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This investigation utilized an eco-friendly method to produce copper oxide nanoparticles (CuO NPs) through the
utilization of Jasminium sambac leaf extract. Optimization of pH, temperature, reaction time, and copper sulfate
concentration were performed. Characterization via UV-Vis, SEM, XRD, FTIR, and EDX techniques revealed a
peak at 243 nm in UV-Vis, and an FTIR band at 590 em~! confirmed Cu(I) ion reduction to CuO NPs. pH,
temperature, reaction time, and copper sulfate concentration were identified as crucial synthesis parameters.

EDX analysis indicated a composition of 75.94% copper and 24.06% oxygen. CuO NPs were dispersive, mono-
clinic, crystalline, and pure, with an average particle size of 13.4 nm. Photocatalytic experiments achieved 97%
Methylene Blue dye degradation in 210 min, highlighting the efficacy of the green synthesis method for CuO NPs
with significant photocatalytic activity in wastewater remediation.

1. Introduction

Nanotechnology’s impact in recent decades has been significant,
especially due to the unique properties of nanoparticles arising from
their nanoscale size. With a higher surface-to-volume ratio, nano-
particles find versatile applications across various fields (Alfanaar et al.,
2021, Nagesh et al., 2022, Sivakavinesan et al., 2022). In the NP syn-
thesis, a reduction of metal ions is performed using an appropriate
reducing agent. In view of the existing situation of environmental
contamination (Igbal et al., 2019). The demand for eco-friendly nano-
material preparation has grown. Conventional synthesis methods
involve hazardous reagents, extended reaction times, and high costs.
Green chemistry tackles these challenges by employing economical and
environmentally friendly agents. Plant extracts, rich in natural carboxyl
and hydroxyl groups, present ideal substitutes for chemicals in
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environmentally friendly synthesis. They adeptly reduce metal ions to
metal atoms at the nano-scale, serving as dual-function agents for both
reduction and stabilization (Shammout and Awwad 2021). The Jasmi-
nium sambac leaves are rich in phenolic compounds and can be used for
green synthesis of NP since it is rich in antioxidant activity (Widowati
et al., 2018). Green synthesis is more cost-effective and time-efficient
than traditional physical and chemical methods for nanoparticle syn-
thesis, requiring no normal energy, pressure, or heating conditions, and
avoiding the use of harmful chemicals (Naseer et al., 2020, Amer and
Awwad 2021, Shammout and Awwad 2021).

The textile industry contributes significantly to water pollution
through the discharge of industrial waste containing colored chemicals.
This leads to reduced dissolved oxygen, increased turbidity, and inter-
ference with natural photosynthesis in water bodies. The MB dye,
commonly used in aquaculture for fish disease treatment and as a mild
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Fig. 1. CuO NPs synthesis mechanism prepared via a green route using Jasmin sambac extract. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

antifungal agent, poses harm to aquatic life (Igbal et al., 2019). The
environmental impact of MB dye varies based on its application, con-
centration, and disposal. Caution in use benefits water quality moni-
toring and medical diagnostics. Improper handling or disposal can result
in negative consequences, including water contamination and harm to
aquatic life (Ayach et al., 2017, Igbal et al., 2019).

Effective treatment of textile wastewater, laden with toxic dyes
harmful to living organisms, is crucial before discharge. Various
methods, such as adsorption, chemical coagulation, membrane separa-
tion, photocatalytic degradation, and biological treatment, are
employed for addressing water with soluble dyes (Igbal 2016, Djehaf
et al., 2017). Because it removes pollutants and toxins from sewage and
industrial effluents, wastewater treatment is critical for environmental
and public health protection (Yildirim and Sasmaz 2017). There are
various wastewater treatment technologies (Physical, chemical and
biological), each with its own set of benefits and drawbacks (Khera et al.,
2020, Neolaka et al., 2023). On the other hand, photocatalysis is an
effective method for the elimination of toxic dyes from industrial ef-
fluents, which destruct the organic pollutants into water, carbon dioxide
and inorganic ions (Ali et al., 2021).

The goal of this study was to synthesize CuO NPs from Jasminium
sambac leaf extract, which is high in flavonoids, phenolics, saponins, and
steroids. UV-Vis, SEM, XRD, FTIR, and EDX techniques were used to
characterize the samples. This study also examined the influence of
process variables on the photocatalytic activity (PCA) in the degradation
of Methylene Blue (MB) dye.

2. Experimental
2.1. Reagents and plant samples preparation

Analytical grade chemicals were used in the green synthesis of CuO
NPs. Sigma Aldrich provided CuSO4-5H20 and Methylene Blue, while

Merck provided NaOH. The leaves of Jasminium sambac (Motia) were
collected in Sialkot, Pakistan. Among various extraction techniques
(Kusuma and Mahfud, 2017, Kusuma and Mahfud, 2018), the hydro
distillation is a method of extraction that is commonly used for the
separation of bioactive compounds from plant materials, such as herbs,
flowers, or citrus peels. The leaves were washed, dried in the sun, over-
dried (to a constant weight), and ground to a fine powder. In 100 mL of
distilled water, 10 g of powdered leaves were heated at 80 °C with
continuous stirring for 15 min. The extract was cooled and filtered, and
the supernatant was stored at 4 °C before being used to make CuO NPs.

2.2. Green synthesis of CuO NPs

For CuO NPs synthesis, CuSO4-5H20 was used as a source of Cu*?
ion. 20 mL of 1 M CuSO4-5H50 was added in 80 mL of plant extract
solution, stirred and the color changed to brown suspension, filtered and
dried at 60 °C for 2 h. The following different parameters were opti-
mized for the synthesis of CuO NPs. Salt concentration was optimized by
varying the salt concentration from 0.1 to 2 M with constant pH (pH 8),
temperature (60 °C), and time (30 min). Optimization of pH was done at
different pH (2-8 pH) with constant temperature (60 °C) salt concen-
tration (1 M), and time (30 min). The temperature effect was studied by
varying the temperature from 30 to 90 °C at constant time (30 min), pH
(pH 8), and salt concentration (1 M). The effect of reaction time was
studied in 30-90 min range. The CuO NPs synthesis mechanism pre-
pared via a green route using Jasmin sambac extract is depicted in Fig. 1
(Nazir et al., 2023).

Phytochemicals in Jasminum sambac extracts, like alkaloids, flavo-
noids, tannins, terpenoids, phenolic compounds, saponins, glycosides,
and carotenoids, play a vital role in reducing metal ions, contributing to
the plant’s biological and therapeutic properties. Composition varia-
tions stem from factors like plant age, environmental conditions, and
extraction methods (Kusuma and Mahfud, 2017, Putri et al., 2019).
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Fig. 2. Effect of process variables on CuO NPs, (A) Effect of concentrations, (B) Effect of pH and (C) Effect of temperatures.

Jasminum sambac extract analysis revealed the identification of 54
bioactive components in the leaf extract. The diverse array of com-
pounds exhibits known biological properties (Tomar and Rijhwani,
2015). The presence of phytochemicals in Jasminum sambac suggests
potential health benefits and pharmacological activities, given the well-
known diverse biological properties of these compounds (Rattan, 2023).
The synthesis of CuO NPs involves the reduction of metal ions, facili-
tated by the abundance of bioactive compounds in Jasminum sambac.
Fig. 1 illustrates the CuO NPs synthesis mechanism using Jasminum
sambac extract, following a green route (Nazir et al., 2023). Green
synthesis using plant extracts offers advantages like reduced energy
consumption, eco-friendly reagents, and scalability, with the mecha-
nism influenced by the bioactive content and chosen extraction tech-
nique (Kusuma and Mahfud, 2016, Kusuma and Mahfud, 2017, Kusuma
et al., 2018).

2.3. Characterizations

The UV-Visible spectrophotometer was used to measure the wave-
length range of 200-800 nm. XRD (Philips PANalytical powder) was
used to characterize green synthesized CuO NPs (CuK radiation of
wavelength 0.15406 nm in 15 scan range of 20°—80°). To study the
morphology, synthesized nanoparticles were examined by using SEM
(TESCAN LMU Vega — Variable pressure Scanning Electron Microscope).
EDX analysis was performed using an EDX TESCAN LMU Vega to
identify elements and determine the chemical composition of elements
in synthesized materials, and an FT-IR spectrum was used to identify the
reducing and capping agents present in leaf extract and NPs. The Nicolet
6700 FTIR spectrophotometer with a wavelength range of 400 cm™ to
4000 cm ™! was used for this analysis.

2.4. Photocatalytic procedure

CuO NPs were used to photocatalyze the degradation of MB dye,
which was observed through color change in an aqueous solution
exposed to light. After 30 min of stirring in the dark, the CuO NPs and
dye mixture reached adsorption—-desorption equilibrium before being
exposed to light (880.50-890.50 W/m? was the intensity of light). A
small aliquot of the solution was taken out after a constant interval of
time and centrifuged at 3000 rpm for 10 min, before UV visible analysis.
Different parameters such as pH (2-12 pH) were analyzed for optimal
pH study with constant parameters like time (105 min), concentration of
dye (20 ppm), and amount of CuO NPs (50 mg). Optimization study on
time (0-120 min) was performed and analyzed with other constant
parameters like concentration of dye (50 ppm), amount of CuO NPs (20
mg), and pH 8. The concentration of dye (10-50 ppm) was analyzed for
the optimization study with constant parameters like time (90 min)
amount of CuO NPs (20 mg) and amount of CuO NPs (10-50 mg) were
analyzed for the degradation of MB dye with constant dye concentration
(50 ppm), time (120 min), and at pH 8. Percentage photocatalytic
degradation was determined using Eq. (1). All the experiments were run
in triplicate and data thus obtained was averaged.

(Ao — At)

100 1
Ao x M

Photocatalytic degradation (%) =

Where A, and A; represent the absorbance values before and after
irradiation.
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Fig. 3. (A) Effect of reaction time on CuO NPs and (B) Bandgap energy analysis
of CuO NPs synthesized by green route. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

600 =
@
500 4
400
7 J—-
£ 3004
3
200
100 4
0

Position 26

Journal of King Saud University - Science 36 (2024) 103089

3. Results and discussion
3.1. Characterization of NPs

3.1.1. Process variables effect on the synthesis of CuO NPs

3.1.1.1. Effect of salt concentration. Fig. 2A represents spectra of CuO
NPs at different concentrations of CuSO4-5H,0 (0.1, 0.5, 1, 1.5, and 2
M). At 1 M concentration, maximum absorption was observed at 243
nm. Results showed that the intensity of the absorption decreased with
the rise of salt amount from 1 M to 2 M. This may be attributed to the
lower concentration of reducing agent and Cu*? ion in higher concen-
tration. Whereas, the minimum value of absorption at 0.1 M concen-
tration may be attributed to the lower concentration of Cu™? ion in the
solution. The observations revealed that a salt concentration of 1 M was
optimum for the CuO NPs synthesis.

3.1.1.2. Effect of pH. Fig. 2B depicts the pH 2, 4, and 6 effect on the
formation of CuO NPs. At alkaline pH (8), an intense spectrum was
observed at 243 nm indicating the synthesis of stabilized CuO NPs.
Whereas at acidic pH, the reducing and stabilizing agent of plant extract
was in their protonated form and therefore, absorption was weak. The
results indicate that highly stable, small-sized CuO NPs were synthesized
at alkaline pH. Similar results were obtained for NPs synthesis using
plant extract, indicating that pH can influence NP formation (Pinero
et al., 2017, Kredy 2018).

3.1.1.3. Effect of temperature. Fig. 2C revealed a small shift in absorp-
tion peak to longer wavelength with the rise in temperature from 30 °C
to 90 °C. This shift is due to the increase in particle size at high tem-
peratures. The SEM image also shows a rise in particle size with tem-
perature. Alike findings have also been reported for the synthesis of NPs
using plant extract that the temperature may affect the NPs formation
significantly (Kredy 2018).

3.1.1.4. Effect of reaction time. The absorption spectra for CuONP syn-
theses at 30, 60 and 90 min reaction time are shown in Fig. 3A. The
results represent absorption peaks at about 224, 234 and 244 nm,
respectively. The small shift in the absorption band at a longer wave-
length indicates the increase in particle size. This could be better
explained in terms of optical band gap energy, which was determined
using Eq. (2).

(ahv)" = (hv — Eg) (2)
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Fig. 4. XRD patterns of CuO NPs at (A) 30 min and (B) 60 min reaction time.
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Where B is a constant, hv is photon energy in eV, h is planks constant, is
photon frequency, Eg is optical band gap energy in eV, n is an exponent
transition, and is absorption coefficient. The increase in reaction time is
responsible for the shift in band gap energy (Fig. 3B). As the particle size
decreases to the nanoscale, the energy level decreases and electron be-
comes more confined in the particles. This increases the band gap energy
between the valance and conduction bands. This explains why NPs have
a higher band gap energy than comparable large-size materials. (Naseer
et al., 2020). Furthermore, the XRD analysis results show that the CuO
NPs size increases with reaction time, from 13.4 to 15.7 nm.

3.2. XRD analysis

The CuO NPs formation was confirmed by XRD analysis (Philips
PANalytical powder) using CuKa radiation of wavelength 0.15406 nm in
a scan range of 20°-80°. X-ray diffraction pattern show (Fig. 4) showed
sharp peaks at 35.71°, 38.93°, 48.98° and 62.07°, indicating the for-
mation of the CuO NPs monoclinic and crystalline in nature. The size (D)
of CuO NPs obtained by using applying the Debye-Scherrer formula (Eq.
(3) was found 13.4 nm.

092
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Fig. 7. (A) FTIR analysis of leaf extract of Jasminium sambac and CuO NPs and
(B) UV-visible analysis of Methylene Blue dye untreated and treated up to 120
min. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

The X-ray diffraction patterns of CuO NPs prepared using Jasminium
sambac leaves extract are closely related to the XRD pattern of CuO NPs
previously reported (Das et al., 2013). Also, (Acharyulu et al., 2014, Shi
et al., 2017) reported pure crystallite and well-defined CuO NPs using
C. auriculata and P. amarus leaf extract, respectively.

3.3. EDX and SEM analysis

The elemental composition of CuO NPs was validated using energy
dispersive X-ray analysis (EDX). The EDX analysis confirms the presence
of Cu and O elements, as shown in Fig. 5, with percentages of 75.94 and
24.06, respectively. CuO NPs exhibit a strong diffraction band peak at 1
keV, which is typical of copper absorption due to surface plasmon
resonance. SEM was used to examine the morphology of green fabri-
cated CuO NPs, and the results are shown in Fig. 6. The average size of
CuO NPs was discovered to be consistent with XRD analysis. Because of
the interaction between biomolecules capping the individual particle,
the CuO NPs had irregular shapes and aggregated.

3.4. FTIR analysis

FT-IR analysis is employed for the identification of functional groups
(Syafaatullah and Mahfud 2021), which is used to identify the bioactives
in the leaf extract of Jasminium sambac. It is also used to study the

Journal of King Saud University - Science 36 (2024) 103089

effective incorporation of phytochemicals in the synthesis of CuO NPs.
FTIR spectrum (Fig. 7A) of CuO NPs and leaf extract was recorded in the
400 to 4000 cm ! range. The band at 2718.11 cm ™ is ascribed to C-H
vibration. While a band at 1024.72 em ™ and 831.71 em ™! are associ-
ated with C-N stretching in primary amine and C-C vibrations in the
alkyl group present in plant extract. The bands at 2354.86 cm™* show
the alkyne C=C stretching vibration, which indicates the presence of
lipid molecules in the leaf extract. The most significant absorption band
detected at 491 cm™! is allocated to metal-oxygen vibration (Shi et al.,
2017).

3.5. Photocatalytic activity of CuO NPs

3.5.1. Effect of pH

The impact of solution pH on dye degradation was investigated by
varying pH levels from 2 to 12. Experiments were conducted with a fixed
dye concentration of 20 ppm and 50 mg of CuO NPs. The degradation
efficiency of CuO NPs was found to be 52.63, 61.1, 69.51, and 79.82 (%),
atpH 2, 4, 6, 8, and 12, respectively (Table 1). In alkaline pH, a negative
charge is induced on the CuONP surface and enhances the formation of
reactive species that effectively degrade the cationic dye. At acidic pH,
there were no significant electrostatic attractions between the CuONP
surface and MB dye molecules. Therefore, the extent of photocatalytic
degradation of MB dye was decreased at acidic pH. It is evident from the
results that, an increase in pH from 2 to 8 accelerates photocatalytic
degradation, while at pH 12, the photocatalytic degradation efficiency
of CuO NPs declined. The reason is attributed to the excess of anions
formation at pH > 8 (Acharyulu et al., 2014). Anions compete with dye
molecules to adsorb on CuONP surface active sites, hindering adsorption
and reducing photocatalytic degradation of MB dye. At pHy, is the point
where nanoparticles surface charge became neutral. CuO nanoparticles
have an amphoteric behavior, which means they can be positively or
negatively charged depending on the pH of their surroundings. Under-
standing the nature of the binding active site on the surface of CuO
nanoparticles requires an understanding of the point of zero charge
(pHpzc). (Noreen et al., 2020). For this, a various solution of CuO
nanoparticles were prepared in NaCl solution and then, their initial pH
was adjusted using NaOH/HCI solutions and final pH values were esti-
mated after 24 h. The pH < pHy,. favors the adsorption of cationic
species, while pH < pHy, favors anionic species adsorption. The pH data
thus obtained was used to measure the change in pH values and a plot
was drawn between initial pH and ApH (pH;-pHs) The data revealed that
the values of pHp,. of CuO nanoparticles was 6.27. The pHp,. data
revealed that the CuO nanoparticle bear positive charge and negative
above the pH,,.. Also, the findings of present investigation support these
observations. In basic pH, the dye degradation was higher, which is due
to the negative charge on the surface of CuONP surface that enhances
the reactive species formation (Liang et al., 2017). The cationic dye was
effectively attracted to the CuONP surface, enhancing dye removal
through the oxidative process, particularly in basic media.

3.5.2. Effect of CuO NP dose

The dose of CuO NPs has a substantial influence on dye destruction.
The photocatalytic degradation of dye was increased by increasing the
amount of catalyst. As the concentration of CuO NPs increased from 10
mg to 50 mg, the degradation efficiency of MB dye increased from
11.62% to 80.67% (Table S1). This phenomenon is due to the
augmentation of active sites on the catalyst, which results in optimal
adsorption of dye molecules onto the catalyst’s surface and the gener-
ation of additional reactive species for dye degradation.

3.5.3. Effect of dye initial concentration

The effect of the concentration of MB dye on photocatalytic degra-
dation was investigated in 10 to 50 mg/L. By enhancing the dye con-
centration, the dye removal was declined (Table S2). This might be due
to the obstruction in the path of incident light due to the increased
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Table 1
Effect of medium pH on the MB dye degradation using CuO NPs.
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concentration of dye, which precludes the light from reaching the
catalyst surface, thus leading to a decrease in degradation efficiency.
Secondly, the adsorption of MB molecules on the catalyst surface sup-
pressed the generation of reactive species, and resultantly, degradation
efficiency was decreased.

3.5.4. Effect of contact time

The impact of contact time on photocatalytic degradation is shown in
Fig. 7B. The before irradiation of catalysts and dye mixture to the light,
the catalysts and dye mixture was stirred in dark for 30 min to check to
attain the adsorption-desorption mechanism of dye. Before irradiation
to light, 3 mL dye sample was taken and its absorbance was monitored. It
was observed that 1.72% dye was adsorbed during the adsorp-
tion-desorption equilibrium attainment and this value was considered
the initial concentration of dye. After irradiation, the MB dye degrada-
tion was 47.21% at the first 15 min of irradiation, which increased
gradually and reached 97.67% after 210 min of irradiation. The initial
sharp increase in dye degradation results from dye adsorption. Over
time, degradation products compete with dye ions for adsorption on the
catalyst surface, slowing down the photocatalytic degradation process.
The kinetics of MB dye degradation, assessed through first-order and
second-order models, are depicted in Figs. S1-S3. Photocatalytic dye
degradation is significantly influenced by catalyst surface adsorption
and subsequent degradation by reactive species. The MB dye degrada-
tion follows pseudo-first-order kinetics (Fig. S2). The mechanism of MB

dye degradation under light irradiation using CuO NPs is shown in Egs.
4-8. The electrons excitation from VB to CB produces an e~ and h* pair
upon irradiation. The e~ (CB) reacts with O and give a superoxide
radical, while the h™ reacts with HyO to form *OH radical. The *OH
radicals are reactive species that degrade the MO dye oxidatively into a
low molecular weight intermediate and, finally, into HyO, CO,, and
inorganic ions (Egs. 4-8). The proposed MB dye degradation mechanism
using CuO NPs prepared via green route is depicted in Fig. 8. PCA of CuO
NPs shows potential for cost-effective MO dye removal under light, of-
fering an economical solution for MB dye remediation, which is also in
line with previous studies (Table 2). Green synthesis, using natural
compounds like plant extracts, microorganisms, and green reducing
agents, is an eco-friendly approach with catalytic applications. Consid-
eration of plant extract and extraction method is crucial for tailoring
nanoparticles to specific properties and applications (Sinha and
Ahmaruzzaman 2015, Wang et al., 2019, Kusuma et al., 2023).

NPs + irradiation—NPs (VB)h" + (CB)e~ (@)
H,O0 + h™ - OH + H' (5)
e +0,-0;"° (6)
2H" + 05 —»HO; +H"—20H @

MB dye+°*OH— H,0, + CO, + inorganic ions (8)
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Table 2
A comparison of synthesis route, properties and application of Cu and CuO NPs.
Sr. NPs Source material/methods Results Applications References
#
1 Cu Extract fish scales of Labeo rohita size = 25-37 nm, A = 589 nm, monodispersed, spherical ~ Active catalytic (Sinha and
Ahmaruzzaman 2015)
2 Cu Electrolytic deposition Irregular shape, agglomerated, size = 40 nm Antimicrobial, (Wang et al., 2019)
CuSO0y, solution Photovoltaic
3 CuO  Green synthesis using Bougainvillea Highly stable, spherical in shape and diameter =12+ 4  Active antifungal (Shammout and Awwad
flowers extract nm, A = 274 nm 2021)
4 CuO Thermal decomposition methods A = 380 nm, spherical, particle size = 15-30 nm, Antioxidant, antibacterial (Das et al., 2013)
5 CuO Green synthesis using Cassia Monoclinic, A = 285 nm, spherical, particle size = 22.4 Biocompatible towards RAW (Shi et al., 2017)
auriculata leaf extract nm 264.7 cell lines
CuO  Green synthesis using Jasmin sambac ~ Monoclinic, A = 243, particle size = 13.4 nm, irregular ~ Photocatalytic activity Present study

extract shapes, in aggregate form

3.6. Reusability and recyclability of the catalyst

The development of green technologies is a key focus in industrial
discharged water treatment strategies, with a focus on the repeated use
of photocatalysts because of their advantages in terms of both cost and
environmental impact. The reusability of the catalyst is assessed over the
course of six cycles. The CuONP was separated from the reaction mixture
of MB dye degradation, washed with distilled water, and dried before
being added to a new dye solution for further cycles of photodegradation
in order to evaluate its reusability. MB degradation was 97.67% in the
first cycle, declined slightly to 96.1% in the second cycle, and showed
94.6% degradation in the third cycle. In the sixth cycle, the MB dye
degradation decreased even more, reaching 89.9% (Fig. S4). The decline
in catalytic activity is attributed to dye accumulation on active sites.
Reusable catalysts in photocatalytic processes offer environmental and
economic sustainability by reducing resource consumption, waste, and
overall environmental impact. Single-use catalysts, especially those with
hazardous or difficult-to-recycle components, pose disposal challenges,
making reusability a more sustainable choice.

4. Conclusion

The synthesis of copper oxide nanoparticles (CuO NPs) utilized
Jasminum sambac leaf extract, wherein nanoparticle characteristics
were notably influenced by solution pH, temperature, reaction time, and
copper sulfate concentration. The resulting CuO NPs were mono-
disperse, crystalline, monoclinic, and exhibited purity, with a particle
size of 13.4 nm. These NPs displayed promising photocatalytic activity,
achieving a notable 97% removal of Methylene Blue (MB) dye after 210
min of light exposure. Factors such as pH, CuO NPs dosage, and MB dye
concentration influenced the photocatalytic performance. The green
synthesis method using Jasminum sambac leaf extract proves highly
efficient for tailoring CuO NPs for photocatalytic applications. Future
research will focus on evaluating photocatalytic activity under visible
light and studying the toxicity of treated MB dye, including the identi-
fication of intermediate byproducts.
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