
Low-Temperature Fabrication of a CuO/CNT Nanocomposite Derived 
from CNTs Grown on Activated Carbon for Visible-Light-Driven Dye 
Degradation 

Wafa Sarhan Al Saidi1,2, Saima Farooq1, Salam Kadhim Al Dawery3, 
Mohammed Al-Saadi3, Dunaboyina Sri Maha Vishnu1,2, Badar Al Nairi2, 
Issa Sulaiman Al Amri1, Ahmed Suliaiman Fadhil Al Harrasi2, Sreedhar Reddy Sajjala4

1. Department of Biological Sciences and Chemistry, University of Nizwa, Nizwa-616, Oman
2. Natural and Medicinal Sciences Research Center, University of Nizwa, Nizwa-616, Oman
3. Chemical and Petrochemical Engineering, College of Engineering and Architecture, University of Nizwa, Nizwa-616, 
Oman
4. Department of Civil and environmental Engineering, College of Engineering and Architecture, University of Nizwa, 
Nizwa-616, Oman

INTRODUCTION	

Dyes are synthetic organic compounds widely used in the textile and dyeing industries 
(Demarema et al., 2024; Rahmati et al., 2021; Mohammed et al., 2018). Approximately 
15% of commercially used dyes are discharged into the environment through untreated 
wastewater effluents, posing a major source of water pollution due to their toxicity and non-
biodegradable nature (Kumar et al., 2025; Shaban and Ashraf, 2018; Mahmoodi et al., 2016). 
Their high chemical stability makes them resistant to conventional treatment methods such as 
biodegradation, adsorption, coagulation–flocculation, and chemical oxidation, allowing them 
to persist in the environment for extended periods (Mahmoodi et al., 2016). Consequently, 
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This study presents a facile synthesis of a CuO/CNT nanocomposite using pristine CNTs 
grown on powdered activated carbon at a low temperature of 250 °C, demonstrating efficient 
visible-light dye degradation under 6 W LED irradiation. Detailed material characterization 
confirmed the formation of well-dispersed CuO nanoparticles (7–12 nm) clustered around 
CNTs and exhibiting a tube-like morphology (50–120 nm), which enhanced structural stability 
and catalytic performance. The CuO/CNT nanocomposite exhibited high photocatalytic 
efficiency, achieving 90% degradation of Methyl Green (MG) and 67% degradation of 
Methyl Orange (MO) within 180 minutes under visible-light irradiation. Kinetic studies 
revealed that the dye degradation followed a pseudo-first-order model, with rate constants of 
0.0081 min⁻¹ for MG and 0.005 min⁻¹ for MO. The incorporation of CNTs enhanced charge 
separation, light absorption, and reaction kinetics, thereby overcoming the limitations of pure 
CuO. These findings indicate that CuO/CNT is an efficient and economical photocatalyst 
for degrading organic pollutants in wastewater treatment applications, contributing to the 
achievement of several Sustainable Development Goals (SDGs).
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advanced oxidation processes (AOPs) have gained considerable attention for degrading 
recalcitrant pollutants through the generation of highly reactive hydroxyl radicals (Kumar et 
al., 2025; Mahmoodi et al., 2016; Singh et al., 2025).

Among various AOPs, heterogeneous photocatalytic degradation has emerged as a promising 
technique for the mineralization of refractory organic pollutants under natural or simulated 
visible light (Lau et al., 2020; Rochkind et al., 2014; Al-Qaradawi and Salman, 2002; Nguyen 
et al., 2019; Sapkota et al., 2020). Its low operational cost, simplicity, and ability to generate 
strong oxidizing radicals under solar irradiation make it advantageous over many conventional 
treatment technologies (Rahmati et al., 2021; Shaban and Ashraf, 2018; Mahmoodi et al., 2016; 
Sapkota et al., 2020; Salama et al., 2018; Kumar, 2017; Kumar and Pandey, 2017).

Transition metal oxide nanoparticles have been extensively investigated for photocatalytic 
applications (Mohammed et al., 2018; Mahmoodi et al., 2016). Among them, copper(II) oxide 
(CuO), a p-type semiconductor with a narrow band gap (1.2–2.6 eV), has attracted significant 
attention because of its low cost, chemical stability, low toxicity, catalytic activity, and facile 
synthesis (Sapkota et al., 2020; Moumen et al., 2022). CuO has been employed in various 
applications, including energy storage, photovoltaics, gas sensors, and photocatalysis (Sapkota 
et al., 2020; Baqer et al., 2018). However, its photocatalytic efficiency is limited by rapid 
electron–hole recombination and relatively weak visible-light absorption (Mahmoodi et al., 
2016; Sapkota et al., 2020). Therefore, introducing suitable co-catalysts or dopants is necessary 
to enhance its photocatalytic performance.

Carbon nanotubes (CNTs) are among the most promising carbon-based support materials 
because of their large surface area, excellent thermal and electrical conductivity, high chemical 
stability, and strong mechanical properties (Feng et al., 2019; Domagała et al., 2020). CNTs can 
effectively combine with semiconductor nanoparticles to form nanocomposites with enhanced 
photocatalytic activity. Their incorporation improves charge separation, suppresses electron–
hole recombination, enhances visible-light absorption, and facilitates electron transfer during 
photocatalytic reactions. In addition, the interaction between CNTs and CuO alters the electronic 
structure of the nanocomposite, improving its photocatalytic efficiency. Several studies have 
reported enhanced photocatalytic performance of CuO through doping with single-walled and 
multi-walled CNTs (Mahmoodi et al., 2016; Sapkota et al., 2020; Marques Neto et al., 2017).

Photocatalytic nanocomposites have significant potential in wastewater treatment and 
environmental remediation. Their application contributes to several United Nations Sustainable 
Development Goals (SDGs), particularly SDG 6 (Clean Water and Sanitation) through water 
purification and pollutant removal, SDG 14 (Life Below Water) through protection of aquatic 
ecosystems, and SDG 9 (Industry, Innovation, and Infrastructure) through the development of 
sustainable and innovative treatment technologies.

Despite extensive research on CNT-based photocatalysts, limited studies have reported the 
preparation of CNT-based nanocomposites using CNTs grown on powdered activated carbon 
(PAC) at relatively low synthesis temperatures. This study presents the facile synthesis of pristine 
CNTs grown on PAC using chemical vapor deposition (CVD), followed by the preparation of a 
CuO/CNT nanocomposite through wet chemical impregnation at a relatively low temperature 
of 250 °C. The synthesized nanocomposite was characterized using FTIR, XRD, SEM-EDS, 
TEM, and TGA analyses. Its photocatalytic performance was evaluated for the degradation of 
Methyl Green (MG) and Methyl Orange (MO) dyes under visible-light irradiation. The effects 
of initial dye concentration, solution pH, catalyst dosage, oxidant concentration, reaction time, 
and degradation kinetics were systematically investigated. Furthermore, the use of an energy-
efficient 6 W LED source instead of high-energy Hg or Xe lamps enhances the sustainability 
and cost-effectiveness of the proposed photocatalytic system.
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MATERIALS AND METHOD

Materials used
Nickel (II) nitrate hexahydrate (98%) was purchased from Scharlau, Spain. Copper (II) nitrate 

trihydrate (98%) was obtained from Phillip Harris Education, UK. Methyl green was purchased 
from BioChemica, Germany, and Methyl orange from Merck, Germany. Powdered Activated 
Carbon (PAC), acetone (99.8%), and absolute ethanol (99.8%) were purchased from Fisher 
Scientific. Hydrogen, acetylene, and nitrogen gases were 99.9% pure. Aqueous solutions of methyl 
green and methyl orange with the requisite concentrations were prepared using deionized water.

Fabrication of CNT on PAC
p-CNT were produced via CVD technique on PAC impregnated with a nickel catalyst. A 

method called incipient wetness impregnation was applied to disperse the metallic catalyst on 
the surface of PAC (Al-Saadi et al., 2011; Aljumaily et al., 2018; Alayan et al., 2018). PAC (3 
g) was added to nickel (II) nitrate hexahydrate acetone solution with a 2 wt.% Ni (II) in a (2 cm 
diameter) glass vial. The mixture was sonicated at room temperature for 30 min, then dried at 100 
oC until all the solvent evaporated. The dried cake of (Ni/PAC) catalyst-substrate was ground to 
a fine powder and then used for the growth of CNT by CVD through heat treatment steps. First, 
200 mg of Ni/PAC substrate was placed in a ceramic boat and inserted inside a ceramic tube (65 
mm OD, 60 mm ID, 1200 mm Length) in a tubular furnace. The Ni/PAC substrate was calcinated 
at 200 oC for 1 h under N2(g) flow to get rid of moisture, followed by reduction by H2(g) at the 
same temperature for 1 h. After that, the temperature was raised at 10 oC/min up to 650 oC under 
N2(g) atmosphere. Then the N2(g) flow was stopped and H2(g) (400 mL/min) and C2H2(g) (60 
mL/min) were allowed to flow for 30 min to start the reaction growth of CNT. When the reaction 
was terminated, the reaction gases were stopped and N2(g) was delivered again to cool down the 
system to room temperature and to prevent oxidation of the produced CNT. 

 Preparation of CuO/CNT Nanocomposite
The CuO/CNT nanocomposite was prepared as follows. About 200 mg of prepared CNT was 

mixed with copper (II) nitrate trihydrate solution in ethanol in a 2% w/w Cu2+/CNT ratio. The 
mixture was sonicated at room temperature for 30 min. Then it was dried in an oven at 80 oC 
to evaporate the solvent. The dried powder was further calcined at 250 oC under N2(g) flow in 
a tubular furnace for 2h. Finally, the produced CuO/CNT nanocomposite was allowed to cool 
down to room temperature under N2(g) flow to avoid oxidation of the sample.

Characterization of CuO/CNT
The produced CuO/CNT nanocomposite was investigated using different characterization 

techniques. Fourier Transform Infrared Spectroscopy (FTIR, Bruker, TENSOR 37) was used to 
study the surface nature of carbon material. The shape and morphology of the PAC/Ni, p-CNT, 
and CuO/CNT nanocomposite were identified by scanning electron microscope (JSM-6510LA) 
under an accelerating voltage of 20 kV and by transmission electron microscope (JEOL, JEM-
1400) at 120 kV. The chemical element composition was also determined through an energy 
dispersive spectroscopy EDS (JED-2300). Powder X-ray diffraction analysis of the p-CNT and 
CuO/CNT nanocomposite was carried out using a D8 Discover Bruker X-ray diffractometer 
with Cu Ka radiation (k= 1.5418 Å) operating at 40 kV and 40 mA with 2θ ranging from 10 to 
80 degrees, increment 0.02°. Thermal gravimetric analysis (TGA, SDT Q600, TA Instruments, 
USA) was performed under airflow (50 mL/min) from ambient to 1000 oC at a heating rate of 
10 oC/min to study the thermal stability of produced materials.
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CuO/CNT Catalyst Performance
The photocatalytic activity of the developed CuO/CNT nanocomposite catalyst was 

investigated by studying the removal efficiency of MG and MO from aqueous solution through 
CuO/CNT. Experiments were performed in a batch photoreactor. Different parameters have 
been studied including the effect of catalyst dose, initial dye concentration, contact time, oxidant 
concentration, and pH of the solution on photocatalytic dye degradation. To investigate the effect 
of catalyst dose and determine the optimum amount of catalyst, different amounts of CuO/CNT 
(5, 10, 30, and 50 mg) were mixed with 50 mL of dye solution (10 ppm) in the presence of H2O2 
(3 mM, 1 mL). The solutions were stirred for 30 min in the dark to balance the adsorption and 
desorption of dye on the surface of the catalyst. Then the solutions were irradiated with a visible 
light LED lamp (6 W, 60 Hz) to initiate photocatalytic reactions. Samples were withdrawn from 
each solution at certain time intervals for 180 min. The catalyst was separated from the mixture 
by centrifugation at 4000 rpm for 20 min. Finally, the absorbance of clear solutions was measured 
by a UV-visible spectrophotometer (Agilent, Cary 100) at the maximum wavelength of dyes 
(464 nm for MO and 630 nm for MG). The effect of initial dye concentration on photocatalysis 
experiments was also studied. 50 mL solutions with different dye concentrations (10, 15, and 
20 ppm) and H2O2 (3 mM) were mixed with 10 mg CuO/CNT catalyst. The effect of solution 
pH was investigated by using four pH values (3, 5, 7, and 9). After maintaining the pH of each 
dye solution (10 ppm, 50 mL with H2O2, 3 mM), 10 mg catalyst was added to them. To study 
the effect of time, 10 mg catalyst was mixed with 50 mL dye solution (10 ppm) with H2O2, 3 
mM. The effect of oxidant concentration was also investigated by using four different H2O2 
concentrations (1, 3, 5, and 7 mM) with a fixed oxidant volume in each experiment of 1 mL.

RESULTS AND DISCUSSION

Surface Characterization of CuO/CNT
FTIR spectroscopy was used to investigate the surface characteristics and functional groups 

present on the synthesized CNT/CuO nanocomposite. Fig. 1 presents the FTIR spectrum of 
CNT/CuO, highlighting the major functional groups and Cu–O bonding vibrations. The peak 

 

Fig. 1. FTIR spectrum of CuO/CNT nanocomposite 
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Fig. 1. FTIR spectrum of CuO/CNT nanocomposite
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at 2945 cm⁻¹ corresponds to –CH and CH₂ stretching vibrations. The band around 2370 cm⁻¹ is 
attributed to adsorbed CO₂ (Aljumaily et al., 2018). The absorption bands in the range of 1400–
1762 cm⁻¹ indicate the presence of oxygen-containing functional groups, mainly associated 
with C=O stretching vibrations of carboxylic and carbonyl groups. In addition, the peaks at 
1556 and 1685 cm⁻¹ are assigned to C=C skeletal stretching vibrations. The band at 1427 cm⁻¹ 
corresponds to the symmetric stretching of C=O groups, while the peak at 1080 cm⁻¹ represents 
C=O vibrations of various oxygen-containing functional groups. Furthermore, the characteristic 
peak observed at 480 cm⁻¹ confirms the presence of Cu–O bonding, indicating the successful 
incorporation of CuO nanoparticles onto the CNT surface, as most metal oxides absorb within 
the 400–1000 cm⁻¹ region (Mahmoodi et al., 2016; Alayan et al., 2019).

Morphological Characterization of CuO/CNT Nanocomposite
The structural morphology of PAC impregnated with a nickel catalyst is presented in Fig. 

2(a–c), which illustrates the surface texture, catalyst dispersion, and elemental composition of 
the prepared material. The SEM images reveal that PAC possesses a rough and irregular porous 
structure. The Ni catalyst was successfully impregnated and uniformly dispersed on the PAC 
surface, as observed in the SEM and TEM images of PAC/Ni shown in Fig. 2(a, b). The high 
porosity and large surface area of PAC promoted effective catalyst distribution and minimized 
the agglomeration of catalyst particles on the carbon support surface. This observation was 
further supported by the EDS analysis presented in Fig. 2(c), which confirmed that the sample 
contained 95.5 wt% carbon, 2 wt% oxygen, and approximately 1.53 wt% nickel.

 

 
Fig. 2.  (a) SEM, (b) TEM, (c) EDS of PAC impregnated with Ni(II) catalyst 
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Fig. 2. (a) SEM, (b) TEM, (c) EDS of PAC impregnated with Ni(II) catalyst
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Figure. 3(a, b) illustrates the morphology of p-CNT grown on PAC, highlighting the 
formation of interconnected carbon nanotube networks. The SEM and TEM images show a 
tube-like morphology with diameters ranging from 50 to 120 nm, forming a net-like structure. 
Figure 4(a–d) presents the morphology of the synthesized CuO/CNT nanocomposite and the 
distribution of CuO nanoparticles on the CNT surface. The CuO/CNT nanocomposite retained 
a similar CNT morphology, while CuO nanoparticles formed clusters surrounding the carbon 
nanotubes, with particle diameters ranging from 7 to 12 nm.

Structural Characterization of CuO/CNT Nanocomposite
Figure. 5 presents the XRD patterns of p-CNT and the synthesized CuO/CNT nanocomposite, 

highlighting the crystalline structure of CNT and the successful incorporation of CuO 
nanoparticles. The diffraction peaks of CNT observed at 26.72° and 43.3° correspond to the 
graphitic (002) and (111) planes, respectively, confirming the graphitic nature of the synthesized 
CNTs (Mahmoodi et al., 2016). The peak located at 20.98° may be attributed to the disordered 
stacking of the nanotube layers. In addition, the appearance of a shoulder peak at 27.13° could 
be associated with the presence of nickel, which is consistent with the elemental composition 
shown in Fig. 3(c).

The XRD pattern of the CuO/CNT nanocomposite shown in Fig. 5 further demonstrates the 

 

 
Fig. 3.  (a) SEM, (b) TEM, (c) EDS of p-CNT 
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Fig. 3. (a) SEM, (b) TEM, (c) EDS of p-CNT
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formation of crystalline CuO phases after calcination. Additional diffraction peaks appearing at 
35.5°, 38.8°, 50.8°, and 68.2° are characteristic of CuO (JCPDS #00-048-1548; JCPDS #005-
0661), corresponding to the lattice planes of (002), (−111), (111), and (220), respectively. The 
graphitic carbon peaks remained at the same positions after calcination and CuO incorporation, 
indicating that the CNT structure remained stable and was not reduced during the calcination 
process (Mahmoodi et al., 2016). Similar observations have also been reported in previous 
studies (Wu et al., 2002; Ping and An-juan, 2016; Dana and Sheibani, 2021).

 

 

 
Fig. 4. (a)  SEM, (b, c)TEM,(d) EDS of CuO/CNT nanocomposite 
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Fig. 4. (a)  SEM, (b, c) TEM, (d) EDS of CuO/CNT nanocomposite
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Thermal Properties of CuO/CNT Nanocomposite
Thermogravimetric analysis (TGA) was performed to evaluate the thermal stability and 

oxidation behavior of the synthesized materials. Figure. 6 presents the TGA and derivative 
weight curves of PAC, PAC-Ni, p-CNT, and CuO/CNT, illustrating their degradation patterns, 
oxidation onset temperatures, and residual mass after thermal decomposition. All samples 
exhibited a single-step degradation behavior. The oxidation onset temperatures of PAC, PAC-
Ni, p-CNT, and CuO/CNT were approximately 445, 432, 566, and 461 °C, respectively. These 
temperatures correspond to the points at which significant weight loss begins and are also 
associated with the peaks observed in the derivative weight curves (Fig. 6).

The degradation of PAC and PAC-Ni started at nearly 375 and 355 °C, respectively, resulting 
in an overall weight loss of about 70%. The relatively low decomposition temperatures of these 

 
Fig. 5.  XRD patterns of p-CNT and CuO/CNT nanocomposite 

  

Fig. 5. XRD patterns of p-CNT and CuO/CNT nanocomposite

 

Fig. 6.  TGA and DTG of PAC, PAC-Ni, p-CNT and CuO/CNT 

  

Fig. 6. TGA and DTG of PAC, PAC-Ni, p-CNT and CuO/CNT
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materials are attributed to the presence of amorphous carbon and thermally sensitive oxygen-
containing functional groups, as confirmed by the FTIR analysis (Datsyuk et al., 2008). In 
contrast, p-CNT exhibited significantly higher thermal stability, with an oxidation temperature 
of approximately 566 °C. The weight loss percentages of p-CNT and CuO/CNT were around 
80%. The sharp mass reduction observed above 500 °C is mainly associated with the oxidation 
of amorphous carbon and residual metal impurities, which accelerate CNT oxidation through 
exothermic reactions and enhanced heat transfer (Aljumaily et al., 2018; Alayan et al., 2018; 
Alayan et al., 2019).

Figure. 6 also shows the variation in residual mass after thermal decomposition, reflecting 
compositional changes during catalyst impregnation and CNT growth. The residual mass of 
PAC was approximately 26%, mainly due to impurities present in the carbon substrate. After 
nickel catalyst impregnation, the residual mass increased to about 30%. However, the residual 
mass decreased to nearly 16% and 14% for p-CNT and CuO/CNT, respectively, which may 
be attributed to the formation of new nanostructures on the catalyst surface and changes in the 
overall material composition.

The TGA results further confirmed the successful formation of CuO nanoparticles on CNTs. 
As shown in Fig. 6, the oxidation onset temperature of CuO/CNT shifted from 566 °C for 
pristine CNT to 461 °C after CuO incorporation, indicating that CuO significantly catalyzed 
the oxidation of CNTs. The faster oxidation of CuO/CNT compared to p-CNT is attributed 
to heat localization around CuO particles, which enhances heat transfer and accelerates the 
oxidation process. These findings are consistent with the SEM, TEM, and XRD analyses and 
are in agreement with previous studies reported by Manasrah et al. (2018).

Photocatalytic Studies of CuO/CNT
The photocatalytic performance of the fabricated CuO/CNT nanocomposite was examined 

through the degradation of MG and MO in aqueous solutions, and the effects of different 
parameters were studied.

Effect of Contact Time
The time-dependent photocatalytic degradation behavior of Methyl Green (MG) and Methyl 

Orange (MO) under visible-light irradiation using 10 mg of CuO/CNT catalyst is presented 
in Fig. 7(a–d). Figure 7(a, b) illustrates the changes in the UV–Vis absorbance spectra of MG 
and MO solutions during irradiation, while Fig. 7(c) visually demonstrates the discoloration 
of the dye solutions with increasing irradiation time. Figure 7(d) summarizes the degradation 
efficiency of both dyes as a function of reaction time.

When 10 ppm solutions of MG and MO were irradiated under visible light for 180 min in the 
presence of 10 mg of CuO/CNT catalyst, the absorbance of MG decreased significantly from 
0.45 at t = 0 min to 0.04 at t = 180 min, indicating a much higher degradation efficiency compared 
to MO, as shown in Fig. 7(a, b). The discoloration of the dye solutions was also visually evident 
in Fig. 7(c), confirming the photocatalytic activity of the synthesized nanocomposite.

As shown in Fig. 7(d), the degradation rate was rapid during the initial stages of irradiation, 
particularly within the first 30 min for MG and 50 min for MO, as indicated by the sharp increase 
in degradation percentage. Subsequently, the degradation rate gradually slowed and approached 
a steady state after nearly 120 min. This behavior may be attributed to the progressive occupation 
of active sites on the CuO/CNT surface by dye molecules, leading to surface saturation and 
reduced adsorption capacity. The initial rapid photodegradation is mainly due to the abundance 
of available active sites on the catalyst surface, whereas the slower degradation rate at later 
stages results from the reduced availability of these active sites as the reaction proceeds (Dana 
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and Sheibani, 2021). Similar behavior for MG degradation has also been reported by Kumar et 
al. (2017) using Ni₀.₁₀La₀.₀₅TiO₂ photocatalysts.

Effect of Catalyst Dosage
Figure 8 illustrates the effects of catalyst dosage and initial dye concentration on the 

photocatalytic degradation efficiency of MG and MO using the CuO/CNT nanocomposite 
under visible-light irradiation. Figure 8(a) presents the influence of CuO/CNT dosage on dye 
degradation, while Fig. 8(b) shows the variation in degradation efficiency with changes in the 
initial dye concentration.

As shown in Fig. 8(a), the degradation efficiency of both dyes increased with increasing 
catalyst dosage up to an optimum level. This enhancement in photocatalytic activity can be 
attributed to the increased availability of active sites on the catalyst surface, which promotes 

 

 

Fig. 8.  (a) Effect of the amount of CuO/CNT photocatalyst, (b) Effect of initial dye concentration, (c) 
Effect of pH of dye solution, and (d) Effect of oxidant concentration on % Dye removal of methyl green 

and methyl orange (e) point of zero charge (pzc) of CuO/CNT 
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the generation of reactive free radicals responsible for dye degradation. In addition, a higher 
catalyst dosage increases the adsorption of dye molecules onto the CuO/CNT surface, thereby 
supporting the photocatalytic process. However, beyond the optimum dosage, fluctuations 
in degradation efficiency were observed. This behavior may be due to increased turbidity in 
the solution caused by excessive catalyst loading, which reduces light penetration and limits 
photocatalytic activity (Mahmoodi et al., 2016; Kumar and Pandey, 2017). Therefore, 10 mg 
of catalyst was selected as the optimum dosage in this study to minimize turbidity effects while 
maintaining high degradation efficiency. Under these conditions, the degradation efficiencies 
reached approximately 88% for MG and 63% for MO.

Figure 8(b) demonstrates the effect of initial dye concentration on the degradation efficiency 
of MG and MO. MG (blue curve) maintained relatively high degradation efficiency, decreasing 
only slightly from approximately 88% at 10 ppm to 84% at 50 ppm, indicating that the CuO/
CNT photocatalyst remained effective even at higher MG concentrations. In contrast, MO (red 
curve) exhibited a significant decline in degradation efficiency, decreasing from approximately 
63% at 10 ppm to 38% at 50 ppm. The larger error bars observed at higher concentrations suggest 
increased variability in the degradation process, possibly due to mass-transfer limitations and 
reduced reaction efficiency.

The decrease in degradation efficiency with increasing dye concentration can be attributed to 
several factors. At higher dye concentrations, excessive dye molecules in the solution hinder the 
penetration of incident light to the catalyst surface, thereby reducing the formation of reactive 
oxidizing species required for effective photocatalysis. Furthermore, a large number of dye 
molecules can adsorb onto the catalyst surface and block active sites responsible for generating 
hydroxyl radicals (OH•), resulting in a lower availability of reactive species for dye degradation 
(Khan et al., 2024). Consequently, the overall photodegradation percentage decreases with 
increasing dye concentration (Kumar, 2017; Kumar and Pandey, 2017). Similar observations 
were reported by Rashed et al. (2007), who found that increasing MO concentration reduced its 
degradation efficiency. Comparable trends have also been widely reported for the photocatalytic 
degradation of organic pollutants (Reza et al., 2017; Avasarala et al., 2010).

Effect of pH of the solution
The pH of the aqueous solution plays a crucial role in the photocatalytic process because 

it influences both the surface charge of the catalyst and the electrostatic interactions between 
the catalyst and dye molecules. Figure 8(c) illustrates the effect of solution pH on the 
photodegradation efficiency of MG and MO, while Fig. 8(e) presents the point of zero charge 
(pzc) of the CuO/CNT catalyst.

As shown in Fig. 8(c), the photocatalytic degradation efficiency of MG increased significantly 
with increasing pH. The degradation efficiency reached approximately 93% at pH 9, compared 
to 88% at neutral pH, and decreased to 62% and 45% under acidic conditions at pH 5 and 
3, respectively. In contrast, MO degradation exhibited an opposite trend. The degradation 
efficiency decreased from 66% at pH 3 to 53% at pH 5, followed by a slight increase to 58% at 
pH 9. These variations indicate that the photocatalytic behavior of CuO/CNT strongly depends 
on the electrostatic interactions and adsorption characteristics governed by the solution pH.

Figure 8(e) shows that the point of zero charge (pzc) of CuO/CNT is approximately 7.5, 
indicating that the catalyst surface is positively charged below this pH and negatively charged 
above it (Sharifpour et al., 2022). The substantial increase in MG degradation with increasing 
pH can therefore be explained by changes in the surface charge of the catalyst. At very low 
pH, the positively charged CuO/CNT surface strongly repels the cationic MG dye molecules, 
resulting in lower degradation efficiency. As the pH increases, the catalyst surface gradually 
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becomes negatively charged, enhancing the electrostatic attraction between the catalyst and 
MG molecules and thereby improving adsorption and photocatalytic degradation. In alkaline 
conditions, the abundance of OH⁻ ions further enhances photocatalytic activity by promoting 
the formation of hydroxyl radicals (OH•) through reactions with photogenerated holes, which 
play a major role in dye degradation.

In contrast, the degradation efficiency of the anionic MO dye decreased under alkaline 
conditions due to electrostatic repulsion between the negatively charged catalyst surface and 
negatively charged MO molecules. Additionally, OH⁻ ions may compete with MO molecules for 
adsorption sites on the catalyst surface, thereby reducing photocatalytic efficiency. Similar pH-
dependent photocatalytic behavior has been reported for the degradation of organic pollutants 
using transition metal oxide catalysts (Sharifpour et al., 2022; Ma et al., 2018). This trend is 
clearly demonstrated in Fig. 8(c).

Effect of Oxidant Concentration
 The effect of H₂O₂ concentration on the photocatalytic degradation efficiency of MG and 

MO was investigated in the concentration range of 1–7 mM using a fixed H₂O₂ volume of 1 
mL. Figure 8(d) illustrates the variation in dye degradation efficiency with increasing H₂O₂ 
concentration under visible-light irradiation in the presence of the CuO/CNT photocatalyst.

As shown in Fig. 8(d), the degradation efficiency of MG remained nearly constant with 
increasing H₂O₂ concentration, indicating that the addition of excess oxidant had minimal 
influence on MG degradation. In contrast, MO degradation exhibited a slight decrease from 
approximately 63% at 1 mM H₂O₂ to 58% at 3 mM, followed by a small increase to about 60% 
at 5 mM before reaching a nearly stable condition. This behavior suggests that the effect of 
H₂O₂ concentration is closely related to the generation and consumption of reactive hydroxyl 
radicals (•OH) during the photocatalytic process.

At low H₂O₂ concentrations (1 mM), the oxidant enhances the production of hydroxyl radicals, 
thereby improving photocatalytic degradation efficiency. However, at higher concentrations 
(≥3 mM), excess H₂O₂ acts as a scavenger for hydroxyl radicals, reducing the number of highly 
reactive species available for dye degradation and forming less reactive intermediates such as 
HO₂• radicals (Youssef et al., 2016). In addition, the limited number of active sites available on 
the catalyst surface may contribute to the stabilization or slight decline in degradation efficiency 
observed at higher H₂O₂ concentrations. As a result, MO degradation slightly decreased, whereas 
MG degradation remained relatively stable (Hameed and Lee, 2009). Similar trends regarding 
the influence of H₂O₂ dosage on photocatalytic degradation have also been reported in previous 
studies (Youssef et al., 2016; Hameed and Lee, 2009).

Kinetics study of Photodegradation of MG and MO
The kinetic studies were conducted to determine the degradation rate of the organic dyes 

under the optimum conditions. The following equation was used:

ln(C/Co) = -kt         �    (1)          
     
Where, C and Co are the dye concentration at time t and at time = 0, respectively, k is the rate 

constant and t is the time in minutes.
The results of kinetic studies of photodegradation of MG and MO are shown in Fig.9 and 

Fig.10. The slope of the graph revealed the order of the reaction. The rate of photocatalysis 
degradation kinetics of MG and MO on CuO/CNT followed the pseudo-first-order kinetics 
model with a rate constant of 0.0081 and 0.005 min-1 for MG and MO, respectively. According to 
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these results, CuO/CNT nanocomposite has shown excellent photocatalytic efficiency towards 
the photodegradation of both dyes. A similar rate constant of 0.00442 min-1 was obtained by 
Nesaraj et al. (2014) for the photodegradation of MO on CO3O4.

Mechanism of Photocatalytic Degradation 
When a photocatalyst is irradiated with light of the same or higher energy than that of its band 

gap, electrons are excited from the valence band to the conduction band generating electron-
hole pairs (Nesaraj, 2014). The generated electrons and holes will initiate the photodegradation 
process by participating in redox reactions. Dye degradation is facilitated by hydroxyl radicals, 
which are considered powerful, non-selective oxidants and can be generated from different 
reactions such as hydrogen peroxide decomposition, and the reaction of photogenerated holes 
with hydroxide anion and water molecules. Photodegradation of dyes can be summarized by the 
following reactions (Mahmoodi et al., 2016):

Photocatalyst + hν à photocatalyst (eCB
- + hVB

+) �   (2)  
 
hVB

+ + H2O à H+ + ·OH   �   (3)   

 
Fig. 9.  The kinetics of photocatalytic degradation of  MG  on CuO/CNT 
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Fig. 9. The kinetics of photocatalytic degradation of MG on CuO/CNT

 
Fig. 10.  The kinetics of photocatalytic degradation of  MO  on CuO/CNT 
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Fig. 10. The kinetics of photocatalytic degradation of MO  on CuO/CNT
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hVB
+ + OH- à ·OH    �    (4)   

     
eCB

- + O2 à O2·
-    �     (5)   

  
O2·

- + H+ à HO2·   �     (6)   
  
Dye + ·OH à degradation products   �   (7)    
     
Dye + hVB

+ à oxidation products   �   (8)  
          
Dye + eCB

- à reduction products   �    (9) 

The photogenerated electron-hole pairs can recombine in the absence of electron scavengers, 
releasing stored energy instantly; however, this recombination can be suppressed in the presence 
of molecular oxygen. Molecular oxygen plays a crucial role by capturing photogenerated 
electrons and reducing them to superoxide ion radicals.

The incorporation of carbon-based materials in photocatalysts enhances photocatalytic 
efficiency due to their cost-effectiveness, high availability, excellent adsorption capacity, 
and high porosity. In particular, carbon nanotubes (CNTs) in a nanocomposite photocatalyst 
significantly improve dye photodegradation by forming heterojunctions with CuO nanoparticles, 
as illustrated in Fig. 11. Photogenerated electrons in the conduction band of CuO are efficiently 
transferred to CNTs through the CuO/CNT heterojunction, where CNTs act as electron acceptors 
and conductive pathways. This electron migration suppresses electron–hole recombination 
by spatially separating charge carriers. Meanwhile, the photogenerated holes remain in the 
valence band of CuO and participate in oxidation reactions, leading to the formation of reactive 
oxygen species. The synergistic interaction between CuO and CNTs significantly enhances the 
photocatalytic degradation of MG and MO dyes (Sapkota et al., 2020; Aroob et al., 2023). 
Furthermore, CNTs facilitate rapid electron transport and oxygen activation, thereby improving 
overall photocatalytic efficiency (Mahmoodi et al., 2016).

Comparison of CuO/CNT photocatalytic performance with previous studies
The comparison of obtained results for the photocatalytic degradation of MG and MO with 

previous studies emphasizes the efficiency of the CuO/CNT catalyst produced by the CVD 

 
Fig. 11.   Illustrated mechanism of generation of reactive oxygen species and hydroxyl free radicals due 

to irradiation of CuO/CNT nanocomposite with visible light 

 

Fig. 11. Illustrated mechanism of generation of reactive oxygen species and hydroxyl free radicals due to irradiation of CuO/
CNT nanocomposite with visible light
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and impregnation techniques, as shown in Table 1. The nanocomposite synthesized at low 
calcination temperature (250 °C) resulted in 90% degradation of MG with merely 2 wt.% CuO 
unlike other reports (Mahmoodi et al., 2016; Sapkota et al., 2020; Ma et al., 2018; Dana and 
Sheibani, 2021; Aroob et al., 2023; Alhussain et al., 2024) requires greater CuO loadings (e.g., 
3–5 wt.%), and elevated calcination temperatures (300–450°C) for synthesis. No studies were 
found to be available on photocatalytic degradation of MO using CuO/CNT. Furthermore, this 
method is more sustainable as the use of an energy-efficient LED light (6 W) contrasts with 
the dependence on high-energy-consuming Hg and Xe lamps. These results confirm that the 
synthesis method applied in this work improves photocatalytic efficiency while preserving 
reduced energy consumption and cost-effectiveness, therefore favoring it for wide-scale 
applications.

CONCLUSION

CuO/CNT, a novel nanocomposite photocatalyst, was successfully synthesized using PAC 
through the CVD technique, followed by a simple impregnation process and calcination. 
Characterization techniques including XRD, SEM, EDS, TEM, and TGA confirmed the 
formation of CuO nanoparticles on the CNT surface. XRD patterns verified the presence of 
crystalline CuO particles along with graphitic CNTs. TGA results further supported the formation 
of CuO nanoparticles. This was evidenced by the shift in oxidation onset temperature from 
566 °C for undoped CNTs to 461°C for CuO/CNT.The photocatalytic performance of CuO/
CNT was evaluated through the degradation of MG and MO dyes in aqueous solutions. The 
nanocomposite achieved 90% removal of MG and 67% removal of MO, both in the presence 
and absence of H₂O₂.The use of nanocomposites for photocatalytic degradation contributes 
to several Sustainable Development Goals (SDGs). These include promoting clean water, 
reducing environmental pollution, combating climate change, and encouraging innovation for 
sustainable industries.Overall, the results indicate that CuO/CNT is a promising photocatalytic 
nanocomposite. It can be synthesized effectively and applied successfully for the degradation 
of organic pollutants in aqueous solutions.

Table 1. Comparison of photocatalytic performance of CuO/CNT with literature for degradation of MG and MO

Table 1.   Comparison of photocatalytic performance of CuO/CNT with literature for degradation of MG 
and MO 

Catalyst Dye Synthesis Method Catalyst 
dose 

Light 
Source 

Degradation (%); 
time (min) 

Kinetic 
Model/rate 

constant 
Reference 

CuO/CNT MG 

CVD + 
Impregnation 

Calcination Temp 
250 °C 

2 wt.% LED  
(6 W) 90%; 180min Pseudo-first-order 

0.0081min-1 This work 

CuO/CNT MG 
Impregnation 

Calcination Temp 
300 °C 

3 wt.% Hg 
Lamp 78% 240min Pseudo-first-order 

0.0062 
(Mahmoodi 
et al., 2016) 

CuO MG 
Green Synthesis 

Calcination Temp 
400 °C 

- UV 
Lamp 65.2%; 240min First-order 0.0044 (Aroob et al., 

2023) 

CuO/CNT MB 
Sol-Gel 

Calcination Temp 
450 °C 

5 wt.% Xe 
Lamp 85%; 180min Pseudo-first-order (Sapkota et 

al., 2020) 

CuO/Al2O3 MO 

microwave-
assisted thermal 
decomposition 

route Calcination 
Temp 1000 °C 

2g/L UV 94.2%; 180min Not reported (Alhussain et 
al., 2024) 
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