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Novel CuO-SiO, nanocomposites: synthesis, kinetics, recyclability,
high stability and photocatalytic efficiency for Rose Bengal dye
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Abstract

A novel CuO-Si0O, nanoadsorbent, incorporating copper oxide (CuO) and silicon dioxide (SiO,), has been successfully
synthesized using three distinct preparation processes: Mode-A (solution and solution), Mode-B (solution and nanoparti-
cles), and Mode-C (nanoparticles and nanoparticles). The investigation focuses on evaluating the efficiency of the CuO-
Si0, nanoadsorbent, considering its synthesis process, reusability, and sustained performance over time, particularly in the
removal of Rose Bengal dye. Characterization results revealed the formation of CuO-SiO, nanocomposites structure irregular
shapes morphology across all three-preparation processes. The average particle sizes for Mode-A, Mode-B, and Mode-C
nanocomposites were determined as 18.1 nm, 15.6 nm, and 14.8 nm, respectively. Furthermore, the band gap energies of the
CuO-Si0, nanocomposites were measured at 2.2 eV, 1.8 eV, and 3.29 eV for Mode-A, Mode-B, and Mode-C, respectively.
Remarkably, the CuO-SiO, nanocomposite prepared using Mode-B demonstrated superior photocatalytic activity in degrad-
ing the anionic dye Rose Bengal, achieving a degradation coefficient of 84.8%. In comparison, CuO NPs, tested under the
same experimental conditions (120 min contact time, pH =7, temperature of 25 °C, and solar light irradiation), achieved a
degradation coefficient of 78.8%. These findings highlight the potential of the CuO-SiO, nanoadsorbent, particularly when
synthesized via Mode-B, for effective and environmentally friendly dye degradation applications.
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Introduction

Nanotechnology and nanoscience, in the field of materials
science, deal with particles sized from 1 to 100 nm, result-
ing in a high surface-to-volume ratio [1, 2]. Nanoparti-
cles (NPs) have precise, controllable properties at atomic
levels, benefiting electronics, optoelectronics, agriculture,
communications, and biomedicine sectors [3, 4].Copper
oxide nanoparticles (CuO) stand out among other nano-
particles (NPs) due to their exceptional properties, includ-
ing high chemical stability, excellent photostability, a high
electrochemical coupling coefficient, and broad radiation
absorption spectrum, garnering significant attention [5].
CuO NPs, with a wide direct band gap (1.2-2.1 eV) and
classification as p-type semiconductors in group II-VI,
demonstrate promise in multiple fields such as agricul-
ture, pharmaceuticals, biology, and environmental sci-
ence, owing to their unique characteristics and monoclinic
crystal structures [6, 7]. Additionally, CuO NPs provide
several advantages, including low toxicity, high chemi-
cal and thermal stability, compatibility, ease of synthesis,
diverse nanoscale morphologies, a high specific surface
area, enhanced oxygen adsorption capacity, and cost-effec-
tiveness [8—10]. CuO NPs have significant photocatalytic
potential but can be improved by modifying their struc-
ture with various elements, enhancing their photocatalytic
activity and applications in photocatalysis [11].Increasing
stability of magnetic nanoparticles involves diverse meth-
ods like carbon, noble metals, metal oxides, and chitosan
modifications. Silica (SiO,) coating serves to reduce toxic-
ity, enhance stability, promote biodegradability and bio-
compatibility, and prevent nanoparticle aggregation [12].
SiO, NPs have applications in electronics, drug delivery,
and catalysis for hazardous pollutants [13]. For increased
porosity, SiO, NPs are sometimes combined with other
materials [14, 15]. Several silica-based nanocomposites
have been developed, including Ag/SiO, [16] PANi/C [17],
Au@SiO,, and SiO,@Au core-shell [18], Si0,@ Au@
GO [19], Zr-SiO, [20], NiO/SiO, [21], CuO-SiO, [22],
Al,05-Si0, [23], TiO,—SiO0,-S [24], Al,0;,-Si0,—~MgO
[25], CoFe,0,/Si0, [26], and Fe;0,-Si0, [27],each offer-
ing unique properties and diverse applications.
CuO-Si0O, nanocomposites are highly sought after due
to their exceptional electrical, optical, and catalytic prop-
erties, garnering significant interest across scientific dis-
ciplines [28, 29]. Their synthesis requires precise control,
involving careful technique selection and reactant mixing
method optimization [22]. The integration of CuO NPs
and SiO, NPs in water treatment technologies is piv-
otal for improving water quality and ensuring its safety
for consumption. Additionally, addressing the challenge
of dye removal from manufacturing and textile industry
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effluents involves efficiently and environmentally friendly
elimination or reduction of dye presence in wastewater
[30]. Conventional dyeing processes frequently yield
highly colored and potentially harmful effluents, under-
scoring the need for effective treatment methods to align
with environmental standards and regulations.Among the
numerous available techniques, three prominent methods
stand out: adsorption, photocatalysis, and wave-induced
treatment. Adsorption proves highly efficient in impurity
removal using renewable materials, although it comes with
associated maintenance costs [31]. Photocatalysis provides
a rapid and residue-free solution, but its effectiveness may
be light-dependent, and equipment costs can be substantial
[32, 33]. Wave-induced treatment excels in swiftly break-
ing down pollutants, with considerations including energy
costs and effectiveness on specific substances [34].

The textile industry is one of the largest consumers of
water and chemicals, and it generates a significant amount of
wastewater that contains dyes and other pollutants [35]. This
wastewater can have a detrimental impact on aquatic life
and human health [35]. Therefore, it is essential to treat the
effluent before discharging it into the environment [36, 37].

There are several treatment methods available for remov-
ing dyes from industrial effluents, including biological,
chemical, and physicochemical methods [35, 38]. Some
of the commonly used techniques include adsorption, ion
exchange, coagulation, filtration, photocatalytic oxidation,
ozone, and Fenton’s process [39, 40]. Advanced oxidation
processes (AOP) such as ozonation, ultraviolet/hydrogen
peroxide (UV/H,0,), anodic oxidation, and photocatalytic
processes have also been employed to treat dye wastewater
[39].

Despite the availability of several treatment methods,
the challenge lies in selecting the most effective and cost-
efficient method for a particular effluent. The efficacy of the
treatment method depends on several factors, including the
type of dye, the concentration of the dye, the pH of the efflu-
ent, and the presence of other pollutants [35]. Therefore, it
is crucial to evaluate the effluent’s characteristics and select
the appropriate treatment method to achieve optimal results.

The novelty and importance of this work lie in its system-
atic exploration of various synthesis methods for CuO-SiO,
nanocomposites and the thorough investigation of how dif-
ferent reactant mixing approaches influence material prop-
erties. Unlike previous works that may have focused on
specific synthesis techniques, this study aims to provide a
comprehensive understanding by examining multiple meth-
ods, each offering distinct advantages in controlling particle
size, distribution, and crystallinity. By delving into mixing
modes such as sequential addition and simultaneous mix-
ing, the research seeks to uncover their specific impacts on
nanocomposite homogeneity and chemical composition.
The incorporation of advanced characterization techniques,
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including X-ray diffraction (XRD), scanning electron
microscopy (SEM), and spectroscopic analysis, adds depth
to the structural, morphological, and elemental evaluation.
Furthermore, the study goes beyond the conventional
scope by not only assessing the basic material properties but
also delving into functional aspects such as catalytic activ-
ity and optical characteristics. This multifaceted approach
is crucial in establishing correlations between synthesis
parameters and the functional performance of CuO-SiO,
nanocomposites. The inclusion of these additional analyzes
enhances the understanding of the material’s behavior in
real-world applications, providing a more holistic view.
The anticipated contribution of this research is signifi-
cant. By elucidating the intricate details of CuO-SiO, nano-
composite synthesis and reactant mixing optimization, the
findings are expected to offer valuable insights. This knowl-
edge, in turn, holds the promise of enabling the develop-
ment of tailored nanocomposite materials with improved
and finely tuned properties. The potential applications high-
lighted, such as the degradation of dyes through photoca-
talysis and environmental remediation, underscore the real-
world impact of this work. Ultimately, the study aims to pave
the way for more efficient and targeted solutions in various
domains, addressing pressing challenges related to environ-
mental sustainability and advanced materials science.

Materials and methods
Materials

Leaves of Calligonumcomosum L.and Arachis hypogaea
L. were collected from El Oued, Algeria (33°22'06"N,
6°52'03"E). The experimental procedures involved the use
of chemicals notable substances included Copper sulfate
(CuS0O,-5H,0, 98%), silica gel (hydrophilic-200 Silicon
dioxide, 99.8%). Aladdin, 200 mZ/g,< 100 mesh), Sodium
hydroxide (NaOH, 97%), Hydrochloric acid (HCI, 98%),
Sulfuric acid (H,SO,4; 99%), Cupric acetate (Cu(Ac),,
98%), and Ammonium hydroxide. Rose Bengal (RB) dyes
(CyH,C1,1,Na, 05, >99%) were purchased from Merck Ger-
many. Additionally, distilled water and Whatman N°. 1 filter
paper were employed in the process, and Biochem Chem-
ophara as the manufacturer for all chemicals.

Preparation of plant extract

The fresh leaves of Calligonum comosum L. were initially
rinsed with distilled water to eliminate impurities. Subse-
quently, they were air-dried in the shade at room tempera-
ture to eliminate any remaining moisture. Following this, a
mixture consisting of 10 g of dried plant leaves and 150 ml
of deionized water was boiled at 65 °C for 2 h. During the

boiling process, a light brown solution formed. The result-
ing browned extract was then filtered using Whatman No.
1 filter paper and stored in a refrigerator for future use [41].

Synthesis of CuO NPs

To synthesize CuO NPs using a leaf extract of Calligonum
comosum L., 50 ml of the plant leaf extract and 100 ml of
0.1 M CuSO,-5H,0 were combined and continuously stirred
at 70 °C for 2 h. While stirring, a 2 M NaOH solution was
slowly added drop by drop to the mixture. The formation of
copper oxide was confirmed by the observable color change
from green to dark brown.

The precipitate was separated from the reaction solution
through centrifugation at 3000 rpm for 10 min to eliminate
impurities. Subsequently, the precipitate was dried at 80 °C
for 24 h and then subjected to calcination at 600 °C for 6
h. The end product obtained was pale black CuO NPs [42].

Synthesis of SiO, NPs

The SiO, NPs synthesis was carried out in accordance with
protocol [43]. Initially, ash was formed after peanut shells
(Arachis hypogaea L.) were heated for two hours at a tem-
perature between 600 and 700 °C. The mixture was then
agitated at 70 °C for an hour while containing 10 g of ash
and 100 ml of a 10% vol/vol HCI solution. Then the mixture
was filtered, and the leftover material was removed using
distilled water. After being dried for two hours at 70 °C, the
resultant ash residue produced a white silica powder. The
following step involved stirring 1 gof ashin 10 mlofa2.5 N
NaOH solution at 7-80 °C for 1h. After filtering the resultant
solution, a 5 N-H,SO, solution was used to titrate the filter.
When the pH fell below 7, silica precipitated. After drying
the precipitate, deionized water was added, and the result
was amorphous SiO, NPs.

Synthesis of nanocomposite Cu0-SiO, at different
mixing modes of the reactants

Nanocomposite CuO-SiO, was prepared under similar con-
ditions with different mixing modes of the reactants. Mode-
A, Mode-B and Mode-C, The flow chart of the different
mixing modes is given in Fig. 1.

Preparation of CuO-SiO, sample (Mode-A)

The CuO-Si0, sample was prepared by starting with a sus-
pension of 1.0 g of dried silica gel (hydrophilic-200 Silicon
dioxide (99.8%), Aladdin, 200 m%/g, < 100 mesh) in 50 mL
of distilled water, along with a solution of cupric acetate
(Cu(Ac),) (2 mL, 0.5 mol/L). The mixture was stirred at
room temperature for 3 h. Subsequently, the Cu(Ac),
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Fig. 1 The preparation of CuO-SiO, nanocomposites using various processes (Mode A, Mode B and Mode C)

solution was seleively precipitated by adding an aqueous
solution of NaOH (0.05 mol/L) until the pH reached 6.5.
The mixture was then stirred for an additional 3 h. After
filtration, the resulting solid catalyst precursor was washed
with distilled water until the pH reached 7, and then dried at
80 °C for 24 h. Finally, the CuO-SiO, sample was obtained
by calcining the precursor in a furnace at 600 °C for 6 h [44].

Preparation of CuO-SiO, sample (Mode-B)

0.3 g of silica gel (hydrophilic-200 Silicon dioxide (99.8%),
Aladdin, 200 m%/g, < 100 mesh) and 0.3 g of CuO NPs pow-
der were dispersed separately in 110 mL of distilled water.
Each solution was stirred for 60 min at room temperature.
The CuO solution was then dispersed using an ultrasonic
bath for 1 h at 45 °C. The CuO solution was added dropwise
to the silica gel solution and stirred for 60 min. Afterward,
the solution was dispersed again with an ultrasonic bath for
15 min at 45 °C. The nanocomposites were separated by
centrifugation, washed three times with distilled water, and
dried and then dried at 80 °C for 24 h. Finally, the CuO-SiO,
sample was obtained by calcining the precursor in a furnace
at 600 °C for 6 h [45].

Preparation of CuO-SiO, sample (Mode-C)

0.3 g of Si0, NPs powder and 0.3 g of CuO NPs powder
were dissolved separately in 110 mL of distilled water. Each

@ Springer

solution was stirred for 60 min at room temperature. The
CuO solution was then dispersed using an ultrasonic bath for
1 h at 45 °C. The CuO solution was added dropwise to the
Si0, solution and stirred for 60 min. Afterward, the solution
was dispersed again with an ultrasonic bath for 15 min at
45 °C. The nanocomposites were separated by centrifuga-
tion, washed three times with distilled water, and dried in
an oven at 600 °C for 6 h. The resulting dry sediment was
ground into a powder.

Characterization of CuO NPs and CuO-SiO, NC

Various techniques were employed to comprehensively
characterize the CuO-SiO, nanocomposites and determine
their physical, chemical, and structural properties. UV-Vis
spectrophotometry (UV-2450, Shimadzu, Duisburg, Ger-
many) in the range of 200—800 nm confirmed the formation
of CuO-SiO, nanocomposites. Samples were dispersed in 2
mL of distilled water at a concentration of 0.1 mg. The band
gap energy (E,) was determined using the Tauc relationship
(hv) =A(h— Eg)n [46]. Fourier Transform Infrared Spec-
troscopy (FTIR) (Perkin-Elmer Series 1725X) identified
functional groups on the surface within the spectral range
of 400-4000 cm™!, elucidating the chemical composition of
the nanocomposite.

Additionally, X-ray diffraction (XRD) analysis, conducted
with a Rigaku Miniflex 600 device, contributed to under-
standing the crystal structure and phase composition of the
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material, was used to generate the powder X-ray diffraction
spectra (XRD) at a scanning rate of 10°/min between 20 and
80°, associated with a Cu radiation source (1= 1.5405A) is
utilized. Microscopy techniques, specifically scanning elec-
tron microscopy (SEM) at 10 kV utilizing a Leo Supra 55
instrument from Zeiss Inc., offered high-resolution images
for a detailed examination of the morphology of both CuO
nanoparticles and the CuO-SiO, nanocomposite. This com-
prehensive approach allowed for a thorough investigation of
the CuO-SiO, nanocomposites, combining UV-Vis spectro-
photometry, Fourier Transform Infrared Spectroscopy, X-ray
diffraction, and scanning electron microscopy to provide a
comprehensive understanding of their properties.

Photocatalytic degradation of RB

Photocatalysis utilizing CuO NPs and CuO-SiO, nano-
composites has exhibited remarkable efficiency in degrad-
ing toxic AZO dyes, such as RB. This eco-friendly process
harnesses sunlight to activate the nanoparticles, producing
reactive species capable of breaking down the dyes. Con-
sequently, the photocatalytic process not only degrades the
dyes but also completely mineralizes them, offering an effi-
cient and sustainable technology for the degradation of dye
pollutants [47]. To assess the adsorption capacity, the change
in RB dye concentration was measured by comparing the
initial aqueous solution with the solution after the photo-
degradation test [48].

go= L= C) M
m

In this context, the equilibrium concentration of the dye
adsorbed onto the adsorbent is denoted as ge (mg g™"). The
initial and equilibrium concentrations of the dye solution
are represented by C, and C, (mg L"), respectively. Here,
m stands for the weight of the CuO NPs used (g), and V
represents the volume of the dye solution (L). UV-Vis spec-
troscopy is employed to monitor the reaction progress. When
CuO NPs and CuO-Si0O, nanocomposites are introduced
into the reaction mixture, the dye undergoes catalytic reduc-
tion. Equation (2) is utilized to calculate the photodegrada-
tion efficiency (%) of the dye RB [46, 49].

. . (CO - Cz)
Degradation ratio(%) = — x 100 2)
0

Photocatalytic dye degradation

The catalytic activity of the samples was assessed by observ-
ing the photochemical degradation of RB dye in an aqueous
solution exposed to sunlight. A dye solution was prepared at
a concentration of 2.5 x 10 M, with an appropriate amount

of dye catalyst, which was 5.0 mg for both CuO NPs and
CuO-Si0, nanocomposite. The samples were thoroughly
mixed and exposed to direct sunlight. The progression of
the reaction was monitored at intervals (5, 15, 30, 45, 60,
75,90, 105, and 120 min) using a UV—Vis spectrometer. To
halt degradation, the solution was centrifuged at 3000 rpm
for 5 min, and absorbance was measured at a wavelength of
542 nm for RB using a UV-Vis spectrophotometer.

Results and discussion
UV-Vis spectroscopy

Figure 2a displays the UV—Vis spectra obtained from a
Calligonum comosum L. extract, unveiling notable peaks
detected at wavelengths of 211 nm, 232 nm, and 276 nm.The
peak at 211 nm indicates condensed tannins, known for
antioxidants [50]. The 232 nm peak suggests flavonoids
with various biological benefits [50], and the 276 nm peak
implies the presence of polyphenols [50]. Figure 2b presents
the UV—-Vis spectra of CuO NPsand CuO-SiO, nanocom-
posite using various processes (Mode A, Mode B and Mode
C), showing peaks at 280 nm, 285 nm, 209 nm and 207
nm, respectively, The UV-Vis spectra indicate a prominent
absorption range between 250 and 300 nm, indicating the
successful formation of copper oxide nanoparticles. Nota-
bly, a peak at 278 nm is observed, signifying the presence
of surface plasmon resonance, which is closely related to
the size and shape of the nanoparticles [51].Using mode
A to create the CuO-SiO, nanocomposites, the absorption
spectra exhibits a peak at 285 nm that is attributable to sur-
face plasmon resonance.This absorption peak, which falls
between 280 and 380 nm, is consistent with recent observa-
tions from [52-54]. According to Ref [55], the absorbance
characteristics of CuO-SiO, nanocomposites synthesized in
modes B and C display peaks in the region of 200-800 nm,
which may be caused by inherent flaws in amorphous SiO,.
In addition, the themesoporous CuO-SiO, composite film’s
UV-Vis absorption spectra exhibits absorption peaks at 210
and 207 nm, respectively, which can be attributed to the
072 to Cu*? charge-transfer transitions [51, 56].Addition-
ally, it demonstrates that CuO is present in the mesoporous
CuO-Si0, composite sheet.The UV—Vis spectra of Fig. 2d
showing peak at 296 the absorption spectrum of SiO, NPs
[57, 58]. Figure 2c shows the band gap energies of CuO NPs
and CuO-SiO, nanocomposites using different Processes.
As an indirect transition semiconductor, CuO is a p-type
semiconductor with a band gap 1.42 eV ranging from 1.21
to 1.5 eV [59], for CuO-Si0O, nanocomposites using differ-
ent Processes (Mode A, Mode B and Mode C) shows the
band gap energies 2.2 eV,1.80 eV and 3.29 eV respectively,
which is larger than that of CuO NPs pur (1.21-1.5 eV).The
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Fig.2 UV-Vis spectra of the prepared samples: a Calligonum com-
osum L. extract Calligonum comosum L. extract, b CuO NPs and
CuO-Si0O, nanocomposite using different Processes (Mode A, Mode
B and Mode C) and ccurve showing the corresponding optical energy

differing absorption peaks for the CuO NPs and CuO-SiO,
nanocomposites using different Processes are likely indica-
tive of variations in their electronic structures, bandgap
energies, and surface properties. These differences might
arise from the incorporation of SiO, into the nanocomposite
structure show the band gap energies 3.61 eV, leading to
alterations in the interaction between light and the materials.
This large blue shift for the CuO band gap may result from
the quantum size effect of the non-crystalline CuO nanopar-
ticles in the mesoporous composite films [47]

FTIR spectroscopy analysis

FTIR characterization was conducted to identify the func-
tional groups involved in the formation of CuO NPs, SiO,
NPs, and CuO-SiO, nanocomposite using different pro-
cesses (Mode A, Mode B, and Mode C). In the FT-IR anal-
ysis, the spectrum of CuO NPs revealed multiple peaks at
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specific wavenumbers: 3445 cm~!, 1655 cm™, 1575 cm™!,
1088 cm™!, 553 cm™!, and 472 cm™'. As shown in Fig. 3,
the CuO nanoparticles exhibit broad absorption bands
between 2800 and 4000 cm™', mainly ascribed to OH— and
C-0 groups on the surface of the CuO nanostructures [60].
The absorption peaks at 472 cm~! and 553 cm™! may be
associated with the characteristic stretching vibrations
of Cu-0O, confirming the CuO phase [61]. The absorp-
tion peaks at 3445 and 1655 cm™! are due to the presence
of O—H stretching and bending vibrations [62].The peak
at 1575 cm™! appeared due to the stretching of aromatic
C=C [41]. A broad band at 1088 cm™! is attributed to CO,
stretching vibrations from the atmosphere [63]. For pure
silica, the IR spectrum displayed strong absorption bands
at approximately 1046 cm™! and 625 cm™'. These bands
can be attributed to the asymmetric stretching and rocking
vibrations of Si—O-Si bonds in silica, respectively.
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Fig.3 FTIR spectra of the synthesized the CuO NPs and CuO-SiO,
nanocomposite using different Processes (Mode A, Mode B and
Mode C)

In the IR spectrum of the CuO-SiO, nanocomposite, par-
ticularly in mode -A, the bands at 491 cm™! are attributed to
Si—O-Si bending and stretching vibrations [64]. Addition-
ally, the bands at 1033 cm™! were assigned to the Si-O-Si
asymmetric stretching vibration [65].For mode-B: The band
at 472 cm™! is linked to vibrational modes of the silica struc-
ture [66]. Furthermore, the bands at 805 cm™' and 1088cm™!
are characteristic of Si—O-Si vibrations [67]. In mode-C,
the band at 574 cm™' was assigned to Si-O-Si bending and
stretching vibrations [64]. Moreover, there is a band that
overlaps with the second one at 1128 cm™!, which is associ-
ated with high molecular weight siloxane chains [68].

X-ray diffraction

The XRD spectra shown in Fig. 4 illustrate the distinc-
tive characteristics of both bare CuO NPs and CuO-SiO,
nanocomposite using different Processes. In Fig. 4a promi-
nent diffraction peaks are observed at specific 20 val-
ues: 32.5°, 35.6°, 38.7°, 46.2°, 48.9°, 53.5°, 58.3°,61.6°,
66.4°,68.1°,72.4° and 75.3°. These peaks correspond to
crystal planes (110), (11-1), (111), (11-2), (20-2), (020),
(202), (11-3), (310), (220), (311) and (22-2) respectively,
which are indicative of the CuO NPs phase (JCPDS no.
00-048-1548). No impurity peaks were observed in the XRD
spectra, indicating the high purity of the CuO NPs sam-
ples [69]. 19.07° and 32.25° of the SiO, structure of amor-
phous silica were measured at angle 26, as well as 28.18°
and 29.06°, which indicates that amorphous SiO, is usually
amorphous. In addition, some small peaks that appeared also
showed that sodium (Na) was present in very trace amounts
(Fig. 4b).

The incorporation of silicate resulted in the development
of additional monoclinic phases of CuO in mode A and

CuO NPs JCPDS No. 00-048-1548
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Fig.4 a XRD pattern of the synthesized CuO NPs and CuO-SiO,
nanocomposite using different Processes (Mode A, Mode B and
Mode C), and b SiO, NPs

mode C, indicated by peaks at 26 values of 22.5°, 25.9°,
and 29.1° with the corresponding planes of (101), (110), and
(111), respectively. However, in mode B, peaks appeared at
20 values of 22.1°, 28.7°, and 31.0° with the corresponding
planes of (101), (111), and (102), respectively. This Back to
a pure SiO, NPs with JCPDS no. 01-082-1235 for mode A,
mode C and JCPDS no. 01-082-1405 for mode B.

When integrating a layer of CuO NPs with silicate, as
illustrated in Fig. 4, it becomes apparent that the crystal-
line structure of CuO NPs is greatly influenced either by
the integration of SiO, NPs or during the SiO, NPs for-
mation.The average particle size was estimated using the
Debye—Scherrer equation[70]:

kA
- pcosé G)

where, d: the particle size (nm), k: is a constant equation to
0.94, A: the wavelength of X-ray radiation (1.5406 A) and
p is the full width at half maximum of the diffraction peak
(FWHM), 6 =Bragg’s angle.
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Fig.5 SEM images and crystallite size distributions: a, b CuO NPs, ¢, d SiO, NPs, e, f CuO-SiO, Nanocomposite using Mode-A, g, h CuO-SiO, Nanocomposite using
Mode-B and k, 1 CuO-SiO, nanocomposite using Mode-C
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The initial measurement of the crystallite size for the
standalone pure CuO NPs was found to be 24.4 nm. Subse-
quently, upon applying a CuO-SiO, nanocomposite using
different processes (Mode A, Mode B and Mode C), There
was a noticeable change in the size of the crystallites. This
change led to a decrease in crystallite size, reaching 18.1
nm, 15.6 nm, and 14.8 nm, respectively. This alteration
significantly impacted the structural dimensions of the
coated CuO NPs. The shift in crystallite size can be attrib-
uted to the interactions between CuO and SiO, materials.
This shift in crystallite size has significant implications for
the physical and chemical properties of the coated nano-
particles. It could potentially affect their reactivity, optical
features, and overall behavior in diverse applications.

Morphological and elemental analysis

The SEM micrographs and histograms illustrating particle
size distribution, as presented in Fig. 5, reveal that the
original CuO nanoparticles were made up of consistently
spherical particles Fig. 5a [71], ranging in size from 30
to 35 nm. Additionally, the particles silica were observed
to have a spherical shape, as depicted in Fig. 5c [72].The
introduction of SiO, NPs caused noticeable alterations in
the surface morphology of CuO NPs. The SEM images
provided clear evidence of increased particle agglomera-
tion, transitioning into structure irregular shapes [65].
This observation confirmed that the presence of SiO, par-
ticles has the capacity to modify the surface morphology
of metal oxides. Compared to Fig. Se, 5g, k reveals that
Mode-B and Mode-C exhibited consists of aggregates
of different shapes and sizes, and these particles were
smaller and displayed a more uniform size distribution.
This outcome can be ascribed to its higher copper content.
As the copper loading increased, the atomic arrangement

Fig.5 (continued)

of Cu0,/Si0, may be closer, resulting in smaller particle
sizes. As depicted in Fig. 5h, |, this finding aligns with our
previous study [73], demonstrating that aggregation and
particle growth did not reduce the specific surface area.
This suggests that well-structured mesopores were formed.

According to the SEM/EDS elemental analysis pre-
sented in Table 1 and Fig. 6, the composition of copper,
silicon, and oxygen was determined for the CuO-SiO,
nanocomposite synthesized by modes (A, B, and C). In
mode B, the composition was found to be 22.94% Cu,
18.90% Si, and 58.16% O. In mode C, the composition
was 30.10% Cu, 8.65% Si, and 61.25% O. For mode A, the
composition included 14.06% Cu, 23.41% Si, and 62.53%
O. interestingly, in mode A, silicon and oxygen was where
are the major component followed by copper. Conversely,
in modes B and C, oxygen and copper were the major’s
component followed by silicon.

Photocatalytic degradation analysis Rose Bengale

Photocatalytic degradation is a process in which a material,
frequently a semiconductor, can absorb light and utilize that
energy to initiate chemical reactions. In the context of pho-
tocatalytic degradation of dyes, the semiconductor absorbs
light, typically in the UV or visible range, thereby generating
electron—hole pairs. Figure 7 illustrates the photodegrada-
tion process of Rose Bengal (RB) in an aqueous solution
using both pure CuO NPs and the CuO-SiO, nanocomposite
(mode B) under sunlight illumination. These charged parti-
cles can engage in redox reactions crucial for the degrada-
tion of organic molecules, such as dyes. In Fig. 7a, b, the
absorption spectra of pure CuO NPs during the degradation
of RB under sunlight exposure are depicted over time. These
spectra showcase distinct absorption peaks at approximately
542 nm for RB. As time progresses, these peaks gradu-
ally diminish, indicating a slow degradation process that

M

14 16 18 20 22 24
Particule Diametre (nm)
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necessitates a considerable amount of time to complete.The
photocatalytic activity results demonstrate that CuO NPs
achieved a degradation coefficient of 78.8% for RB within a
120 min duration. In contrast, the CuO-SiO, nanocompos-
ite exhibited a significantly higher degradation coefficient
of 84.8% for RB during the same period. Remarkably, the
CuO-Si0, nanocomposite had a lower energy gap (1.80 eV),
indicating better decomposition efficiency over time. These
findings are consistent with several studies [74]

In order to determine the degradation kinetics of Rose
bengal (RB) dye, an investigation was carried out on the
relationship between In(Cy/C,) and irradiation time, as
shown in Fig. 8a, b. It was found that first-order reaction
kinetics were respected in the RB degradation reaction,
under the catalytic influence of the CuO NPs and CuO-SiO,
nanocomposite. This means that the rate of the reaction is
proportional to the concentration of the remaining dye at
any given time.The graphical representation in Fig. 8a, b of
In(Cy/C,) versus time provides an overview of the catalytic
performance of the CuO NPs and CuO-SiO, nanocomposite
(NCO). The kinetic parameters of RB dye degradation under
optimal reaction conditions were examined by plotting the
relationship between In(Cy/C,) and time[75, 76]. The linear-
ity between In(C/C,) and time in Fig. 8a, b indicates that the
reaction follows pseudo-first order kineticss, which can be
used to determine how quickly the dye is being degraded.
Thus, the reaction rate can be determined by the following
equation Eq. (4):

CO
In o Kypp X T 4)

t

C, denote the initial concentration and C, is the concentra-
tion at time ¢ of the dyeor absorption of the RB dye, while
kypp signifies the rate constant of the reaction (min™"). The
apparent rate constant (k,,,) is determined by computing
the slope of the line using the formula mentioned above
Eq. (4). These research findings provide additional confir-
mation of the robust photoreactivity exhibited by the CuO
and CuO-SiO, catalysts, thereby reaffirming their respective
degradation efficiency.

As shown in Table 2, the CuO NPs and CuO-SiO, NCs
prepared in this study exhibit high AZO dye removal effi-
ciency under visible light irradiation. The removal efficiency
for Rose bengal (RB) dye is 78.8% for CuO NPs and 84.8%
for CuO-SiO, NCs. This is comparable to the removal effi-
ciency reported for other AZO dyes using CuO NPs and
CuO-SiO, NCs.

@ Springer

Photodegradation mechanism CuO NPs and CuO-
Si0, NCs

CuO nanoparticles (NPs) and CuO-SiO, nanocomposites
(NC) exhibit promising potential as photocatalysts for the
degradation of organic pollutants when exposed to solar
radiation (Fig. 9). The photocatalytic mechanism involves
several key steps: firstly, under solar irradiation, electrons
within the valence band of CuO NPs and CuO-SiO, NC
become excited and transition to the conduction band, leav-
ing behind holes in the valence band. Subsequently, these
photogenerated electrons and holes migrate to the catalyst’s
surface[81]. The photogenerated electrons interact with dis-
solved oxygen, generating superoxide radicals (O,”), while
the photogenerated holes react with hydroxyl ions (OH™),
forming hydroxyl radicals (OH). These superoxide and
hydroxyl radicals exhibit high reactivity and can effectively
oxidize organic pollutants, making them valuable tools for
solar-driven photocatalysis[82].

The charge-separation process is essential for the photocata-
lytic activity of CuO NPs and CuO-SiO, NC. If the photogen-
erated electrons and holes cannot be separated effectively, they
will recombine and release the absorbed solar energy as heat,
which will reduce the photocatalytic efficiency. The dissolu-
tion of H,O is also important for the photocatalytic process.
Water molecules can be oxidized by the photogenerated holes
to produce hydroxyl radicals, which are highly reactive and
can oxidize organic pollutants. The photocatalytic activity of
CuO NPs and CuO-SiO, NC can be enhanced by doping with
other metals or semiconductors [83, 84]. For example, doping
CuO with TiO, can improve the charge separation efficiency
and increase the surface area of the catalyst, which can lead
to enhanced photocatalytic activity [85]. The photocatalytic
process of CuO NPs and CuO-SiO, NC under solar radiation
is a complex process, but it can be summarized in the follow-
ing steps: excitation of electrons from the valence band to the
conduction band, charge separation, generation of superoxide
and hydroxyl radicals, and oxidation of organic pollutants by
the superoxide and hydroxyl radicals [86, 87].

The mechanism by which the photocatalytic activity is car-
ried out by the catalyst depends on CuO NPs and CuO-SiO,
NC is based on the generation of hydroxyl radicals (¢OH).
These radicals are highly reactive and can degrade organic
pollutants into smaller, less harmful molecules. A possible
mechanism is revealed by the following Eqgs. (5-12) [88]:

. . - +
Transition metal oxides +hv — eqp) + hyg, (5)

CuO NPs and CuO-SiO, NC

h(vg+) +H,0 H* +-OH™ (6)
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Fig.6 EDX spectrum of CuO 100 Cu
NPs and CuO-SiO, Nano-
composite using Mode-A, 30— ( cuo )
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40—
Cu
20—
Cu
0 ..ru‘um.b AL‘A_._M_TL__ . .
0 2 4 6 10 2 14
keV
150 f o
(Mode —A)
100 —
Cu
Si
S0 —
o o - o RS S e o | T
o 1 2 3 4 s L3 T s 9 10
eV’
Si
100 —
(Mode —B)
0 o
60 —
Cu
40 -
20 —
Cu
. A— F
e 1 T T T T T
2 4 6 s 10 12 14
ke’
? C
80 — Cu ( Mode — C)
60 —
40
20 si
_ YRR TR | PO iy S
0 I I T T T T T T
1 2 1 s 6 7 s 9 10

to 73% and CuO-SiO, NC decreasing from 84.8 to 79%
after five successful cycles. This decrease is attributed to
the inevitable loss of photocatalyst material during the
recycling process, likely occurring during washing, cen-
trifugation, or due to the adsorption of certain intermedi-
ate species generated during the photocatalysis process

@ Springer

[89, 90]. Figure 10e presents XRD (X-ray diffraction)
data, which indicates that the CuO NPs and CuO-SiO, NC
photocatalysts maintained their essential XRD diffraction
peaks both before and after the photodegradation process,
throughout the five consecutive photocatalytic cycles.
This suggests that the catalytic material did not induce
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Table 2 Comparison of AZO dye removal efficiency results for as-prepared NPs compared to this work

Metal NPs Method of Synthesis The particle size (nm) Band gap (eV) AZO Dye Time (min) Dye Refs.
removal
(%)
CuO-SiO, Sol-gel technique - 2.38-1.91 Acridine orange 30 100 [77]
CuO-SiO, Sol-gel technique 9-10 3.419 Rhodamine B 30 85 [65]
-Nile Blue 90
CuO-SiO, Sol-gel - 3.19 Crystal violet 120 70 [22]
CuO-SiO, Sol-gel - 3.2-2.8 Rhodamine B 135 92 [78]
CuO NPs  Microwave-assisted green 23 1.63 Methylene blue 90 98 [79]
route
CuO NPs  Green method 20-35 nm 1.86 eV Bromothymol blue (BTB) 3h 100 [41]
CuO NPs  Green method 15.21 nm 1.77 eV Methylene blue 180 93.4 [80]
CuO NPs  Green method 24.4 1.42 Rose Bengale 120 78.8 This Work
CuO-SiO, Chemical deposition 15.6 1.80 84.8

Fig.9 General photodegrada-
tion process mechanism

RB+CuO NPs or Cu0-Si02
Nanocomposite

any significant alterations in the diffraction peaks of the
CuO NPs and CuO-SiO, NC photocatalyst, emphasizing
their stability and suitability for reuse in water remediation
applications[75].

Conclusion

In this study, CuO-SiO, nanocomposites were success-
fully synthesized using various processes. The crystal
sizes of the CuO-SiO, nanocomposites (Mode-A, Mode-
B, Mode-C) were determined to be 18.1 nm, 15.6 nm, and
14.8 nm, respectively. Additionally, the band gap energies
were found to be 2.2 eV, 1.8 eV, and 3.29 eV, respectively.
The results suggest that both CuO nanoparticles (NPs) and
CuO-Si0O, nanocomposites (NCs) in their original states
displayed impressive efficiency and reusability in photo-
degrading Rose Bengal (RB) dye. This underscores their
stability and suitability for repeated use in water reme-
diation applications. Specifically, in Mode-B, CuO-SiO,

@ Springer

Degradation

product
Conduction Band
02
e e e eeee e Photo- Reduction RB(Dye)
1
Transistion e +0,
metal oxides
H,0/0H"

h* h* h* h* h* h*h*h*

Photo-Oxidation

OH' RB(Dye)
: Degradation

product

Valence Band

demonstrated exceptional efficacy in the removal of the
organic dye, achieving decomposition coefficients of
84.4% for RB. In comparison, CuO nanoparticles exhib-
ited decomposition coefficients of 78.8%. These results
were obtained under specific conditions, including a con-
tact time of 120 min, pH="7, and a solution temperature of
25 °C, all under solar light irradiation, However, the mod-
erate efficiency improvement, from 78 to 84%, suggests
that the impact of SiO, may be more pronounced over an
extended period. The amalgamation of copper oxide (CuO)
and silicon dioxide (SiO,) not only showcases their col-
laborative benefits but also emphasizes the essential role
of innovative materials in contemporary environmental
science. Delving into the intricacies of adsorption kinet-
ics, we aim to unravel the complexities and shed light on
the exceptional recyclability and stability characteristics
displayed by these nanoadsorbents. This research not only
strives to extend the current knowledge in nanomaterials
and environmental science but also harbors the potential
to spark the development of pivotal materials crucial for
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of the photodegradation of RB dye by CuO NPs and CuO-SiO, NC,
respectively. e XRD analysis of CuO NPs and CuO-SiO, NC of pure

@ Springer



210

Transition Metal Chemistry (2024) 49:195-213

alleviating the detrimental impact of dye pollutants on
ecosystems. Through the lens of this study, our objective
is to catalyze further advancements in the field, contribut-
ing to ongoing global initiatives for a cleaner, more sus-
tainable future.
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