
subjected to centrifugation to separate the nanomaterials from the dye solution. The
absorption spectra of decomposed dye were collected using a UV-visible
spectrophotometer (UV-3600 Shimadzu Co., Japan). Finally, the photocatalytic
degradation efficiencies of the samples were calculated using the following equation
(Equation 9) (Cahino et al., 2019).

Ce

Degradation rate = x 100 9)

o

Here Co is the initial dye concentration and C; is the concentration at time, t. All
concentration values were obtained by the wavelength of maximum absorption (Amax= 664

nm) for MB in the absorption spectrum.

The effects of catalyst dosage (10, 20, and 30 mg), pH (4, 7, and 10), and concentration of
MB (10, 15, and 20 ppm) were investigated by using TiO./CuO NCs catalyst for
degradation of MB. According to the first-order kinetics reaction, rate constant k (min-1)
was determined by using the following Equation 10 (Alkaykh et al., 2020).

In (f:—‘t’) — kt (10)

Where Cq is the initial concentration of the MB, C; is the final concentration after visible

light irradiation and Kk is the rate constant.

3.8 Reusability test
The recyclability tests were done for synthesized nanocomposites after being used in the
photocatalytic degradation of MB. After the first photocatalysis degradation, the solution

was centrifuged three times with distilled water. Then the washed synthesized
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nanocomposites will be dried at 70 °C and reused. This procedure was repeated for three

consecutive additional cycles’ of photocatalysis using fresh MB dye.
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4  Results and discussion

4.1 Phytochemical Screening Result

The Rosa abyssinica leaf extract was presented with notable positive phytochemical results
(Table 5), which were evidenced with remarkable color changes. Flavonoids, saponins,
alkaloids and phenols were the abundant classes of compounds in the majority of the
screened plant extract. Only the protein test showed a negative phytochemical screening

test indicating its absence.

Table 5. Phytochemical test response of Rosa abyssinica leaf extract.

Phytochemicals Response to the test
Alkaloids +
Flavonoids +
Phenols +
Saponnins +
Steroids +
tannins -
Proteins -
Terpenoids +

4.2  XRD Analysis

The crystalline structure and phase purity of the samples were characterized using X-
ray diffraction (XRD) analysis. The results from the XRD patterns corresponding to
the biosynthesized titanium dioxide/copper oxide nanocomposites (TiO2/CuO NCs)
are illustrated in Figure 6. Specifically, the XRD analysis revealed the presence of
titanium dioxide characterized by distinct diffraction peaks at specific 20 angles,
notably 25.28 ° corresponding to the (101) plane, 36.85 ° for the (103) plane, 37.82 °
for the (004) plane, 48.14 ° associated with the (200) plane, 53.75 ° for the (105) plane,
55.15 ° relating to the (211) plane, and further peaks at 62.79 ° (204), 68.74 ° (116),
70.35 © (220), and 75.13 ° (215). These peaks are indicative of the anatase phase of
titanium dioxide and align with the reference data cataloged in the Joint Committee on
Powder Diffraction Standards (JCPDS) file number 21-1272 (Gou & Guo, 2019)

Additionally, the analysis presented prominent diffraction peaks for copper oxide
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within the range of 20 values that include 32.52 ° for the (110) plane, 35.65 ° for the
(-111) plane, and 38.84 ° for the (111) plane. These findings confirm the successful
formation of copper oxide, consistent with the standard JCPDS reference number 48-
1548 (Ramirez et al., 2020). The clear presence of notable diffraction peaks from both
the titanium dioxide and copper oxide components conclusively demonstrates the
formation of the TiO2/CuO nanocomposite structure, highlighting the effective

biosynthesis process employed.

The average crystallite size of the biosynthesized NCs was estimated from the major
intense peaks by using the Scherer formula, Equation 12.

_ KA
B BcosO

(12)

Where K is Scherer’s constant, which is 0.9, A is the wavelength of the X-ray radiation,
which is 0.15406 nm, g is peak width at half maximum, and 6 is Bragg’s angle. The
calculated average crystallite sizes of TiO2/CuO (1: 1), TiO2/CuO (1:2) and TiO2 (2: 1)

biosynthesized by Rosa abyssinica leaf extract were 12.5, 14, and 17nm, respectively.
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Figure 6. XRD patterns of biosynthesized TiO2/CuO (1:1), TiO,/CuO (1:2) and
TiO2 (2: 1) NCs.

4.3 UV-Vis DRS analysis

The optical properties of synthesized samples were analyzed via UV-Vis DRS, and their

Tauc plots were drawn using the standard procedure and mathematical calculations (Figure
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7). The band gap energy of the as-synthesized NPs’ was calculated using the Tauc equation
13 (Tauc et al., 1966).

(F(R)-hu)n=A - (hv — Ey) (13)

where F(R) is the percentage of reflected light, h is Planck’s constant, v is incident light
frequency, Eg is the bandgap energy, A is a proportionality constant, and n is the power
index that is related to the characteristics transition in a semiconductor (n = 2). The optical
bandgap energy of the NPs was estimated by plotting the (F(R) -hv) " versus the photon

energy (hv) and extrapolating the linear region of the curve to the energy axis.
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Figure 7. UV-Vis DRS spectra of TiO2/CuO NCs (A), Tauc plots for bandgap energy
estimation (B ), and UV-Vis spectra of R.A extract (C).
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Figure 7 shows the energy band gap of TiO2/CuO NCs obtained from Tauc plots. The
estimated energy band gaps of TiO2/CuO (2: 1) TiO2/CuO (1: 1), and TiO2/CuO (1:2)
biosynthesized by Rosa abyssinica leaf extract were 2.31, 2.65, and 2.75 eV, respectively.
The energy was found to be decreased with a decreasing ratio of Titanium oxide precursor.
Figure 7C shows the UV-Vis absorbance spectra of plant extract which indicates the

presence of polyphenols in the extract (Halake & Lee, 2017).

4.4 FTIR Analysis

The FTIR spectra of TiO2/CuO NCs are shown in Figure 8. The absorption peaks at about
3408 and 1629 cm * are related to the stretching vibration of surface hydroxyl groups and
the H-O-H bending vibration of adsorbed water molecules, respectively (Adyani &
Ghorbani, 2018). The weak absorption band at around 2337 cm %, can be related to the
absorption of CO, from the atmosphere. The peaks at 2,915 and 2,850 cm ! are assigned
to C—H stretching vibrations of alkane groups. Small absorption peaks between 400 and
460 cm * are attributed to Ti-O-Ti vibrations. Further observation shows that the peaks
corresponding to the vibration of 450-680 were ascribed to the stretching modes of Cu-O
and Cu—O—Cu bridging (Sethy et al., 2020).

The Fourier Transform Infrared (FTIR) spectra of the titanium dioxide/copper oxide
nanocomposites (TiO2/CuO NCs) are presented in Figure 8. Analysis of the spectra reveals
significant absorption peaks, notably at approximately 3408 cm * and 1629 cm . These
peaks can be attributed to the stretching vibrations associated with surface hydroxyl groups,
which play a critical role in the chemical reactivity and interaction of the nanocomposites
with environmental factors (Sayed et al., 2024; Shawky et al., 2024). The peak at 1629 cm
"1 corresponds to the H-O-H bending vibration of water molecules that are adsorbed onto
the surface of the TiO2/CuO NCs, indicating the presence of moisture within the sample,
which is essential for understanding its surface chemistry and potential applications
(Adyani & Ghorbani, 2018). In addition to these prominent features, a relatively weak
absorption band is observed around 2337 cm 1. This particular peak is suggestive of the
absorption of carbon dioxide (CO,) from the surrounding atmosphere, pointing to the
nanocomposite's possible interactions with prevalent greenhouse gases, a factor that may

influence its performance in environmental applications. Furthermore, the spectra exhibit
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peaks at 2915 cm 1 and 2850 c¢cm -, which are attributed to C—H stretching vibrations
indicative of alkane groups. These vibrations may arise from organic contaminants or
stabilization agents present in the synthesis process, highlighting the complex surface

chemistry of the nanocomposites.

The spectrum also shows small absorption peaks in the range of 400 to 460 cm %, which
are linked to the Ti-O-Ti vibrations. These vibrations are emblematic of the titanium-
oxygen bonding within the crystal structure of TiO», reinforcing the structural integrity and
stability of the nanocomposite. Further analysis of the spectral data reveals additional peaks
corresponding to the range of 450-680 cm 1 (Sethy et al., 2020). These peaks are attributed
specifically to the stretching modes of Cu—O and Cu—O—Cu bridging, which are significant
for understanding the copper oxide component's influence on the overall characteristics of
the nanocomposites (Sethy et al., 2020). The presence of these distinct vibrational modes
provides valuable insight into the molecular interactions and bonding environments within
the TiO,/CuO NCs, thereby contributing to the knowledge necessary for their potential
applications in various fields, including catalysis and environmental remediation. As
shown in Figure 8A The FTIR analysis of plant extract also showed that the peak at
3341 cm™ is related to the presence of O-H stretching. The band around 2923 cm™ is
corresponding to C-H stretching. The absorption peak at 1637 cm™ depicts C= O
double bond stretching (Baloguna et al., 2024).
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Figure 8. FTIR spectra of (A) R. abyssinica leaf extract and (B) TiO2/CuO NCs.

28



4.5 Photoluminescence spectra analysis

The lifetime of photo-generated electron holes in semiconductors and the effectiveness of
charge carrier transfer were both studied using photoluminescence (PL) emission spectra.
PL spectra were also used in several investigations that showed a notable improvement in
the separation of photo-generated carriers as shown in Figure 9. The TiO2/CuO NC with
(1:1) precursors ratio is represented by the lowest peak intensity in the figure, showing that
the holes and electrons recombination reduced this ratio as compared to (2:1) and
(2:2). The decreased electron-hole recombination improves the photocatalytic
effectiveness of TiO2/CuO NCs.

TiO,/CuO (2:1)
TiO,/CuO (1:2)
TiO,/CuO (1:1)

Intensity (a.u.)

T T T T T T T T T T T T T T T T 1
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Figure 9. PL spectra of biosynthesized TiO2/CuO nanocomposites.

4.6 Photocatalytic activity test

Photocatalytic performance optimization of different ratios of the biosynthesized
Ti0,/CuO NCs was performed by the degradation of MB in an aqueous solution under
light irradiation at a dye concentration of 10 ppm, catalyst dose of 20 mg, pH of 7, and a

time interval of 80 minutes. MB shows a maximum absorption at about 664 nm. The
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photodegradation performance of the biosynthesized TiO. /CuO NCs with different ratios
against MB was tested and the absorption spectra are shown in Figure 10 (A-C). Among
the three ratios, TiO2 /CuO (1:1) showed the highest decomposition of MB in an aqueous

solution as indicated in Figure 10 C.
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Figure 10. UV-visible spectra showing the reduction in the intensity of MB dye solution
under light irradiation by using NCs TiO, /CuO with the ratio (2:1)(A),
(1:2)(B), and (1:1)(C).

The photocatalytic activity observed where inversely related to the PL spectra intensity.
This is related to an increase in the lifetime of photogenerated (e— /h+) pairs of the lowest

PL intensity of (1:1) (El Mragui et al., 2021).

The plot of In(C/Co) versus irradiation time (t) was explored using the pseudo-first-order
rate constant for the degradation of MB. The plot of In(C/Co) Vs irradiation time as shown

in Figure 11 gives the rate constant for the synthesized nanocomposites. The rate constant
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for TiO2/CuO (2:1), TiO2/CuO (1:2), and TiO2/CuO (1:1) were found to be 0.0147,
0.0179, and 0.0223 min respectively. Among them, TiO2/CuO (1:1) possesses the highest
degradation rate constant. Plots of In(C/Co) versus irradiation time (t) for the pure and
doped samples, show an approximated linear relationship between the two variables. This
indicates that the photodegradation of MB follows a pseudo-first-order reaction (Nguyen
etal., 2019).

2.0

= TiO,/CuO (1:2)
e TiO,/CuO (1:1)

51 4 TiO,/CuO (2:1)

0 20 40 60 80
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Figure 11. Plots of In(C/Co) vs. degradation times of MB different ratios of the NCs.

4.6.1 Effect of pH

The effect of pH was studied for the photocatalytic degradation of MB solution with
TiO,/CuO (1:1) catalyst based on the above optimization. To demonstrate the
photocatalytic degradation of MB, different pH solutions of 4, 7, and 10 were used along
with 20 mg of TiO,/CuO (1:1) catalyst and 10 ppm of MB solution with corresponding

time intervals of 0 to 80 minutes as shown in Figure 12.
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Figure 12. UV-visible spectra of MB with different pH of 4 (A), 7 (B), and 10 (C) and rate
degradation (D) in the presence of TiO2/CuO (1:1) NC at different pH.

The TiO2/CuO (1:1) NC efficiency of photodegradation was tested at different pH
environments. However, the degradation ability of the sample steadily increases from pH4
to pH10 with the rate constant values (K) of 0.0078, 0.0223, and 0.0344 mint at pH4, pH7,
and pH10, respectively as shown in Figure 12D. This may be due to the variation in
electrostatic forces between the catalyst surface and MB molecules at various pH levels. In
an alkaline medium, the catalyst's surface is negatively charged while in an acidic medium,
it is positively charged. MB is a cationic dye, so when it dissolves in water, its structure
becomes positively charged. Therefore, the rate of MB degradation is higher in alkaline
media due to an increase in opposite-charge interactions between the solution and catalyst
surface (Prabakaran & Pillay, 2019).
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4.6.2 Effect of Initial Dye Concentration

The effect of different initial concentrations of MB was tested for the photocatalytic
activity with TiO2/CuO (1:1) at pH10, catalyst dose of 20 mg, and the time intervals of 0

to 80 minutes as shown in Figure 13A-C.
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Figure 13. UV-visible spectra of MB with different initial concentrations of 10 ppm (A),
15 ppm (B), and 20 ppm (C) at pH10, 20 mg TiO2/CuO (1:1) catalyst dose and

with reaction time interval 0 to 80 minutes and the rate of degradation (D).

The effect of initial MB concentration was investigated by using 10 ppm, 15 ppm, and 20
ppm of MB concentration with 20 mg of 6 TiO2/CuO (1:1) NC.

The results in Figure 13D show that the degradation efficiency is high at low concentrations

of organic dyes and gradually decreases as the dye concentration increases. This is because

33



the initial dye concentration increased indirectly, the excess of dye molecules will be
adsorbed on the catalyst surface, so the active sites of the catalysts will be reduced. As the
dye concentration increases, some hydroxyl radicals are required for the degradation of dye
molecules and, the formation of hydroxyl radicals on the catalyst surface remains constant
for a given light intensity, catalyst dose, and irradiation time. Therefore, the hydroxyl
radicals produced are insufficient for the degradation of dye at high concentrations. Hence,
photodegradation efficiency reduces as the concentration of dye increases (Isai &
Shrivastava, 2019). The reaction rates were found to decrease with increasing MB
concentration from the rate constant of 0.0223 min-* for 10 ppm to 0.0087 min-* for 20 ppm

and followed the pseudo-first-order kinetic model.

4.6.3 Effect of Catalyst Dosage

Figure 14(A-D) shows the effect of the dosage of TiO,/CuO (1:1) catalyst on the
photocatalytic degradation of MB under light irradiation with time intervals of 0 to 80
minutes at pH10, 15 ppm of dye. The influence of the photo catalyst dosage on the
degradation of MB using TiO2/CuO (1:1) catalyst was studied by making the amount of
photocatalyst 10 mg, 20 mg, and 30 mg with an initial MB concentration of 15 ppm. An
increase in the degradation efficiency was observed with the increase in catalyst dosage.
This is due to the exposure of more active sites on the photocatalyst, which adsorb more
photons and produces more OHe radicals and positive holes under irradiation. These
hydroxyl radicals and positive holes participate in the photocatalytic reaction, and thus, the
rate of degradation of pollutants increases. At a lower dosage of catalyst, most of the
irradiated light is directly transmitted from the solution, and a small part of it is consumed
by the catalyst to perform. When the amount of catalyst is excessive, photocatalytic
degradation decreases because the active molecules collide with the basic state molecules
and lose their activity. Moreover, it should be noticed that the reduction in the percentage
of degradation at higher catalyst loading may be related to increased scattering and
turbidity effects, which does not allow the penetration of light into all available surfaces of

particles (Caglar Yilmaz et al., 2020; Reza et al., 2017).

34



2.0

2.4
B
A N : 10 mg
o cf:nalyst 2.0 No catalyst 20mg
154 0 min 0 min
= ——20 min
= —— 20 mi
E. ~——40 min ? 1.6 40 :::
8 60 min = —— 60 min
—— 80 mi @ .
g 1.0 min g 12 —— 80 min
£ z
S =
£ 2
< = 08
0.5 <
0.4
0.0 0.0
400 500 600 700 800 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

2.0

No catalyst
0 min

— 20 min
—40 min
60 min
—— 80 min

30 mg

—
in

Absorbance (a.u)
=

s
in

0.0+—==
40 500

600 700 800
Wavelength (nm)

Figure 14. UV-visible spectra of MB with different catalysts of TiO,/CuO (1:1) 10 mg
(A), 20 mg (B), 30 mg (C), with reaction time intervals 0 to 80 minutes.

4.7 Reusability test

The recyclability and stability of photocatalysts are critical factors that significantly
contribute to cost reduction while ensuring that these materials deliver consistent and
effective performance in removing pollutants. In particular, the reusability of TiO2/CuO
NC has been studied extensively, demonstrating impressive stability across multiple cycles
of use. The evaluation of their photocatalytic activity revealed notable results in terms of
pollutant removal efficiency. Specifically, during the first testing cycle, the TiO2/CuO NC
achieved a remarkable pollutant removal rate of 94%. This high level of efficiency was
only slightly diminished in subsequent cycles, with the second cycle recording a removal
rate of 91.5%. The third cycle followed closely behind with a 90% removal rate, and by
the fourth cycle, efficiency remained commendable at 89.3%. These results not only

highlight the excellent stability of the TiO2/CuO nanocomposite but also affirm its potential
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for practical applications in environmental remediation. The consistent performance
throughout multiple cycles underscores the reliability of this photocatalyst, making it a
promising option aiming to minimize operational costs while effectively addressing
environmental pollutants. This data is illustrated in Figure 15, showcasing the gradual yet

stable decline in photocatalytic efficiency across the tested cycles.
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Figure 15. Reusability test of TiO2/CuO NC for photodegradation of MB dye.
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5 Conclusions

In the present study, the synthesis of TiO./CuO NCs was accomplished through a green
synthetic method that employed Rosa Abyssinia leaves extract, acting as a reducing agent
as well as a capping and stabilizing agent for the nanocomposites. To thoroughly assess
the synthesized TiO2/CuO NCs, an extensive evaluation was conducted focusing on their
structural, thermal, optical, and crystallinity properties. This assessment utilized a range of
characterization techniques, including photoluminescence (PL), ultraviolet-visible (UV-
Vis) spectroscopy, Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction
(XRD). Such comprehensive characterization is crucial for understanding the material
properties and potential applications of nanocomposites in various fields. The average
crystallite sizes of the biosynthesized nanocomposites were measured, revealing the
dimensions of TiO./CuO in different ratios: the sample with a 1:1 ratio had an average
crystallite size of 12.5 nm, the 1:2 ratio resulted in a size of 14 nm, and the 2:1 ratio
exhibited a larger size of 17 nm. A further examination of the optical properties was carried
out using UV-Vis diffuse reflectance spectroscopy (DRS), which provided insights into the
energy band gaps of the synthesized nanocomposites. The estimated energy band gaps were
found to be 2.31 eV for theTiO2/CuO (2:1) composition, 2.65 eV for TiO2/CuO (1:1), and
2.75 eV for TiO,/CuO (1:2). These values are significant as they directly influence the
photocatalytic activity of the materials. The photocatalytic degradation efficiency of the
synthesized nanocomposites was evaluated by testing their performance against methylene
blue (MB) dye in an aqueous solution. The results indicated that TiO,/CuO (1:1)
demonstrated a notable photocatalytic removal efficiency of 94% under optimized
conditions. These conditions included an initial MB dye concentration of 15 ppm, a pH
level of 10, a catalyst dosage of 20 mg, and a contact time of 80 minutes. Such high
efficiency underscores the potential applicability of these nanocomposites in wastewater
treatment and environmental remediation. Furthermore, the kinetic analysis conducted on
the photocatalytic degradation of MB indicated that the reaction adhered well to a pseudo-
first-order kinetic model, suggesting a predictable and quantifiable degradation process.
The investigation into the reusability of the TiO2/CuO (1:1) nanocomposite revealed its
good stability over multiple cycles of use, which is an essential aspect for practical

applications in sustainable environmental solutions.
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