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ABSTRACT: In this study, we successfully synthesized a TiO,/CuQO
nanocomposite using the aqueous extract of Impatiens tinctoria A.rich.
leaf extract as a capping, reducing, and stabilizing agent for the first
time in an environmentally friendly, low-cost, straightforward, and
sustainable technique. Numerous characterization techniques such as
ultraviolet—visible diffuse reflectance spectroscopy (UV—vis-DRS),
photoluminescence (PL), Raman spectroscopy, Fourier-transform
infrared (FTIR), energy dispersive X-ray (EDX), transmission
electron microscopy (TEM), X-ray diffraction (XRD), scanning

electron microscopy (SEM), Brunauer—Emmett—Teller (BET), and N -
product
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high resolution TEM (HRTEM) were used to characterize the

obtained TiO,/CuQO nanocomposite. XRD verified that the TiO,/

CuO nanocomposite has an average crystallite size of about 21 nm.

The TEM result revealed an average particle size of 29 nm for the biosynthesized TiO,/CuO NC. The HRTEM analysis showed the
presence of polycrystalline structures with the predominant lattice fringes 0.352 and 0.19 which were attributed to anatase phase
TiO, in the crystal plane of (101) and (200), respectively. The lattice fringes for monoclinic CuO were observed with values of
0.213 and 0.252 for the lattice planes of (111) and (111), respectively. The photoluminescence spectroscopic analysis revealed that
the TiO,/CuO NC showed the lowest intensity compared to the pristine TiO, and CuO indicating the reduction of exciton
recombination in the case of the TiO,/CuO NC. The BET analysis showcased the formation of mesoporous materials with a surface
area of 87.5 m*/g. The photocatalytic degradation performance of the biosynthesized TiO,, CuO, and TiO,/CuO nanomaterials
against the potentially harmful MB dye was tested using the light source of a 150 tungsten-halogen lamp with a wavelength range of
360—2800 nm. The factors affecting photodegradation efficiencies like catalyst dose (20 mg), dye concentration(15 ppm), pH (9),
and reaction time (90 min) were optimized for the degradation of the MB dye. The TiO,/CuO catalyst showed the highest
degradation efficiency of 99% under the optimized conditions. The degradation rate of the MB dye in the presence of the TiO,/CuO
NC was evaluated and found to be fitted to the pseudo-first-order kinetics with a rate constant of 0.03 min~". The reusability test of
the TiO,/CuO catalyst showed its good stability.

1. INTRODUCTION searches.”” Among those water-soluble cationic dyes, methyl-
ene blue has a low biodegradability. This causes the dye to stay
in the environment for a long time, ruining natural
ecosystems.'”"" As a result, numerous approaches, such as
adsorption, membrane separation,12 ultrafiltration,”® ion
exchange,'* and photocatalysis'> have been developed to
remove methylene blue from polluted water. Among them, the
elimination of long-lasting contaminants and the production of
safe end products can be achieved by heterogeneous

Water is one of the most important elements of human
existence. It is essential to our physical existence and the most
basic requirement for life. Water is needed for many household
and commercial tasks, including cooking, cleaning, gardening,
and manufacturing." Globally, concerns over the availability of
clean water are 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.” > These toxic

organic dyes are among the many pollutants that have Received: April 10, 2024
contaminated water in recent years due to the increased Revised:  September 6, 2024
demand for contemporary technologies.”” Ingestion of organic Accepted:  September 10, 2024
dyes has been linked to several health problems in humans, Published: September 24, 2024
including vomiting, gastritis, irregular heartbeat, chest pain,

and excessive perspiration, according to numerous re-
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photocatalysis, which makes use of semiconductor materials
and a variety of light sources.'® A positive hole (h*) is created
in the valence band of a semiconductor during the photo-
catalytic process when an electron (e”) is excited from the
valence band (VB) to the conduction band (CB) in the
presence of light with an energy higher than the corresponding
band gap of the material.'” The process of photocatalytic
degradation is started by the photogeneration of charge carriers
(e™/h*)."® In photocatalytic degradation, nanomaterials play a
great role in the efficient removal of pollutants. Since
nanotechnology is so versatile and has so many uses in nearly
every scientific field, it has received more attention. The main
focus of nanotechnology is on the supermolecule scale of
atoms and molecules.'”” At this stage, the physicochemical
properties of nanomaterials drastically altered because of the
increasing surface area-to-volume ratio. In addition to its size,
structure, physicochemical properties, and biological traits,
nanotechnology offers a wide range of uses in many different
industries, including molecular diagnostics, mechanical, elec-
trical, and imaging-specific targeting. On an ongoing basis, the
application of nanomaterials is extended in the fields of
medicine, cosmetics, pharmaceuticals, and energy develop-
ment.”"**

Metal oxide nanomaterials, such as ZnO,” Nb205,24
$n0,,** Cu0,* Ce0,,”” BiVO,”® WO, Fe, 0, TiO,,*
and In,0;” are used in different applications because of their
fascinating thermal, optical, electrical, and magnetic properties.
Building a heterojunction that can, in comparison to single
metal oxide nanomaterials, increase the surface area-to volume
ratio and minimize the recombination of electron/hole pairs is
important because of the synergistic effect. One can use metal
oxides with the same band gap or different band gaps to
generate the heterojunction.”” "> The synthesis of these
nanomaterials can be classified as chemical >’ physical,38
and biological methods.”” Conventional synthesis processes,
encompassing both chemical and physical methods, are
typically executed in exceedingly severe environments. The
biological processes, on the other hand, are typically carried
out at room temperature and pressure, indicating simplicity,
energy efficiency, and a decreased risk of toxicity or harm to
both people and the environment.”” The objective of green
synthesis is to advance revolutionary technologies that
minimize the need for dangerous materials in the creation,
production, and usage of chemical products. This entails
minimizing or, if at all feasible, completely removing the
pollution generated during the synthesis processes, refraining
from releasing hazardous substances in the production of
materials, and reducing the time needed for synthesis.”'

So far, there is no scientific report on the characterization
and biological activities of TiO,/CuO materials synthesized by
Impatiens tinctoria A.Rich leaves extract. The objective of the
present study was to successfully investigate the photocatalytic
activities of TiO,/CuO nanocomposites prepared by using L
tinctoria A.Rich leaf extract.*” I tinctoria A.Rich is a member of
the Balsaminaceae family. It thrives near streams and shaded
banks, along woodland edges and gullies, and in wet, dark
places in upland rainy woods.” Ethiopians have long used the
impatiens tinctoria tuber as a traditional folk remedy for
various ailments. Chewing the stem can cure bacterial and
fungal diseases in the mouth and throat and treat wounds
aseptically. Its root infusion is drunk as a laxative also to treat
pain in the abdomen.** The fact that Impatiens tinctoria tubers
are traditionally used for hand toughening is evidence of their

abundance in bioactive antiaging chemical substances. Addi-
tionally, recent research revealed that the tuber of Impatiens
tinctoria is a rich source of several secondary metabolites.*
The biosynthesized TiO,/CuO NC synthesized using I
tinctoria A.Rich leaves extract for the photodegradation of
methylene blue (MB) with a surface area of 87.5 m*/g showed
a good mesoporous behavior. The scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) morphology also showed nearly homogeneous nano-
particles (NPs) with reduced agglomeration, which is related
to the extract of I tinctoria A.Rich leaves having the ability to
cap during synthesis. As a result, this mesoporous structure
may help to increase TiO,/CuO NC’s photocatalytic activity
of the MB dye. There are many advantages to the green
synthesis method, which uses plant extract from L tinctoria
ARich leaves as a stabilizing and reducing agent. The low
toxicity of the resultant nanomaterials has a major advantage
since plant extract can substitute harsh chemical reagents,
making the formation of safer nanocomposites for the
environment and human health possible. Green synthesis
also reduces the amount of hazardous waste produced and the
environmental damage caused by nanomaterial synthesis,
which is in line with ecofriendly and sustainable methods.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. The materials used in this
work were copper nitrate hexahydrate (Luba India, 96%),
titanium tetra isopropoxide (TTIP, 97.5%, Merck, Germany),
ethanol (99.9%, Luba, India), hydrochloric acid (HCI) (SRL,
37%), deionized water, sodium hydroxide (98%, Luba, India),
methylene blue (C,¢H;4CIN;S, Dallul Pharmaceuticals plc),
and L tinctoria A.Rich leaves. All of the reagents were analytical
grade and used as received without further purification.

2.2, Extraction of Plant Leaves. The extraction was
carried out using the technique described by Basit and
colleagues with modifications.*® First, I. tinctoria A.Rich leaves
were collected from the Menz Gera Midir, Amhara regional
state, Ethiopia. The collected leaves were thoroughly cleaned
using tap water and distilled water to remove dirt. Now, leaves
were allowed to air-dry at room temperature in the dark for 2
weeks. These dry leaves were then ground in a lab grinder to
produce a powder. To prepare leaf extract, which was to be
employed as a capping/stabilizing agent, 20 g of powder was
added to 200 mL of deionized water, and the combination was
heated to 60 °C with stirring magnetically for 1 h. After being
heated, the extract was filtered through the Whatman filter
(shown in Figure S1).

2.3. Biosynthesis of Photocatalysts. To synthesize
TiO,, 15 mL of TTIP solution was mixed with 50 mL of L
tinctoria A.Rich leaves extract and continuously stirred at room
temperature for 12 h. TiO, NPs were formed after calcination
at 400 °C for 3 h. The same procedure was followed to
synthesize the CuO NPs. To synthesize the TiO,/CuO NC, an
amount of 15 mL of TTIP solution was added to 100 mL of L.
tinctoria A.Rich leaves extract followed by the addition of 15
mL of 0.2 mM Cu(NO,),-6H,0. Then the mixture was stirred
magnetically for 12 h and filtered using the Whatman filter
paper. The biosynthesized nanocomposite was calcined at 400
°C for 3 h.

2.4. Characterization of the Biosynthesized Nanoma-
terials. Several characterization approaches were used to
examine the properties of the biosynthesized nanomaterials.
The X-ray diffraction (XRD) study was performed on a
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Shimadzu 7000 X-ray diffractometer (Japan) equipped with a
Cu Kal radiation source (4 = 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 26 range of 10—80°. By analyzing nitrogen
adsorption—desorption at 77.7 K with an instrument called the
Quantachrome v11.02, USA, the Brunauer—Emmett—Teller
(BET) study of pore size, specific surface area distribution, and
pore volume was assessed.

The Raman spectrometer (JASCO, NRS-5000, Japan) was
used to evaluate the Raman spectrum. The ultraviolet—visible
(UV—vis) defused reflectance spectrophotometer (JASCO V-
750 UV—vis) has been utilized to measure the UV—vis-
diffused reflectance spectra. Fourier-transform infrared (FTIR)
spectra were obtained using an FTIR-6600 spectrometer
(JACO International Co., Ltd., Tokyo, Japan) between 4000
and 400 cm™'. An UV—vis spectrophotometer was used to
study the degradation of the MB dye. The morphology of
biosynthesized structures was examined using a SEM
technique (400, FEG). Energy-dispersive X-ray spectroscopy
was utilized to examine the elemental composition. A
transmission electron microscope (FEI, Titan, 80—300 kV)
operated at 300 kV was used to produce exceptionally detailed
lattice images.

2.5. Photocatalytic Performance Test. The photo-
catalytic degradation activities of TiO,, CuO, and TiO,/CuO
against the MB dye were studied under a 150 W tungsten-
halogen lamp (Philips, China) with a wavelength range of
360—2800 nm. An amount of 100 mL aqueous solutions of the
methylene blue dye (5—30 ppm) were prepared in vessels and
an appropriate amount of TiO,, CuO, and TiO,/CuO catalysts
(10—40 mg) were added. To ensure sufficient adsorption—
desorption equilibrium, the solutions were sonicated in the
dark for 30 min before being exposed to light. An amount of 4
mL of the MB dye solution was extracted from the reaction
mixture every 10 min, and the UV—vis spectrophotometer was
used to measure the absorbance. The percentage of removal of
the 1\1[? dye by the catalysts was evaluated using the formula in
eq 1.

: X 100
4, (1)

%degradation =

where A, is absorbance, before irradiation, and the parameter A
is its absorbance, at any time t after the irradiation has started.

3. RESULTS AND DISCUSSION

3.1. X-ray Diffraction Analysis. The XRD patterns of
biosynthesized TiO,, CuQO, and TiO,/CuO nanomaterials are
indicated in Figure 1. The TiO, was identified by the
characteristic diffraction peaks at 25.28° (101), 36.75° (103),
37.81° (004), 48.04° (200), 53.79° (105), 55.15° (211),
62.81° (204), 68.78° (116), 70.45° (220), and 75.13° (215)
which correspond to the anatase phase of titanium dioxide
(JCPDS #21—1272)."” The characteristic diffraction peaks of
copper oxide and the accompanying 26 at 32.52° (110), 35.65°
(111), 38.84° (111), 48.94° (202), 53.72° (020), 61.63°(113),
and 66.42° (311) suggest the formation of CuO and match
with the standard JCPDS reference #48—1548."° The presence
of the major peaks of both components clearly shows the
formation of the TiO,/CuO nanocomposite.

The average crystallite size was calculated using Scherrer’s
equation (eq 2).

——Cu0 ——Ti0y —— Ti0,/Cu0

Intensity(a.u.)

T T T

T T T
100 20 30 40 50 60 70 80
20 (degree)

Figure 1. X-ray diffraction of biosynthesized TiO,/CuO, TiO,, and
CuO nanomaterials.

D= kA
Pcos O (2)

where D represents the average crystallite size (nm), k is
Scherrer’s constant, A represents the wavelength of the X-ray
Cu Ka source (1.5406 A), and f denotes the full width at half-
maximum (fwhm) of the X-ray diffraction peak which appears
at 26.

The average crystallite sizes of the biosynthesized photo-
catalysts were found to be 14, 17, and 21 nm for TiO,, CuO,
and TiO,/CuO, respectively.

3.2. UV-Vis-DRS Analysis of Biosynthesized Nano-
materials. The UV—vis-diffused reflectance spectra of the
biosynthesized TiO,, CuO, and TiO,/CuO are displayed in
Figure 2A. The band gap energy of synthesized materials was

calculated using the Tauc plots method as expressed in eq
349,50

(F(R)-m)"'" = A(hv — E,) (3)

where F(R) is the Kubelka—Munk function, which is expressed
in eq 4, h is Planck’s constant, and the exponent n depends on
the type of the electron transition (n = 2 direct and n = 1/2
indirect transitions, respectively), A is a constant, v is the
frequency of light energy, and E, = band gap energy.

K (1 -R)

FR) N 2R (4)
where R, K, and S are reflectance, absorption coeflicient, and
scattering coeflicient, respectively.

Figure 2B displays the Tauc plot of the biosynthesized TiO,,
CuO, and TiO,/CuO. The band gap energies were estimated
from the linear portion extrapolation and found to be 3.23,
1.83, and 2.65 eV for TiO,, CuQ, and TiO,/CuQ, respectively.

It is suggested that a p—n heterojunction forms when n—
type and p—type semiconductors are combined to produce an
internal electric field in TiO,/CuO NC. Additionally, the band
alignment between TiO, and CuO and the creation of this p-n
heterojunction significantly aid in electron—hole separation
and boost photocatalytic activity by reducing the recombina-
tion rate.”’

3.3. Photoluminescence and FTIR Spectra Analysis.
The lifetime of photogenerated electron holes in semi-
conductors and the effectiveness of charge carrier transfer
were both studied by using photoluminescence (PL) emission

https://doi.org/10.1021/acsomega.4c03472
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Figure 2. UV—vis-DRS spectra (A), Tauc plot (B) of biosynthesized TiO,, CuO, and TiO,/CuO nanomaterials.
CuO —Ti0,/Cu0 ——TiO,
—TiO0,/Cu0O B CuO leaf extract
A ——TiO, _
5 S
N S
=
z ks
-z’ .:
5 g
- =
= =
o L
[
375 400 425 450 475 500 525 550 575 4000 3500 3000 2500 2000 1500 1000 500

Wavelength (nm)

Wavenumber (cm™)

Figure 3. PL spectra (A) of biosynthesized TiO,, CuO, and TiO,/CuO nanomaterials and FTIR spectra (B) of biosynthesized TiO,, CuO, TiO,/

CuO nanomaterials, and plant extract.

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 3A. The TiO,/CuO is
represented by the lowest peak intensity, indicating that the
holes and electrons recombination is reduced in the TiO,/
CuO heterostructures as compared to the individual TiO, and
CuO. The decreased electron—hole recombination improves
the photocatalytic effectiveness of TiO,/CuO NC.>

Figure 3B presents the FTIR spectra of TiO,, CuO, and
TiO,/CuO nanocomposite photocatalysts. The FTIR absorp-
tion peaks around 3400 and 1630 cm™ are attributed to the
stretching vibrations of surface water molecules, including
hydroxyl groups and molecular water on the nanomaterials.
The peaks at 493 and 1024 cm™' were ascribed to the
stretching modes of Ti—O and Ti—O-Ti bridging.’® The
FTIR spectra of CuO reveal prominent absorption bands
between 400 and 600 cm™. This band indicates the formation
of CuO at 529 cm™' and is attributed to the stretching
vibration of the Ti—O—Ti bond.”>>* The FTIR analysis of the
plant extract also revealed that the peak at about 3341 cm™ is
attributed to the presence of the O—H stretching. The band at
about 2923 cm™' corresponds to the C—H stretching. The
absorption peak at 1637 cm™" depicts the C=O double bond
stretching.>

3.4. Morphological Analysis. A SEM analysis was used to
assess the biosynthesized TiO,/CuO NC topological charac-

41304

teristics. The somewhat spherical-like morphology of the NPs
generated using I tinctoria A.rich leaf extract is shown in the
SEM micrograph in Figure 4A and less agglomeration was
noticed in the biosynthesized TiO,/CuO NC. The presence of
distinct phytochemicals (such as flavonoids, terpenoids,
polyphenols, and alkaloids) in the plant extract are the
components that contribute to the fine morphology of NCs.
These phytochemicals interact with metal precursors in
different ways, which affect the nucleation and development
of TiO,/CuO NC. The variety of antioxidant kinds and types
found in plant extracts can influence the reduction mechanism
of the metal precursor during NP synthesis because the
extract’s various constituents have varying capacities to reduce
metal ions and stabilize the formed NC.

The energy dispersive X-ray spectroscopy (EDX) spectra in
Figure 4B indicate the presence of Cu, Ti, and O elements in
the biosynthesized TiO,/CuO nanocomposite. The weight
percentage of pure TiO, was found in Ti (45.57 wt %), O
(33.02 wt %), and Cu (21.41 wt %). The percentage atomic
values of Ti, Cu, and O were 28.39, 10.06, and 61.55 atom %,
respectively, for the TiO,/CuO nanocomposite. This suggests
that the biosynthesized TiO,/CuO nanocomposite is free of
impurities.

In the TEM micrograph (Figure 4C), several pores in TiO,/
CuO NC are observed. The presence of nanopores is known to
be beneficial because they increase surface permeability and

https://doi.org/10.1021/acsomega.4c03472
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Figure 4. (A) SEM, (B) EDX, (C) TEM (D) particle size distribution histogram from TEM, and (E) HRTEM for the biosynthesized TiO,/CuO

nanocomposite.

improve adsorption efficiency. It is believed to efficiently lower
the charge carriers recombination rate and speed up photo-
catalytic processes, it also permits the quick transport of light-
excited charge carriers to the particle surface. The average
particle size calculated from the TEM micrograph was 29 nm,
as shown in Figure 4D. To determine more about the atomic
arrangement and structural characteristics of biosynthesized
TiO,/CuO, a high resolution TEM (HRTEM) image was

taken. Figure 4E shows the HRTEM micrograph of TiO,/
CuO. The lattice fringe values of TiO, were 0.352 and 0.19 nm
for the (101) and (200) planes, respectively. The lattice fringe
values of CuO were 0.252 and 0.233 nm for the (111) and
(111) planes, respectively. These findings provide additional
evidence that the composite catalyst contains CuO and TiO,
nanostructures.
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Figure S. Raman shift spectrum (A) and BET (B) of the biosynthesized TiO,/CuO NC.
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TiO,/CuO NC, and (F) pseudo-first-order model plots of (A—D).

3.5. Raman and BET Analysis. Raman spectroscopy is a
widely used technique to analyze the vibrational properties of
nanomaterials. Raman spectra of the biosynthesized TiO,/
CuO NC are displayed in Figure SA. The Raman spectra
showed three modes of vibration E,, (147 cm™), By, (399
em™), and E,, (639 cm™) which belongs to anatase TiO, and
one vibrational mode at A, (268 cm™') in which monoclinic
CuO can be assigned.”

The Brunauer—Emmett—Teller (BET) surface area analyzer
was used to measure the surface area of the biosynthesized

TiO,/CuO NC. Figure SB displays the TiO,/CuO NC loop of
the nitrogen adsorption—desorption isotherm. The hysteresis
loop belongs to the type IV isotherm. The surface area, pore
volume, and average pore diameter of TiO,/CuO NC were
87.5 m*/g, 0.083 cm®/g, and 9.7 nm, respectively. TiO,/CuO
NC showed average pore diameter and surface area which
could be accredited for the enhancement of the photo-
degradation of the methylene blue dye from aqueous

. 3,48,53
solution.

41307 https://doi.org/10.1021/acsomega.4c03472

ACS Omega 2024, 9, 41301-41313


https://pubs.acs.org/doi/10.1021/acsomega.4c03472?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03472?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03472?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03472?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
3.0 3.0
2.5 2.5 1
-~ -~
s s
é 2.0 é 2.0 4
% -]
2 :
5 1.5 £ 15
2 )
T T
g g
Z1.0- 2 1.0
< <
0.5 0.5
0.0 T T T T 0.0 -
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
3.0 3.0
2,54 C 2.5 D
3 3
CE : 2.0
20 i
8 3
<9
§ 1.5 g 1.5
=2 =
— T
g 2
2 1.0 Z1.0-
< <
0.5 0.5+
0-0 T T T 0~0 T T T
400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
2.0
80 E
&
=
-’
z
= 704
=2
£
L 60+
=
2
R
=
o 50
-
o0
9
a
40
T T T T T T T T T T T T T
s 6 7 3 9 10 0 10 20 30 40 50 60
Initial pH of MB dye Time (min)

Figure 8. UV—vis absorption spectra of MB at (A) pHS, (B) pHS, (C) pH9, (D) pH10, (E) degradation efficiency of biosynthesized TiO,/CuO

NC, and (F) pseudo-first-order model plots of (A—D).

3.6. Photocatalytic Performance of TiO,, CuO, and
TiO,/CuO Nanomaterials. The photocatalytic degradation of
the MB dye solution by the TiO,, CuO, and TiO,/CuO NC
was evaluated under light irradiation. TiO,, CuO, and TiO,/
CuO were tested as photocatalysts in an aqueous MB dye.
Factors affecting the efficiency of photocatalysis were
optimized and discussed in the following subtopics.

3.6.1. Effect of Dosage. The impact of catalyst dosage on
the breakdown of 10 ppm MB solution is depicted in Figure
6A—F. It was shown that the percentage of photodegradation

rose as catalyst dosage increased up to the optimum (20 mg) at
the MB dye concentration of 10 ppm, at pH 8 for 40 min of
light irradiation. The degradation efficiency decreased as the
catalyst dosage was increased above 20 mg. The first increase
in the percentage of degradation may have been caused by an
increase in the number of active sites on the TiO,/CuO
surface brought on by a higher TiO,/CuO dosage. The
quantity of free radicals such as OH® and O,*” in solution
increases when the TiO,/CuO dosage is increased, which in
turn promotes improved photodegradation of the MB dye. The
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subsequent decline in photodegradation can be easily
explained by the fact that when the catalyst dosage is increased
beyond the optimal level, the suspended TiO,/CuO NC
aggregate. This lowers the amount of light that reaches the
surface photocatalyst active sites, which lowers the rate of
degradation.”’

3.6.2. Effect of Initial Dye Concentration. One of the most
important factors in wastewater treatment is the concentration
of pollutants. The starting dye concentration (5—20 ppm) and
the photodegradation efficiency were studied to be correlated,
as shown in Figure 7. As the MB dye solution concentration
was initially less than 15 ppm, the photodegradation efficiency
of TiO,/CuO did not significantly alter. This demonstrated
that even at low concentrations of the MB dye, TiO,/CuO
maintained a steady catalytic function. The photocatalytic
efficiency of TiO,/CuO NC decreased gradually as the starting
concentration of the MB solution was increased; similar

41309

outcomes were observed for the photocatalytic degradation of
other dyes. The TiO,/CuO NC degradation efficiency was
73% when the initial concentration of MB was S ppm. When
the dye concentration was increased to 15 ppm, the
degradation efficiency was slightly decreased to 67%. The
degradation efficiency significantly decreased as the dye
concentration increased to 20 ppm. This is due to the
substrate’s potent light absorption in the catalyst’s excited
wavelength region, which could lower the catalytic efficiency.
The amount of dye adsorbed on the surfaces of the catalysts
increases with an initial concentration of the dye, which
prevents the catalyst from absorbing photons to form holes and
electrons and decreases the degradation efficiency.”®

3.6.3. Effect of pH. When assessing the photocatalytic
degradation efficiency of MB aqueous solution, pH is a crucial
aspect to consider. Since pH can also affect the surface charge
of TiO,/CuO NC, the influence of pH was also investigated in
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the pH range of 5—10. As Figure 8 illustrates, a pH value of 9
was found to be the optimum for MB degradation under the
TiO,/CuO NC catalyst. Since the MB dye is a cationic dye, it
requires a pH of dispersion that is in the basic range of the
photocatalyst. The removal gradually declined once more at
pH values greater than 9. This could be because the TiO,/
CuO NC surface’s strong negative charge was protonated,
losing its negatively charged surface 6}81'0perty and decreasing
the adsorbing cationic dye feature.””

3.6.4. Effect of Reaction Time. The percentage of MB
photocatalytic degradation on the TiO,/CuO NC surface is
equivalent to the time duration of the reaction time. Figure 9A
represents the effect of contact time on the photocatalytic
removal of MB at optimized conditions (20 mg of TiO,/CuO,
15 ppm of MB, at pH 9) in an aqueous solution. The result
shows that the rapid photodegradation removal efliciency of
MB using the TiO,/CuO catalyst was approximately 99% after
an irradiation time duration of 90 min. It was found that as the
time of light irradiation prolonged, the percentage of
photodegradation efficiency increased and reached a maximum
after 90 min. Figure 9B,9C shows the photodegradation
efficiency of the pristine TiO, and CuO, respectively, at the
optimized conditions of their nanocomposite (TiO,/CuO
NC). Figure 9D shows the photodegradation efficiencies
versus time plot of TiO,/CuO, TiO,, and CuO.

The reaction kinetics of the photocatalytic degradation
activity was studied by plotting In(Co/C) vs time for pseudo-
first-order as shown in Figure 9E. It was also investigated for
pseudo-second-order reaction kinetics as indicated in Figure
9F. The linear fitted straight line’s slope indicates the
photodegradation rate; nanomaterials with a high slope
revealed a high photodegradation efliciency. The TiO,/CuO
NC demonstrated both the highest slope and the highest
removal efficiency for MB in both pseudo-first and pseudo-
second order, with the TiO,/CuO NC enabling almost
complete removal of MB in just 90 min as compared to the
pristine TiO, and CuO NPs. Table 1 summarizes the rate

Table 1. Quantitative Analysis of the Rate Constant,
Regression, and Photocatalytic Efficiency of the
Biosynthesized Nanomaterials at Optimized Conditions

biosynthesized materials TiO,/CuO  TiO, CuO
rate constant  pseudo Ist order (min™") 0.033 0.017  0.011
pseudo 2nd order 0.025 0.02 0.013
(ppm min™")
regression pseudo 1st order 0.995 0.993  0.991
R) pseudo 2nd order 0873 0765 0761
photodegradation efficiency 99 73 60

constant, efficiency, and regression coefficient over 90 min.

The TiO,/CuO nanocomposite synthesized in this work

showed good performance compared with reported works as
. 61,62

shown in Table 2.

3.7. Reusability Test. For the reusability test of TiO,,
CuO, and TiO,/CuO nanomaterials on the photodegradation
of the MB dye, five cycles of the degradation process were
carried out at the optimized conditions (1S ppm dye, at pH9
for 90 min) and the results are shown in Figure 10 and

[ ] TiO2/CuO
Tio;
~ [cwo

120

100

80

60

Degradation efficiency (%)

0 T T T T T T T
2 3 4

Number of cycles

Figure 10. Recyclability test of TiO,/CuO, TiO,, and CuO
nanomaterials on the photodegradation of the MB dye.

summarized in Table 2. The catalysts were collected by
centrifuging them after each round of photocatalytic
degradation, cleaned with a solution of distilled water and
ethanol, and then dried in a hot air microwave oven. The
samples were utilized once again for the dye’s photocatalytic
degradation. The dye concentration, catalyst dose, pH, and
time were all maintained at the same levels at their optimum
value.

3.8. Scavenging Tests. The rate of degradation processes
is significantly impacted by the concentration of reactive
oxygen species (ROS) hitting the target molecules. Before
irradiating the reaction mixture, several sacrificial reagents were
added to trap these species and determine which one was more
responsible for the photodegradation of the MB. This allowed
us to study the influence of photogenerated electrons, holes,
OH*, and O, radicals on the photodegradation of the MB.**
Ethylenediaminetetraacetic acid disodium (EDTA-2Na) as an
h* scavenger,”* isopropanol (IPA) as an OH® scavenger,”’
silver nitrate (AgNO;) as an e~ scavenger,66 and acetonitrile as
an 0, scavenger were used.””%

It is shown in Table 3 and Figure 11 that the photo-
degradation efliciency in the presence of reactive species
scavengers is in the order of EDTA-2Na (41%) < AgNO,
(56%) < ACN (68%) < IPA (88%) for TiO,/CuO EDTA-2Na
(35%) < AgNO; (43%) < ACN (54%) < IPA (61%) for TiO,

Table 2
plant catalyst catalyst dose (mg) MB dye concentration (ppm) degradation time (min) efficiency (%)  references
Citrus aurantium juice extract TiO,/CuO 93 15 90 98.8 61
Commelina benghalensis TiO,/CuO 30 20 120 94 62
L tinctoria A.rich. leaf extract TiO,/CuO 20 15 90 99 this work
L tinctoria A.rich. leaf extract TiO, 20 15 90 73 this work
L tinctoria A.rich. leaf extract CuO 20 15 90 60 this work
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Table 3. Summary of the Effect of Scavengers on the
Photodegradation Efficiency of the MB

photocatalytic activity

scavenger TiO,/CuO TiO, CuO
no scavenger 929 73 60
IPA 88 61 36
ACN 68 54 47
AgNO; 56 43 31
EDTA-2Na 41 35 49
1007 I TiO,/CuO
| TiOy

80+ B CuOo
60

40

Degradation efficiency (%)

204

No scavenger IPA ACN

AgNO3 EDTA-2Na

Figure 11. Effect of radical scavengers on the photocatalytic ability of
TiO,, CuO, and TiO,/CuO.

and AgNO; (31%) < IPA (36%) < ACN (47%) < EDTA-2Na
(49%) for CuO. This shows that h* has the highest
contribution to the photocatalytic activity of both TiO,/
CuO and TiO, whereas e~ plays a great role in the
photocatalytic degradation activity of CuQ.%

4. CONCLUSIONS

The green method by the extract of L tinctoria A.Rich leaves
was effectively used to synthesize TiO,, CuO, and TiO,/CuO
nanomaterials. The PL analysis showed that there was
electron—hole recombination hindrance in the TiO,/CuO
NC compared to the pristine TiO, and CuO NPs. From the
XRD analysis of TiO,/CuO, the average crystallite size was
found to be 21 nm. The HRTEM study confirmed that the
TiO,/CuO composite was in close contact; the d-spacing
values of 0.352 and 0.19 nm, respectively, matched the (101)
and (200) crystal planes of the TiO, anatase phase. The d-
spacing values of 0.213 and 0.252 nm correspond to the crystal
planes of (111) and (111), respectively, belonging to the
monoclinic CuO. The BET analysis showed the formation of
mesoporous TiO,/CuO with a surface area of 87.5 m*/g. The
biosynthesized TiO,, CuO, and TiO,/CuO nanostructures
were tested for their photocatalytic degradation activity against
the potentially hazardous MB dye. Under optimal conditions,
the TiO,/CuO catalyst exhibited the maximum degrading
efficiency of 99% and showed better performance compared to
the pristine Ti0,(73%) and CuO (60%) NPs. The photo-
degradation activity of the MB dye in the presence of TiO,/
CuO NC showed pseudo-first-order kinetics with a rate
constant of 0.03 min~' and a regression coefficient of 0.995.
The reusability test of the photocatalyst revealed promising
stability in the removal of pollutants repeatedly. The
nanomaterials synthesized in this work will be tested for
other applications such as antimicrobial activity, sensors, and
electrode materials for solar cell applications.
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