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A sustainable and green synthesis of Copper Oxide nanoparticles (CuO NPs) are  

developed using aqueous leaf extract of Syzygium cumini. The optical, structural and 

morphological properties of the nanoparticles were analyzed using various spectral and 

microscopic techniques. Photocatalytic degradation of organic dyes utilizing CuO NPs as 

photo-catalyst has been investigated under visible light irradiation in aqueous solutions. 

The CuO nanoparticles exhibit excellent photocatalytic degradation of methylene blue, 

achieving a 98% degradation after 60 minutes under artificial light irradiation. These CuO 

nanoparticles demonstrate efficient photocatalytic activity, making them highly beneficial 

for water purification and other environmentally sustainable applications. CuO NPs serve 

as highly effective heterogeneous catalysts for the degradation of methylene blue dye. The 

change in λmax values and the evolution of oxygen gas indicated that the dye could 

be efficiently degraded by the photocatalyst without producing any hazardous waste.  

Additionally, the catalytic performance of the nanopartic les was assessed through the 

reduction of 4-nitrophenol. The catalyst demonstrates exceptional catalytic performance 

by efficiently converting 4-nitrophenol to 4-aminophenol in just 5 minutes, highlighting 

its remarkable effectiveness. 
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Green synthesis of nanostructured metals and metal 

oxides based on biological resources is an emerging 

technology that is economically viable and reduces 

the toxicity of nanoparticles commonly associated 

with conventional chemical synthesis. Among all  

the metal oxides, copper oxide nanoparticles (CuO 

NPs) due to their distinctive catalytic, electric, 

mechanical and thermal properties have gained 

significant importance and applications in industrial, 

environmental and medical fields [1–2]. CuO NPs 

in various shapes and morphologies like nanorods, 

nanowires, nanotubes, nanoflowers, nanoneedles and 

nanospheres were prepared through many synthetic 

routes such as electrochemical, sonochemical, 

microwave-assisted, oxidation–reduction, thermal, 

pyrolysis and precipitation [3-4]. These methods 

employ harsh reaction conditions, contribute to 

environmental pollution, and incur high costs. 

Therefore, in recent years, there has been a focus 

on developing non-hazardous, environmentally 

friendly, and cost-effective approaches to produce 

CuO NPs, aiming to minimize toxic substances 

in the environment [5]. Recently, there are many 

reports on the biosynthesis of CuO NPs using plant 

resources [6] and their applications in diverse fields 

viz. as catalyst for the degradation of dyes [7-9], 

C-S cross-coupling reaction [10-11], 1,3-cyclo-

addition reaction [12] as anticancer and antibacterial 

agent [13], cytotoxic [14], plant defense booster [15]. 

 

Dyes are hazardous to environment and 

chemically stable with complex aromatic structure 

when discharged into the water bodies create  

alarming concern [16-18]. Various methods have 

been developed for treating industrial effluents 

[19, 20], but many simply transfer pollutants 

between phases or generate harmful byproducts, 

such as carcinogenic aromatic amines. Moreover, 

conventional techniques often demand large quantities 

of photocatalysts and produce significant amounts 

of sludge, posing additional environmental and 

health concerns. [21-22]. 
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Advanced oxidation processes (AOPs) have 

been explored to completely eliminate organic 

pollutants, offering a promising solution to this  

challenge. Among these, semiconductor-based AOPs 

stand out as one of the most effective and cost-

efficient options for tackling harmful dyes. These 

processes offer significant potential to harness the 

full solar spectrum in photocatalytic reactions [23]. 

AOPs use reactive free radicals to break down 

electron-rich dyes into harmless products like CO₂ 

and H₂O through mineralization process [23,24]. 

Various nanostructures have been investigated to 

develop efficient catalytic systems based on advanced 

oxidation processes (AOPs) [25–28]. Among these, 

metal oxide nanoparticles have emerged as one of the 

most effective approaches for the removal of pollutants 

from water [29–31]. Methylene blue (MB), a widely 

used cationic dye in rubber and plastic production, 

can be effectively degraded through photocatalysis 

using nanostructured semiconductor oxides [32]. 

 

4-Nitrophenol (4-Nip) is one of the most 

hazardous, toxic and anthropogenic pollutant  

extensively produced by industries. The discharge 

of 4-Nitrophenol from industries is detrimental and 

its removal is also a crucial task. The reduction of   

 

4-Nitrophenol to 4-Aminophenol is an important 

reaction in pharmaceutical, pesticides, insecticides, 

natural products, plasticizers, explosives and dyes 

industries [33-34]. 4-nitrophenols are not reduced 

by NaBH4 in aqueous or non-aqueous solutions, but 

this reaction easily occurs in presence of metals, 

particularly, coinage metals [35, 36], which are 

expensive. Therefore, it is essential to develop a low 

cost, ecofriendly catalyst for the reduction of 4-

nitrophenol to 4-aminophenol in aqueous solution. 

Syzygium cumini L. (Myrtaceae) commonly known 

as Indian blackberry is native to Indonesia and is 

also found in Bangladesh, Algeria, India, Philippines, 

Brazil, Florida, Thailand, Israel and California. It  

contains variety of phytochemicals [37]. 

 

In this paper, we present a successful clean, 

reliable, biocompatible, cheap, and nontoxic green 

strategy to synthesize CuO NPs using Syzygium 

cumini leaf extract. The synthesized CuO nanoparticles, 

using Syzygium cumini as a bioreductant for the 

first time, effectively catalyzed the photodegradation 

of methylene blue under visible light. Their performance 

was also evaluated against CR, MO, and MG 

dyes, and in the reduction of 4-nitrophenol to 4-

aminophenol under mild aqueous conditions. 
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MATERIALS AND METHODS 

 

Materials 

 

All chemicals used in the study were of AR grade 

and were used as received, without any further 

purification. Cupric sulphate pentahydrate (CuSO4. 

5H2O), methylene blue trihydrate (MB, C16H24ClN3O3S, 

mw: 373.896 g/mol, λmax = 664 nm), malachite green 

oxalate (MG, C52H54N4O12, mw: 927.02 g/mol, λmax 

= 616 nm), methyl orange (MO, C14H14N3NaO3S, 

mw: 327.334 g/mol, λmax = 463 nm),congo red 

(CR, C32H22N6Na2O6S2, mw: 696.66 g/mol, λmax = 

498 nm) and hydrogen peroxide 30% by weight (99%) 

were purchased from Merck, Mumbai, India. 4-

Nitrophenol (99.0%) and sodium borohydride (99.0%) 

were purchased from Sigma-Aldrich, USA. 

 

Characterization 

 

UV-visible and diffuse reflectance spectra were 

obtained using a JASCO V-650 spectrophotometer, 

while FT-IR spectra (4000–400 cm⁻¹) of the leaf 

extract and solid nanoparticles were recorded with 

a Thermo Scientific Nicolet iS5 spectrometer. 

Nanoparticle size and morphology were examined 

using a PHILIPS CM 200 TEM at 200 kV with 

2.4 Å resolution. XRD patterns were recorded on 

a PANalytical X’Pert PRO diffractometer (model 

PW3071) using CuKα radiation (40 kV, 30 mA) 

over a 10°–80° 2θ range. Elemental composition 

was analyzed by EDX on a JEOL JED-2300 system. 

Nanoparticles were dispersed via an ultrasonic probe 

sonicator (Enertech ENUP-500A) for 30 one-minute 

cycles with 30-second intervals. Photocatalytic studies 

were performed in a Heber HIPR-MP-400 visible 

annular immersion photoreactor. Nanoparticles were 

separated using an Eltek refrigerated centrifuge (Model 

RC4100 F, max 15,000 rpm). 

 

Methods 

 

Fresh Syzygium cumini leaves (20 g), sourced from 

Nazareth, Tamil Nadu, were washed, chopped, and 

boiled in 100 mL of double-distilled water for 10 

minutes. After cooling, the mixture was filtered 

(Whatman No. 41) to obtain a clear extract. For 

CuO nanoparticle synthesis, 10 mL of the extract 

(adjusted to pH 9 using 0.1 N NaOH) was mixed 

with 10 mL of 0.1 M cupric sulfate and heated for 

10 minutes. A black colloidal suspension formed, 

which was centrifuged at 13,000 rpm, washed, dried 

at 110°C, and calcined at 500°C for 2 hours to yield 

CuO nanoparticles. 

The photocatalytic performance of the 

synthesized CuO NPs was evaluated using methylene 

blue (MB) dye as a model pollutant. Experiments 

were conducted under both dark and visible light 

conditions, with and without H₂O₂. The pH of 

MB solutions was adjusted using 1.0 M H₂SO₄ or 

NaOH, and light intensity was varied from 150 W 

to 500 W [38, 39]. 

 

Photocatalytic Reduction of 4-nitrophenol in 

Alkaline Medium 

 

In slightly alkaline medium (addition of NaBH4 makes 

the solution slightly alkaline, (pH-9) the reduction 

of 4-Nip to 4-Amp by NaBH4 in presence of CuO 

NPs as catalyst is fast even in the absence of light, 

and the reaction couldn’t be investigated by conventional 

method. Hence the reaction was studied using the time 

course measurements mode in the spectrophotometer. 

In this mode, all the constituents were placed in the 

cuvette in the spectrophotometer and the reaction 

was initiated by adding required amount of the solid 

catalyst, and the reaction was followed by monitoring 

the absorbance with time at fixed wavelength. In 

highly alkaline medium (0.1 M NaOH or more), the 

reaction was moderately slow and NaBH4 is reported 

to be highly stable. Under this condition, the reactions 

were performed by adding the desired amount of 

catalyst to pH adjusted (0.1 M NaOH) mixture of 4-

nitrophenol and NaBH4, and magnetically stirred in 

the photoreactor, while irradiating with visible light 

source. At predetermined time intervals during 

irradiation, 5 mL samples were collected, centrifuged 

at 10,000 rpm, and their absorbance was measured 

using a UV-Vis spectrophotometer. [40]. 

 

RESULTS AND DISCUSSION 

 

Absorption Spectral Studies 

 

The photo catalytic activity of a semiconductor is 

mainly due to the absorption of light and the migration 

of light induced electrons and holes, which depends 

upon the electronic structure of the materials. The 

UV-vis-DRS represented in the Fig.1a has absorption 

bands centered at 483 and 659 nm, due to d-d 

transitions are prime factors for the photocatalytic 

activity CuO NPs in the visible range [41]. The optical 

parameters such as absorption coefficient and band 

gap are resolved from the spectrum. From the Tauc 

plot, the band gap of CuO NPs is found to be 1.6 eV. 

The observed band gap value is greater than the bulk 

CuO NPs (1.2 eV) [35, 36], this is ascribed to the 

quantum effect of CuO NPs and the particle size 

was decreased [42]. 
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Figure 1. (a) UV-vis-Diffuse Reflectance spectrum of CuO NPs (Inset) Tauc plot (b) FT-IR spectrum of 

calcined CuO NPs. 

 
 

FT-IR Spectra of CuO NPs 

 

The FT-IR spectra of both as-prepared and calcined 

CuO nanoparticles are shown in Fig. 1b. A broad 

absorption band observed at 3458.62 cm⁻¹ corresponds 

to the O–H stretching vibration, while the peak at 

1620.92 cm⁻¹ is attributed to the bending vibration of 

physically adsorbed water or surface hydroxyl groups. 

After calcination at 500 °C for one hour, distinct 

absorption peaks appear at 608, 512, and 471 cm⁻¹, 

which are characteristic of the asymmetric and 

symmetric stretching vibrations of Cu–O bonds, 

confirming the formation of CuO nanoparticles [43].  

The absence of peaks associated with organic  

functional groups in the calcined sample indicates the 

removal of biomolecules initially present in the as-

prepared sample, which were likely involved in the 

stabilization of the nanoparticles. 

 

 

 
 

Figure 2. XRD of CuO NPs. 
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Figure 3. EDAX spectrum of CuO NPs. 

 

 

XRD of CuO NPs 
 

The formation of CuO nanoparticles was confirmed 

through X-ray diffraction (XRD) analysis, as shown in 

Fig. 2. The diffraction peaks observed at 2θ values of 

32.29°, 35.43°, 38.58°, 43.66°, 48.9°, 53.39°, 58.23°, 

61.39°, 66.13°, and 67.89° correspond to the (110), 

(−111), (111), (113), (020), (202), (311), and (220) 

crystallographic planes, respectively. These peaks are 

consistent with the monoclinic phase of CuO, as 

referenced by JCPDS card no. 72-0629 [44–45]. 

The absence of additional peaks related to Cu₂O or 

Cu(OH)₂ indicates the high phase purity of the 

synthesized nanoparticles. The average crystallite 

size, calculated using the Scherrer equation based on 

the most intense (−111) peak, was estimated to be 

approximately 34 nm  

 

EDAX of CuO NPs 
 

EDAX was performed on the synthesized copper 

oxide nanoparticles to determine their elemental 

composition. The EDAX spectrum Figure 3 is 

confirmed the presence of copper and oxygen as 

the only elemental constituents, verifying the 

successful formation of copper oxide nanoparticles. 

Characteristic peaks observed at 8 keV and 0.928 keV 

correspond to elemental copper [46]. The absence of 

any additional peaks in the spectrum further indicates 

the high purity of the CuO nanoparticles. 

 

 

 
 

Figure 4. (a-d) TEM images of CuO nanoparticles. 
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TEM Studies of CuO NPs 

 

TEM studies provided detailed insights into the shape, 

uniformity, and nanoscale features of the particles, 

confirming the structural integrity of the CuO NPs. 

Figure 4(a–d) presents the TEM images of CuO 

nanoparticles synthesized using S. cumini leaf extract. 

The images clearly show the formation of CuO 

nanorods with an average length of approximately 

50 nm and a width of around 8 nm. As shown in 

Figure 4, it confirms the polycrystalline nature of 

the nanoparticles. 

 

Photocatalytic Performance of CuO Nanoparticles 

 

The catalytic efficiency of CuO NPs for the degradation 

of MB in presence of H2O2 was studied under different 

experimental conditions (Fig 5). Dye removal using 

a photocatalyst typically involves a combination of 

adsorption and photocatalytic degradation. To account 

for any adsorption effects, CuO nanoparticles were 

first equilibrated with the dye solution under dark 

conditions for 30 minutes. This step ensured that 

adsorption-desorption equilibrium was achieved prior 

to photocatalytic testing. After equilibrium was 

reached, the reaction mixture was exposed to artificial 

visible light, and the kinetics of photocatalytic  

degradation were subsequently investigated. In 

the dark (without radiation), the CuO NPs have  

limited effect, the intensity of the dye is decreased 

to an extent of 11.86%, but on exposure to visible 

light source of 500 W, almost 100% degradation is 

noticed [47]. 

 

Impact of Reaction Parameters on the Degradation 

of MB 

 

The experimental results at varying initial concentrations 

of methylene blue (110-5 M to 510-5 M), by keeping 

H2O2 concentration, CuO NPs dosage and the visible 

light source as constant are shown in Figure 6a-d 

[48,49]. 

 

As the initial concentration of MB increased 

(1×10⁻⁵ M to 5×10⁻⁵ M), the degradation efficiency 

decreased. Higher MB concentrations absorb 

more incident light, reducing light availability 

for photocatalyst activation. Additionally, excess 

MB molecules block active sites on the CuO 

surface, hindering further adsorption and reactive 

species formation. 

 

Degradation improved with increasing pH. 

Alkaline conditions promote the formation of hydroxyl 

radicals (•OH) due to an increase in OH⁻ ions, which 

are critical for photocatalytic activity. MB, being 

positively charged, adsorbs better in basic conditions, 

enhancing degradation [50,51]. Higher H₂O₂ 

concentrations boosted degradation efficiency. H₂O₂ 

acts as an electron acceptor, generating additional •OH 

radicals upon reaction with photoexcited electrons, 

which actively degrade MB molecules [52]. 

 

 

 

 
 

Figure 5. UV-visible spectra (time dependent) for degradation of MB with CuO NPs (a) under dark condition, 

(b) under visible light irradiation ([H2O2] = 5×10-3 M, [MB] = 1×10-5 M, CuO NPs = 5 mg/50 mL, pH = 6,  

Light source = 500 W). 
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Figure 6. Effect of reaction parameters on the degradation of MB (a) Concentration of MB, (b) pH, (c) 

Concentration of H2O2  and (d) Catalyst dosage (Fixed parameters [MB] = 1×10-5 M, [H2O2] = 5×10-3 M,  

CuO = 5 mg/50 mL, pH = 6, Light source = 150 W). 

 

 
Increasing CuO NP dosage (5–15 mg) led to 

improved degradation due to the availability of more 

active sites, resulting in enhanced generation of reactive 

species under light exposure [53]. Degradation efficiency 

rose with light intensity, (Figure 7) as more photons 

striking the CuO surface increased electron excitation, 

promoting the formation of reactive species essential 

for MB breakdown [54]. 

 

 

 
 

Figure 7. (a) Effect of visible light source on degradation, (b) Plot of ln(A0/A) Vs Time in the degradation of MB by 

CuO NPs at different intensities of visible light ([MB] = 10µM, [H2O2] = 5×10-3 M, CuO NPs = 5 mg/50 mL, pH = 6). 
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Table 1. Rate constants for the degradation MB by CuO NPs under different conditions. 
 

Condition  k, min-1 

[MB] (M) 

110-5 0.0205 

310-5 0.0073 

510-5 0.0072 

pH 

3 0.0164 

6 0.0249 

8 0.0260 

[H2O2] (M) 

Without H2O2 0.0029 

510-3 0.0249 

1010-3 0.0254 

Catalyst Dosage 

(mg) 

0 0.0075 

5 0.0249 

10 0.0282 

15 0.0321 

 

Light source 

(W) 

Dark 0.0012 

150 0.0249 

300 0.0590 

500 0.0685 
 

 

 

Photocatalytic Degradation Kinetics of MB using 

CuO NPs. 

 

The first-order rate constant (kapp) was calculated 

from the slopes of the linear plots using L-H model 

for the degradation of MB, as shown in Table 1. 

 

Mechanism of Photocatalytic Degradation of MB by 

CuO NPs 

 

The photocatalytic degradation of dyes by CuO 

nanoparticles follows semiconductor mechanism. 

In the above mechanism, upon irradiation the 

semiconductor nanoparticles produces photoexited 

electrons and the valence band has holes. These 

excited electrons combones with the water molecule 

and produces reactive oxygen species. The addition 

of H2O2 favours the formation of reactive oxygen 

species and attack the dye molecule subsequently 

degrade them into smaller molecules which are 

non toxic [55]. 

 

Stability and Recyclability 

 

The stability of CuO nanoparticles towards the  

photodegradation of dyes and its recyclability were 

presented in Figure 8. For this, the experiments were 

carried out for 60 minutes following the same conditions 

with the same catalyst. After each cycle, the catalyst 

was recovered through centrifugation and then rinsed 

with water and ethanol. Then the catalyst was dried 

for about one hour at 60°C. The results of the study 

shows that 98% degradation of MB dye is achieved 

in 60 min. So, there is no loss of photocatalytic  
 

activity in all repeated cycleswith similar apparent 

rate constant values [56]. 
 

The results confirm the stability of the CuO 

nanoparticles, as their photocatalytic properties  

remained unaffected after repeated use. The simplified 

recycling process (centrifugation and mild drying) 

demonstrates its practical potential for industrial 

applications, lowering operational costs and minimizing 

waste. The consistent values show that the catalyst's 

active sites stay intact, preventing typical problems 

such as agglomeration or surface poisoning. The 

catalyst's reliable performance under these conditions 

underscores its robustness. 
 

Degradation of Different Dyes by CuO NPs 

 

Various types of dyes, including the positively 

charged methylene blue (MB) and malachite green 

(MG), as well as the negatively charged methyl orange 

(MO) and Congo red (CR), were used as target dyes 

to evaluate the photocatalytic performance of the 

synthesized CuO nanoparticles. This selection of dyes 

allowed for a comprehensive assessment of the CuO 

NPs' ability to degrade different dye molecules with 

varying charge characteristics. Under the same reaction 

conditions, the removal efficiencies for MG, CR and 

MO are 31.47 % 53.02% and 14.04% after irradiation 

of 40 min respectively (Figure 9d). The apparent rate 

constant calculated from the slopes are 2.42  10−2 

min−1 (MB), 1.40 10−2 min−1 (MG), 2.31  10-2 min-1 

(CR) and 0.05  10−2 min−1 (MO The experimental 

results show that the as-synthesized CuO NPs 

exhibit selective dye degradation, with notably 

higher photocatalytic efficiency for CR and MB [57]. 
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Figure 8. (a) Stability and reusability of CuO NPs (b) Comparison of CuO NPs for the degradation of various 

dyes. ([Dye] = 10µM, [H2O2] = 5×10-3 M, CuO NPs = 5 mg/50 mL, pH = 6, Light source = 150 W). 

 

 

 

 
 

Figure 9. UV-vis absorption spectra (time-dependent) for the degradation of (a) MG (b) CR & (c) MO with CuO 

NPs (d) Comparison of CuO NPs for the degradation of MG, CR and MO ([Dye] = 10µ M, [H2O2] = 5×10-3 M, 

CuO NPs = 5 mg/50 mL, pH = 6, Light source = 150 W). 
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Figure 10. Time dependent UV-visible spectra for reduction of 4-Nip by NaBH4 in presence of CuO NPs 

as a catalyst, (In absence of visible light irradiation) ([4-Nip]= 510-4 M, [NaBH4]= 0.05 M, CuO NPs = 

10 mg/50 mL). 

 

 

 

Catalytic Conversion of 4-nitrophenol to 

4-aminophenol  

 

The reduction of 4-nitrophenol (4-Nip, Eº = –0.76 V) 

to 4-aminophenol (4-Amp) is thermodynamically 

favorable using NaBH₄ (Eº = –1.33 V) under ambient 

conditions. While noble metal nanoparticles like Ag, 

Au, and Cu have been widely used as catalysts, this 

study explores the catalytic efficiency of bio-derived 

CuO nanoparticles. [58] In aqueous solution, 4-Nip 

shows an absorption peak at 317 nm, which shifts 

to 400 nm upon NaBH₄ addition due to increased 

alkalinity. Without the catalyst, no reduction occurs. 

Upon introducing CuO NPs, the 400 nm peak 

decreases and a new peak at ~300 nm appears, 

confirming the formation of 4-Amp (Figure 10). 

 

The catalytic reduction of 4-nitrophenol (4-Nip) 

to 4-aminophenol (4-Amp) using CuO nanoparticles 

was confirmed by UV-visible spectroscopy. An 

isobestic point in the spectra indicates a clean 

conversion with no side reactions. As the reaction 

proceeds, the absorbance peak of 4-Nip diminishes, 

confirming complete reduction. The reaction was 

studied under pseudo-first-order conditions, with 

NaBH₄ in large excess to maintain a constant  

concentration and suppress aerial oxidation of the 

product. [61] The concentrations of 4-Nip tested 

were 5×10⁻⁴ M, 10×10⁻⁴ M, and 15×10⁻⁴ M, while 

NaBH₄ concentrations were varied from 0.05 M 

to 1.5 M. CuO nanoparticle dosage was fixed at 

10 mg per 50 mL. 

 

Among the tested conditions, the combination 

of [4-Nip] = 5×10⁻⁴ M and [NaBH₄] = 0.05 M  

exhibited the highest catalytic activity. The reaction 

was monitored in real -time using a UV-Vis 

spectrophotometer. In a typical experiment, 1.5 mL 

of 5×10⁻⁴ M 4-Nip was mixed with 1.5 mL of  

0.05 M freshly prepared NaBH₄ in a quartz cuvette. 

Then, 2 mg of CuO NPs was added, and the reaction 

was tracked by observing the color change from 

yellow to colorless. The reduction was completed 

within ~120 seconds, as shown in Figure 11.
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Figure 11. (a) Time course measurement spectra for catalytic reduction of 4-Nip by NaBH4(a) CuO NPs ([4-Nip] = 

110-3 M, [NaBH4] = 0.025 M, CuO NPs = 3 mg/3 mL of reaction mixture)(b) Time dependent UV-visible spectra 

for reduction of 4-Nip by NaBH4 in presence of CuO nanoparticles in alkaline conditions under visible light 

irradiation ([4-Nip]= 510-4 M, [NaBH4]= 0.05 M, CuO NPs = 10 mg/50 mL, Light source = 500 W). 
 

 

 

But when the NaBH4 solution prepared in 

0.1 M NaOH is used, the reaction was slow and 

could be comfortably studied. The system shows an 

induction period for about 15 min and after that the 

catalytic reduction starts. From the Figure 11b it is 

clear that up to 15 min there is a slight decrease 

in absorption, which may due to adsorption of 

the 4-nitrophenolate anion over the catalyst. After 

that a sudden decrease in absorption is noticed 

due to catalytic reduction and the reaction proceeds 

smoothly. The induction period is reported in the 

4-Nip reduction using NaBH4 in various literatures. 

The main reasons attributed are the time required 

for the reducing agent to inject electrons into the 

metal and slow diffusion of reactants to the surface 

of the nanoparticles [62]. To evaluate the rate 

constants, the Langmuir–Hinshelwood apparent first-

order kinetics model is applied. In this mechanism, 

the reduction occurs via electron transfer from the 

donor species, BH₄⁻ (hydride ion), to the acceptor, 

4-nitrophenol (4-Nip). The reaction kinetics equation 

can be described with the equation and the rate 

constant is calculated from the slope of the plot. 

(dCt/dt) =− kapp t   or   ln(Ct/C0) = ln(A0/At) = kapp t 

 

The reduction of 4-nitrophenol (4-NP) using 

CuO nanoparticles was studied under various  

conditions. Increasing the initial concentration of 

4-NP led to a decrease in the rate constant due to 

surface saturation of the catalyst, limiting BH₄⁻  

adsorption and electron transfer—consistent with 

the Langmuir-Hinshelwood mechanism. In contrast, 

variations in NaBH₄ concentration had negligible 

impact, as it was used in large excess [63,64]. An 

increase in catalyst dosage significantly enhanced 

the reaction rate by providing more active sites for 

adsorption and reduction. Similarly, higher visible 

light intensity improved the reaction rate by promoting 

electron excitation, which accelerated the reduction 

process. Table 2 compares CuO NPs synthesized 

from different natural sources and their efficiency 

in degrading various dyes. The data confirm that 

CuO NPs synthesized in this study exhibit superior 

and more consistent performance, especially under 

optimized conditions involving visible light and 

excess NaBH₄ [65,66]. 
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Figure 12. Effect of reaction parameters on the catalytic reduction of 4-nitrophenol to 4-aminophenol  

(a) Concentration of 4-NiP, (b) NaBH4, (c) Catalyst dosage and (d) Intensity of light . 

 

 

 

Table 2. Comparison of dye degradation potential of CuO NPs. 
 

Source Dye 

Conc. 

CuO / Dye, M Condition % Degradation 

Time/rate 

constant, 

min-1 

Ref. 

Ferulago 

angulate 
Rh B 

50 mg/50 mL/ 

1x10-4μM 

Visible light, 

stirring, RT 

83% (150 min)  
[1] 

Rosmarinic 

acid 
MB 

0.1 mg of CuO 

NPs 3 mL of 3.12 

x 104 M MB  

excess 

NaBH4  

 

12 min  

[2] 

Psidium 

guajava 

Nile blue 

Reactive yellow 

160 

10 mg/20 mL dye 

NB- 1.3x10−5 M 

RY- 4.8x10−5 M 

(40 ppm both)  

Sunlight, 

stirring,  

93% (120 min) 

81% (120 min) 0.023 

0.014 
[3] 

Carica papaya 

Coomassie 

brilliant blue 

R250 

10 mg/ 50 ml dye 

(10 mg/L) 

Sunlight, 

stirring 

~37% (90 min) 

- [4] 

Citrus 

aurantifolia 
Rhodamine B 

CuO 10 ppm 

Dye 10 ppm 

UV light 91% (120 min) 

 ~0.087 [5] 

Acalypha 

Indica 
MB 

CuO 20 mg/50 

mL/ 

L MB 

Visible light 

400 W Xe 

lamp 

75% CuO 

83.2% GO-CuO 60 min [6] 
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Punica 

granatum 
MB 

25 mg/25 mL dye  

MB 50mg/L  

Adsorption, 

shaking 120 

rpm, 298 K 

92.2% 

qe - 46.84 mg/g 240 min [7]  

Melissa 

officinalis  
RhB 

CuO 5mg /50 mL 

RhB 2x 10-5 M 

 ~100% 
10 min [8] 

Euphorbia 

maculata 

MB 

CR 

RhB 

CuO 50mg /50 mL 

Dye 10mg/mL 

UV light 

with stirring 

96% 

85 

89% 

- [9] 

Rheum 

palmatum  

root 

MB 

 

RhB 

MB 3.1×10−5 M  

RhB 2.1×10−3 M  

NaBH4 (5.3 

× 10−3 M, 25 

mL) 

CuO 

NPs/clinoptil

olite 

~100% 

60 s [10] 

Psidium 

guajava 

MB 

MO 

MR 

EY 

1mL of 1 mg/10 

mL aqueous 

solution 

1 x 10-4 M  dye 

NaBH4 (1x 

10-3 M) 

stirring 

91% (12 min) 

80% (4 min) 

89% (4 min) 

97% (4 min) 

0.419min-1 

0.734min-1 

0.789min-1 

1.601min-1 

[11] 

L-lysine 
MB 

EY 

10 mg/200 mL 

1x 10-4 M 
 

97% 180 min 

99.1% 40 min 

0.021min-1 

0.105min-1 [12] 

Ruellia 

tuberosa 
Crystal violet 

10 mg/L 

 

Sunlight, 

stirring 

~100% 120 min - 
[13] 

 Curcumin MB 

1 mg/mL CuO 

NPs  

10 μg/mL MB   

 

Total volume 

3mL. 

 

200 μl of 0.5 

mg/mL of 

NaBH4,  

800 rpm 

27 min 

0.04629 min-

1 
[14] 

Cystoseira 

trinodis 
MB 

50 mg/100 mL 

5ppm 

UV 

Sunlight 

89% 150 min 

87% 150 min  [15] 

Table 3. Comparison of 4-nitrophenol reduction potential of CuO NPs. 
 

Source of CuO NPs 
Conc. of 4-

NP/CuO 

% Conversion/ 

Condition 

Time/Rate 

constant 
Ref 

Theobroma cacao  
2.5 x 10-3 M/   7 

mg/50 mL 

~100% 

Pd/CuO 
0.055 s-1 [1] 

Melissa Officinalis L. 
2.5 x 10-3 M/   5 

mg/50 mL 
Stirring 22 min [2] 

Gundelia tournefortii  
2.5 x 10-3 M/ 10 

mg/50 mL 
-  0.045 s-1 [3] 

Murayya koeniggi 
5.0 x10-5 M/    1 

mg/3mL 

95.8%  

Quartz cuvette 
9.2 x 10-3 s-1 [4] 

Euphorbia chamaesyce 
2.5 x 10-4 M/   7 

mg/50 mL 
  100% 3 min [5] 

Tecoma castan 
2.5 x 10-3 M/ 10 

mg/3 mL 

NaBH4 

Quartz cuvette 
0.18 min-1 [6] 

Rheum palmatum L. 
2.5 x 10-3 M/   7 

mg/50 mL 

NaBH4 

stirring 
2.5 min [7] 

Rosehip fruits 
10  ppm/ 

100 mg/50 mL 

88% 

H2O2 
150 min [8] 

Psidium guajava 

5 x 10-5 M/       

1mL of 1 mg/10 

mL aqueous 

solution 

99%, NaBH4 

stirring 

6 min, 

0.261 min-1 
[9] 
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The Table 3. reflects the effectiveness of CuO 

NPs synthesized from various natural sources in 

reducing 4-nitrophenol. The reduction efficiency is 

influenced by factors such as the source of CuO NPs, 

concentration of reactants, use of NaBH4, and reaction 

conditions like stirring or light exposure. Our work is 

noteworthy for their rapid and complete reduction 

potential, demonstrating high efficacy in 4-NP reduction. 

 

CONCLUSION 

 

The photocatalytic reduction of 4-nitrophenol and 

degradation of methylene blue (MB) dye using 

green-synthesized CuO nanoparticles (NPs) has 

demonstrated their high catalytic efficiency and 

environmental relevance. Under visible light irradiation 

for 60 minutes, the CuO NPs achieved a remarkable 

98% degradation of MB dye, indicating their strong 

potential for wastewater treatment applications. 

Additionally, the rapid reduction of 4-nitrophenol 

to 4-aminophenol within just five seconds further 

highlights the nanoparticles’ excellent catalytic  

properties. The reusability of the catalyst was also 

evaluated, showing consistent performance over three 

cycles without significant loss in activity, thereby 

confirming its durability and sustainability for long-

term use.These results underscore the effectiveness of 

the eco-friendly synthesis route employing Syzygium 

cumini leaf extract. However, the study lacks detailed 

investigation into the underlying photocatalytic  

mechanisms, such as reactive oxygen species (ROS) 

generation, charge transfer pathways, and the role 

of specific phytochemicals in enhancing catalytic 

activity. Addressing these aspects could provide a 

deeper understanding of the material’s performance. 

Future research should also explore the scalability 

of the synthesis process and test the catalyst under 

real environmental conditions, including natural  

sunlight and actual industrial effluents. Overall, 

this green approach to CuO NP synthesis presents 

a promising strategy for sustainable catalysis and 

environmental remediation. 
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