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ABSTRACT

A green and sustainable method for synthesizing a cuprous oxide (Cu:0) photocatalyst was
established using the extract from Terminalia catappa leaves as a natural reducing and stabilizing
agent. The resulting Cu:0 displayed a well-defined cubic morphology, high crystallinity, and phase
purity, as confirmed by SEM, XRD, FTIR, and EDX analyses. UV-Vis diffuse reflectance
spectroscopy indicated strong visible-light absorption, with characteristic bands at 449 and 475 nm
and a narrow band gap of 2.12 eV, supporting its suitability for visible-light-driven photocatalysis.
Photocatalytic activity was assessed via degradation of Rhodamine B (RhB) under visible-light
irradiation, achieving over 90% degradation within 120 minutes. Kinetic analysis showed that the
photodegradation data were best fitted by a pseudo-second-order model, reflecting an apparent
kinetic behavior in which surface reactions and adsorption-related processes involving
photogenerated charge carriers play a dominant role. Reusability tests demonstrated satisfactory
stability, with the catalyst maintaining more than 80% degradation efficiency after five cycles. These
findings demonstrate the potential of Terminalia catappa leaf-extract-mediated Cu:0 as an eco-
friendly, low-cost, and efficient photocatalyst for wastewater treatment.
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1. INTRODUCTION

Synthetic dyes are widely used in the textile, printing, paper, and cosmetic industries, resulting
in substantial volumes of colored wastewater that pose significant environmental and health risks
[1]. Rhodamine B (RhB), a representative xanthene dye, is characterized by high stability, vivid
coloration, and resistance to conventional biological treatment methods [2]. The release of RhB-
containing effluents can suppress photosynthetic processes in aquatic environments and induce
toxic, mutagenic, and carcinogenic effects in various organisms. Consequently, the development
of effective, sustainable technologies for removing RhB from water is critically important.
Advanced oxidation processes, especially semiconductor-based photocatalysis, have shown
promise due to their capacity to mineralize organic pollutants into non-toxic end products under
mild conditions [3-6]. Nevertheless, the widespread implementation of photocatalysis remains
constrained by factors such as catalyst costs, synthesis complexity, and environmental
sustainability, underscoring the importance of green, efficient photocatalytic materials.

Cuprous oxide (Cu20) has attracted significant attention as a visible-light-responsive
photocatalyst due to its narrow band gap, strong light absorption, abundance on Earth, and low
toxicity [7, 8]. Cu0O-based materials exhibit strong performance in the photocatalytic degradation
of organic dyes and other pollutants under visible light irradiation [9]. However, conventional
synthesis methods for Cu.O frequently require toxic reducing agents, high energy input, and
complex procedures, which are inconsistent with green chemistry principles. Recently, plant-
extract-mediated green synthesis has emerged as an environmentally sustainable alternative,
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employing natural biomolecules such as polyphenols, flavonoids, and organic acids as reducing
and stabilizing agents [10-12]. This method not only minimizes the environmental impact of
material synthesis but also enables improved control over particle size, morphology, and surface
functionality, all of which are critical factors influencing photocatalytic performance.

Using leaf extracts as bio-reductants for Cu.O synthesis is a sustainable and cost-effective
approach, since leaves are a plentiful, renewable resource containing phytochemicals that facilitate
metal ion reduction and nanoparticle stabilisation. Terminalia catappa leaves, in particular, are rich
in polyphenols, flavonoids, tannins and organic acids, enabling them to act as natural reducing and
stabilising agents. Terminalia catappa is widely available in tropical regions, is low-cost, and is
often regarded as agricultural waste, which supports its potential for scalable green synthesis. The
phytochemical composition of Terminalia catappa may also promote the controlled nucleation and
growth of Cu:0, resulting in well-defined morphology and good crystallinity, all without the need
for external surfactants or toxic reagents [9].

However, the use of Terminalia catappa leaf extract for Cu20 photocatalyst synthesis and its
role in dye photodegradation remain insufficiently explored. In this study, Cu2O was synthesized
via a green leaf-extract route and evaluated for RhB photodegradation under light irradiation, with
emphasis on synthesis, photocatalytic performance, and degradation behavior for sustainable
wastewater treatment.

2. EXPERIMENTAL

2.1. Materials and Chemicals

Copper(Il) salt (CuSOa4-5H20), NaOH, ethanol, and Rhodamine B (RhB) were of analytical
grade and used without further purification. Fresh Terminalia catappa leaves were washed
thoroughly with deionized water and air-dried.

2.2. Preparation of Terminalia catappa leaf extract

Dried leaves were cut into small pieces and boiled in deionized water (5 g in 100 mL) at 95 °C
for 60 min under stirring. The mixture was cooled to room temperature and filtered (Whatman No.
1). The filtrate was stored for synthesis.

2.3. Green synthesis of Cu.0O

A 0.05 M CuSOs solution was stirred at room temperature while the leaf extract was added
dropwise under continuous agitation. The pH was adjusted to approximately 11-12 using NaOH
to facilitate Cu2O formation. The resulting suspension was stirred for 1-2 hours until a brick-red
precipitate formed, followed by a 30-minute aging period. The precipitate was isolated by
centrifugation, washed multiple times with deionized water and ethanol, and subsequently dried
under a stream of dry air.

2.4. Characterization of Cu.O

The crystalline phase was identified by X-ray diffraction (XRD, Cu Ka). SEM was used to
examine morphology and particle size. Surface functional groups were analyzed by FTIR, and
optical properties were evaluated by UV-Vis diffuse reflectance spectroscopy (DRS) to estimate
the band gap.

2.5. Photocatalytic degradation of RhB

Photocatalytic activity was assessed using a RhB solution (5 mg.L™!, 100 mL) with a controlled
Cu20 dosage (0.5-1.0 g.L™"). Before irradiation, the suspension was magnetically stirred in the
dark for 60 minutes to achieve adsorption-desorption equilibrium. Visible-light irradiation was
applied using a 350 W xenon lamp. At predetermined intervals, aliquots were collected,
centrifuged to separate the catalyst, and analyzed by UV-Vis spectroscopy at 554 nm. Degradation
efficiency and reaction kinetics were determined using the concentration ratio (C/Co) and the
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pseudo-first-order kinetic model, In(Cy/C;) = kt.
2.6. Cuz0 catalyst reusability

To evaluate recyclability, the catalyst was recovered after each cycle by centrifugation, then
washed and dried. This process was repeated for five cycles. X-ray diffraction (XRD) analysis
confirmed the catalyst's structural stability after repeated use.

3. RESULTS AND DISCUSSION

3.1. Characterization of Cu.O

300" nm~

Figure 1. SEM images of Cu:0 produced by green synthesis.
Figure 1 displays scanning electron microscopy (SEM) images of Cu-O synthesized using the
Terminalia catappa leaf-extract method, demonstrating a highly uniform, well-defined
morphology. At low magnification (Figure la), the sample predominantly comprises densely
packed, cubic-like particles exhibiting high dispersion and minimal agglomeration, suggesting
effective stabilization by phytochemicals present in the leaf extract. Higher-magnification imaging
(Figure 1b) reveals sharp-edged nanocubes with smooth surfaces and an average particle size of
approximately 200-400 nm. This regular morphology indicates controlled nucleation and growth
during green synthesis under alkaline conditions. The well-faceted Cu.O nanocubes offer
numerous exposed crystal planes and active sites, which are advantageous for light absorption,
charge transfer, and improved photocatalytic degradation of RhB.
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Figure 2. XRD pattern (a) and FTIR spectroscopy (b) of Cuz0 via green synthesis.

Figure 2a displays the XRD pattern of Cu:O synthesized through the green method, with
distinct diffraction peaks at 20 = 29.6°, 36.5°, 42.4°, and 61.5°, corresponding to the (110), (111),
(200), and (220) crystal planes of cubic Cu20. The absence of peaks associated with CuO or
metallic Cu indicates high phase purity of the synthesized Cu-0O. The sharp, intense diffraction
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peaks indicate satisfactory crystallinity, suggesting that the phytochemicals present in the leaf
extract facilitated controlled crystal growth. Figure 2b illustrates the FTIR spectrum of Cu.O,
showing broad absorption at 3383 cm™ due to O—H stretching of surface hydroxyl groups and
adsorbed water, and a band at 2966 cm™ attributed to C—H stretching vibrations. Peaks at 1724,
1613, and 1517 cm™ are assigned to C=0O and aromatic C=C vibrations from residual organic
compounds. Bands below 500 cm™, particularly at 467 cm™', are indicative of Cu—O stretching,
confirming the formation of Cu-O.
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Figure 3. EDX pattern (a) and UV-Vis DRS spectroscopy with band gap energy diagram (b) of
Cu:0 prepared by green synthesis.

Figure 3a displays the EDX spectrum of green-synthesized Cu.O, confirming the presence of
only copper and oxygen, with no detectable impurities. Quantitative analysis indicates weight
percentages of 76.29% Cu and 23.72% O, closely matching the theoretical stoichiometry of Cu.O
and demonstrating successful formation of phase-pure cuprous oxide via the leaf-extract method.
The pronounced signals for Cu and O suggest that phytochemicals effectively reduce Cu?" ions
without introducing contamination. Figure 3b presents the UV-Vis DRS spectrum, where Cu.O
shows strong visible-light absorption with characteristic maxima at 449 and 475 nm, consistent
with its narrow band-gap semiconductor properties. The Tauc plot yields a band gap of 2.12 eV,
confirming efficient utilization of visible light. This optical characteristic enhances photocatalytic
activity under visible-light irradiation.

3.2. Photocatalytic degradation of RhB
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Figure 4. Temporal variation of Rhodamine B concentration (Ct)
and photocatalytic degradation efficiency (E) over Cu:0 under visible-light irradiation
(initial RhB concentration = 4.86 mg.L™).
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Figure 4 presents the temporal evolution of RhB concentration (Ct) and photocatalytic
degradation efficiency (E) over Cu:O under visible-light irradiation. The RhB concentration
decreases rapidly from an initial value of 4.86 mg.L ! to 1.89 mg.L™! within the first 15 minutes,
resulting in a sharp increase in degradation efficiency to approximately 61%. This observation
indicates rapid photocatalytic activity during the initial stage, which can be attributed to the
abundance of available active sites and efficient generation of reactive species. With continued
irradiation, Ct gradually declines to 0.469 mg.L™' after 120 minutes, while the degradation
efficiency increases steadily to 90.35%. The slower degradation rate observed at later stages is
likely due to the reduced RhB concentration and partial occupation of active sites. These results
indicate that green-synthesized Cu.O maintains high and sustained photocatalytic efficiency for
RhB degradation.
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Figure 5. Kinetic models for RhB photodegradation over Cu:20:
(a) PFO, (b) PSO, (c) Elovich, and (d) Bangham.

Figure 5 and table 1 show the results of kinetic modeling for the photodegradation of RhB over
Cu20 using different models. The pseudo-first-order (PFO) model yields a relatively low
correlation coefficient (R? = 0.7746), demonstrating its inadequacy in describing the
photodegradation process. The pseudo-second-order (PSO) model, on the other hand, fits very
well, with an R? value of 0.9984 and a calculated g. of 10.23 mg.g™'. This means that the rate of
photodegradation is mainly controlled by surface reactions involving photogenerated charge
carriers. The Elovich model also shows a high degree of linearity (R = 0.9365), indicating that the
catalytic surface is nonuniform and that the reaction rate is high at the start. Additionally, the
Bangham model exhibits a satisfactory correlation (R? = 0.9456), signifying that diffusion within
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the catalyst pores contributes to the overall degradation process. Collectively, these results indicate
that PSO kinetics most accurately represent RhB photodegradation by CuO.

For clarity, the PFO, PSO, Elovich, and Bangham models were employed as apparent kinetic
tools to analyze the overall RhB removal behavior under irradiation, rather than to describe
elementary photocatalytic reaction steps. It should be noted that the pseudo-first-order and pseudo-
second-order models are empirical kinetic approaches. In the present photocatalytic system, the
excellent fit of the PSO model is therefore interpreted as an apparent kinetic behavior, suggesting
that surface chemisorption and surface reactions involving photogenerated charge carriers play a
dominant role in the rate-controlling step. The good agreement with the Elovich model further
indicates a heterogeneous catalyst surface and a high initial reaction rate, while the Bangham
model implies that intraparticle diffusion also contributes to the overall RhB degradation process.
These results confirm that RhB photodegradation over Cu2O is governed by a combined
adsorption—photocatalysis mechanism rather than a simple homogeneous reaction.

Table 1. Kinetic parameters _for RhB photodegradation over Cu:0 under visible ligh.

Models Parameters Value R?
ki (min') 0.0305
Pseudo-first order 0.7746
ge (mg.g™h) 4.3842
k> (g.mg'.min!) | 0.0217
Pseudo-second order 0.9984
ge (mg.g ™) 10.2302
a (mg.g™! 18347.75
Elovich (mg.g’) 0.9365
b (g.mg™) 1.5272
o 0.0710
Bangham 0.9456
ks 0.7017

3.3. Cuz0 catalyst reusability
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Figure 6. Recyclability and stability of Cu:0 photocatalyst
for RhB photodegradation under visible light.

Figure 6 presents the recyclability of Cu.O in RhB photodegradation across five consecutive
cycles. The degradation efficiency decreases from 90.35% in the first cycle to 81.32% after the
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fifth cycle, which suggests sustained catalytic stability during repeated use. The reduction in
degradation efficiency increases from 0% to approximately 9.99% over five cycles. This moderate
decline is likely due to partial surface fouling, loss of active sites, or minor photocorrosion during
repeated irradiation and recovery. Despite this, Cu-O maintains over 80% degradation efficiency
after five cycles, indicating satisfactory reusability and structural integrity, which supports its
potential for practical photocatalytic wastewater treatment applications.

4. CONCLUSIONS

A Cuz20 photocatalyst was synthesized via a green method using Terminalia catappa leaf
extract as a natural reducing and stabilizing agent. Structural and spectroscopic analyses confirmed
the formation of phase-pure, well-crystallized Cu.O nanocubes with a narrow band gap of 2.12 eV
and strong visible-light absorption. The green-synthesised Cu.O demonstrated high photocatalytic
activity for RhB degradation, achieving over 90% removal within 120 minutes under similar
sunlight irradiation. Kinetic analysis indicated that the photodegradation process followed a
pseudo-second-order model, suggesting that surface reactions involving photogenerated charge
carriers were predominant. Reusability tests revealed that Cu.O maintained more than 80%
degradation efficiency after five cycles, confirming its stability and recyclability. These findings
underscore the effectiveness and sustainability of leaf-extract-mediated Cu2O synthesis and its
significant potential for eco-friendly wastewater treatment applications.
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TOM TAT
Phin hiiy quang xiic tic Rhodamine B sir dung Cu:O dwgc tong hop
theo phwong phap xanh tir dich chiét 14 bang (Terminalia catappa)

Mot phirong phdp xanh va bén viing dé tong hop xiic tic quang cuprous oxide (Cuz0)
da dwoc xdy dung, trong dé dich chiét tir ld bang (Terminalia catappa) dwoc sic dung nhu
tac nhan khir va én dinh tw nhién. Vat liéu Cuz0 thu dwoc thé hién hinh thai ldp phwong ro
rang, o két tinh cao va dé tinh khiét pha tot, dwoc xdc nhdn thong qua cdac phan tich SEM,
XRD, FTIR va EDX. Pho phan xa khuéch tan UV-Vis cho thd'y Cu:0 hcfp thu manh trong
viing dnh sdang kha kién, véi cac dai hap thy ddc trung tai 449 va 475 nm va nang luong
viing cam hep 2,12 eV, chitng t6 kha ning vmg dung hiéu qud trong xiic tdc quang dwdi dnh
sdng kha kién. Hoat tinh quang xiic tac ciia Cu:0 duwoc danh gia théng qua qud trinh phan
hity Rhodamine B (RhB) duwdi chiéu xa anh sang kha kién, dat hiéu sudt phan hity trén 90%
sau 120 phut. Phan tich dong hoc cho thdy qud trinh Pphan hiy quang RhB phii hop nhat véi
mo hinh gia bdc hai, cho thay téc dg phan vng chii yéu bi chi phoz boi cdc qud trinh trén bé
mdt xiic tac, bao gom hdp phu va cdc phan ing lién quan dén cac hat tai dién quang sinh.
Thir nghiém tdi sir dung chirng minh vét liéu ¢6 do on dinh tot, khi van duy tri hiéu sudt
phdn hiy trén 80% sau nam chu ky. Nhitng két qua nay khdng dinh tiéem nang cia Cuz0
tong hop xanh tir dich chiét ld bang nhw mét xiic tdc quang than thién méi truong, chi phi
thap va hiéu qua cao cho xir Iy mede thai.

Tir khoa: Tdng hop xanh; Xuc tic quang Cuz0; Dich chiét 14 bang (Terminalia catappa); Rhodamine B; Phén hity quang.
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