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Basic Blue 3 (BB3) dye is a very contaminating substance that poses a substantial risk to human health and
the environment. To solve this issue, we synthesized carbon-based materials, such as graphene oxide (GO),
reduced graphene oxide (R-GO), and their nanocomposites, which demonstrated exceptional potential for
the photo-assisted removal of BB3 dye. Pristine GO and R-GO were synthesized using a modified
Hummers' method, while copper (Cu) nanoparticles (NPs) were incorporated through a simple co-
precipitation method to boost the photocatalytic performance of the resultant hybrid materials. A
detailed characterization of these synthesized nano-materials was performed using several analytical
techniques to understand their structural, morphological, and chemical properties. Characterization
results confirmed the successful fabrication of the desired hybrid nanocomposites. The photo-assisted
removal of BB3 dye using synthesized nano-materials was evaluated under a batch methodology,
changing the experimental conditions to optimize BB3 dye removal from wastewater. The results
exhibited that Cu@R-GO and Cu@GO nanocomposites exhibited notable photocatalytic performance,
accomplishing maximum removal rates of 75.41% and 68.05%, respectively. These values were
meaningfully higher than those of R-GO (44.92%) and GO (35.11%) under the same experimental
conditions. Furthermore, to increase insights into the degradation mechanism, the experimental data
were analyzed using thermodynamic and kinetic models. The results indicate that the Cu@R-GO
nanocomposite not only possesses excellent degradation abilities but also displays promising
thermodynamic and kinetic parameters for the photo-assisted removal of BB3 dye. The results of our
study clearly indicate that the Cu@R-GO nanocomposite as an outstanding candidate for the
photocatalytic removal of impurities from wastewater, offering a possible solution for environmental
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1 Introduction structure, synthetic origin, high biological and chemical
stability, and incomplete solubility in water, as well as con-
Dyes are highly challenging contaminants generated by various  verting azo dyes into harmless chemicals and nitro compounds
industries, including textiles, cosmetics, rubber, plastic, paper, into useful compounds, present challenges.®
food, printing, and pharmaceuticals.! Due to the presence of The removal of dyes from wastewater can be achieved
hazardous and organic waste in wastewater and visible pollu- through various methods, such as physical, biological, and
tion in surface water, minimizing the amount of organic dyes chemical processes.” However, each technique possesses
and nitro compounds has become a fundamental and remark- ~ distinct physical properties and varying levels of efficiency.” Due
ably compelling problem.? Furthermore, the discharge of these to its rapid reaction rate, the chemical approach is often
colored compounds directly or indirectly into the ecosystem is considered a preferable method for dye removal.® Conse-
very toxic to animals, plants, and human health.® Therefore, itis ~quently, there is a critical need to develop advanced materials
desirable to develop innovative methods capable of powerfully —capable of degrading dyes and nitro compounds, which should
breaking down organic dyes and nitro compounds in waste- exhibit high effectiveness, enhanced catalytic activity, robust
water into non-toxic molecules.* Meanwhile, their complex physical-chemical and thermal stability, a large specific surface
area, and efficient electron transfer capabilities.’
Additionally, carbon-based materials and their composites
have attracted significant scientific attention due to their
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monolayer of carbon atoms arranged in a hexagonal lattice,
demonstrates an exceptional electronic structure and
outstanding physicochemical properties. Owing to its distinc-
tive structure and superior characteristics, researchers have
been actively exploring its potential across diverse scientific
fields."™** Among the most notable carbon-based materials are
graphene and its derivatives, graphene oxide (GO) and reduced
graphene oxide (rGO). These materials exhibit unique attri-
butes, including a high surface-to-volume ratio and cost-
efficient synthesis. The integration of GO and rGO with
semiconductor-based catalysts can significantly enhance pho-
tocatalytic performance.

Furthermore, the functionalization of graphene-based
composites with specific groups and metal nanoparticles, such
as copper," zinc,'” cobalt,'® gold, silver,'* and titanium oxide, can
further optimize their properties.>*® Copper (Cu) serves as
a practical modifier for graphene due to its affordability, optical
properties, chemical stability, and non-toxic nature. Nano-copper
finds applications in bandages,"” biomaterials,"”” pharmaceuti-
cals," water purification systems,' and textile manufacturing.*
Effective wastewater treatment and recycling are essential for
ensuring water safety, particularly given the increasing global
population and inadequate wastewater management, which are
major contributors to water pollution.”* Organic dyes, especially
azo dyes containing the -N=N- functional groups, are exten-
sively used in industries, such as textiles, food, paper, paints,
pharmaceuticals, cosmetics, and leather. These synthetic dyes,
discharged in large quantities annually, impart significant color
to wastewater and pose serious environmental challenges.*>*
These synthetic dyes are extensively utilized in the production of
diverse consumer and industrial goods, including textiles,
leather, paper, paints, cosmetics, pharmaceuticals, and food
products.> Basic Blue 3 (BB3), a cationic dye extensively utilized
in the textile industry, poses significant health and environ-
mental risks. Scientific and medical studies have linked BB3
exposure to skin irritation, lung cancer, allergic eye reactions,
and skin inflammation.*

Therefore, for the removal of toxic materials from the
ecosystem, different techniques have been used. Conventional
techniques, such as coagulation, filtration, erosion, ultrafiltration,
adsorption, and advanced oxidation processes (AOPs), have been
employed to eliminate such toxic dyes from wastewater. However,
these methods often prove costly and inefficient, sometimes
exacerbating pollution issues.”® In contrast, photocatalysis and
adsorption have gained prominence due to their operational
simplicity, high efficiency, ease of recovery, and adaptability.””
These approaches also offer the advantage of catalyst reusability
and the potential for complete mineralization of harmful degra-
dation byproducts. Recent advancements have explored
nanomaterial-based catalysts, including porous materials, acti-
vated carbon,”® polymer-supported catalysts,” zeolites,* and
metal oxides (e.g., CuO, ZnO, and silica).>* Of particular interest
are metal-decorated graphene derivatives, such as TiO,/GO, TiO,/
rGO, CuO-ZnO/GO, CuO-ZnO/rGO, Ag/rGO, Fe/rGO, and Pd/rGO,
which exhibit superior degradation performance, synergistic
effects, tunable properties, and multifunctional applicability.**
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A recent study demonstrated the efficacy of hydrothermally
synthesized GO, rGO, and Cu-rGO composites in adsorbing
methylene blue (MB) at 40 mg L™ ", achieving removal efficien-
cies of 63%, 68%, and 94%, respectively.** Notably, metal-doped
rGO composites have shown exceptional adsorption capabil-
ities, with efficiencies reaching 91% for MB removal, under-
scoring their potential in wastewater treatment applications.**
In addition, previously synthesized Cu/rGO-based materials
have shown high adsorption efficiency for methylene blue and
Congo red dyes, with percent removal of 92% and 93.16%,
respectively.”> However, based on existing literature, no studies
have reported on Cu@GO and Cu@R-GO. Due to the extensive
application of GO/rGO-based nanocomposites, it is important
to enhance the overall properties of these materials. Therefore,
this study focuses on improving GO and rGO by decorating
them with copper nanoparticles.**

To date, research on the synthesis, characterization, and
catalytic/photocatalytic applications of these hybrid nano-
materials has been relatively rare.’” Our literature review reveals
that only a limited number of studies have specifically examined
the fabrication and environmental applications of copper-
anchored graphene oxide Cu@GO and reduced graphene oxide
Cu@R-GO nanocomposites. Despite these preliminary investiga-
tions, numerous critical aspects of these materials remain unex-
plored and require systematic examination.*® The present work
expansively reports this research gap by focusing on the controlled
synthesis of Cu@GO and Cu@R-GO nanocomposites, their
detailed structural and morphological characterization, and the
assessment of their performance in photo-assisted environmental
remediation applications. The synthesized nanocomposites were
used for the elimination of Basic Blue 3 dye, which is a cationic
triphenylmethane dye widely used in industrial applications,
mostly in the textile industry. The removal mechanisms were
thoroughly examined through combined thermodynamic and
kinetic studies. The adsorption process was explored using
pseudo-second-order kinetics, while temperature-dependent
performance was evaluated through Arrhenius and Eyring equa-
tions. These methods allowed the determination of critical
parameters, such as activation energy, Gibbs free energy change,
enthalpy change, and entropy change. The composites displayed
better catalytic performance as compared to pure R-GO and GO-
based materials, accomplishing maximum BB3 dye (80 mg L")
removal efficiencies of 68.5% and 75.4% within 80 minutes. The
thermodynamic and kinetic parameters were also estimated for
the dye removal process. The study of thermodynamic and kinetic
parameters of the synthesized Cu@GO and Cu@R-GO nano-
composites also offers valuable insight into their potential appli-
cations in catalytic, photocatalytic, and adsorption processes,
contributing to future environmental remediation approaches.

2 Experimental section

2.1. Chemicals and apparatus

The chemicals and reagents used in this research work include
graphite (99%), sodium nitrate (99.99%), sulfuric acid (95—
97%), potassium permanganate (99%), hydrogen peroxide
(35%), ascorbic acid (98%), copper(u) sulfate hexahydrate
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(99.99%), hydrochloric acid (37%), sodium hydroxide (97%) and
basic blue 3 (BB3) (96-98%) dye, all obtained from Thermo
Fisher Scientific. High-purity distilled water was used in all
experimental procedures. All chemical components, obtained
from Thermo Fisher Scientific, were of analytical grade and
used without further purification. The experimental setup in
this study involved the following instruments: a digital balance,
magnetic hot plate stirrer, calibrated pH meter, and drying
oven. Additional analytical equipment comprised a refrigerated
centrifuge (Eppendorf, Model 5804R), UV light system (35 W,
254 nm), and UV-vis spectrophotometer (PerkinElmer, Lambda
35). Material characterization was achieved using X-ray
diffraction (XRD; Bruker D8 Advance), field-emission scanning
electron microscopy (FE-SEM; JEOL JSM-7001F) coupled with
energy-dispersive X-ray spectroscopy (EDX; JEOL), differential
scanning calorimetry (DSC 9), and Fourier-transform infrared
spectroscopy (FTIR; PerkinElmer 100 FT-IR, USA).

2.2. Synthesis of graphene oxide

In a representative experiment, graphite was used as a core
material, and graphene oxide was prepared using a modified
Hummers' approach.*® A specific amount of graphite (3 g) and
4 g of sodium nitrate (NaNOj;) were mixed in a 500 mL beaker.
After mixing, 127 mL of sulfuric acid (H,SO,) was added and
stirred for 75 minutes at a temperature below 5 °C. After that,
15 g of potassium permanganate (KMnO,) was slowly added to
the mixture over 2 h. Following this, 230 mL of distilled water
was added, raising the temperature of the mixture to 95 °C, and
stirring was continued for 45 min. Then, 30 mL of hydrogen
peroxide (H,0,, 35%) was added dropwise, and the mixture was
stirred overnight, resulting in a yellowish-color solution. The
resulting mixture was washed with a 0.2 M hydrochloric acid
(HCI) solution to remove residual sulfate (SO,>) and nitrate
(NO;'7) ions. Moreover, the resulting material was washed
several times with distilled water until the pH of the mixture
reached neutral (pH 7). Finally, the brownish color solution was
centrifuged for 15 minutes at 8000 rpm.

2.3. Reduction of graphene oxide to reduce graphene oxide

To prepare reduced graphene oxide (R-GO), an r-ascorbic acid (-
AA) reduction technique was used.* In a typical experiment, 3 g
of graphene oxide (GO) was dispersed in 120 mL of distilled water
through sonication for 25 min to form a suitable GO suspension
and 8 g of ascorbic acid was dissolved in 200 mL of distilled
water. The mixture was stirred well until all the white .-AA powder
completely disappeared. Furthermore, the solution was directly
added to the GO suspension. The pH of the medium was
adjusted to ~10 by adding 50 mL of 1.0 M ammonia solution
(NH;) dropwise, enhancing the colloidal stability through elec-
trostatic repulsion. The solution was stirred on a hot plate at 25 ©
C for 24 h; after that, the final product was washed with ethanol
and distilled water until the pH was neutralized. Finally, the
solution was centrifuged and dried in an oven at 50 °C for 3 h.
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2.4. Synthesis of Cu@GO and Cu@R-GO

Copper-modified graphene oxide Cu@GO and reduced graphene
oxide Cu@R-GO nanocomposites were synthesized through
a dropwise deposition method.* For this purpose, the pre-
synthesized GO and R-GO were used. As previously discussed
in Section 2.3, R-GO was obtained by chemically reducing the pre-
synthesized GO using r-ascorbic acid in aqueous solution at 25 °C
for 24 h under constant stirring. This eco-friendly reduction
procedure effectively removes oxygen-containing functional
groups while preserving the structural integrity of the graphene
backbone. The procedure involved the dispersion of 100 mL GO/
RGO suspensions in 80 mL distilled water, followed by 25 min of
sonication. Instantaneously, 0.883 g of copper(u) sulfate penta-
hydrate was dissolved in 50 mL of distilled water and sonicated
for 20 min. The GO suspension was then shifted to a magnetic
stirrer, and the copper sulfate solution was introduced dropwise
under continuous stirring. The reaction system was slowly heated
to 80 °C and kept at this temperature for 3 h under constant
agitation. The step may have induced partial reduction of GO in
the Cu@GO sample. The pH was carefully adjusted to 12 through
dropwise addition of 0.1 M NaOH solution, after which the
mixture was stirred overnight. The resulting product was sub-
jected to several washing cycles with distilled water to eliminate
impurities and achieve neutral pH. Finally, the purification was
attained through centrifugation at 8000 rpm for 8 min, followed
by drying at 70 °C for 3 h, yielding the desired Cu@GO (light
brown, indicating partial reduction), while Cu@R-GO nano-
composites (black powder) indicate full reduction.

2.5. Characterization of synthesized materials

The synthesized nano-materials underwent complete charac-
terization to assess their structural, morphological, thermal,
physicochemical, and textural properties. Four different
samples, graphene oxide (GO), reduced graphene oxide (R-GO),
copper-decorated graphene oxide (Cu@GO), and copper-
decorated reduced graphene oxide (Cu@R-GO), were analyzed
using various advanced characterization techniques. The
analytical instrumentation included: ultraviolet-visible (UV-Vis)
spectroscopy (PerkinElmer Lambda 35) for optical property
analysis, scanning electron microscopy (SEM, JEOL JSM-7001F)
coupled with energy-dispersive X-ray spectroscopy (EDX, JEOL)
for morphological and elemental characterization, differential
scanning calorimetry (DSC 9) for thermal behavior assessment,
Fourier transform infrared spectroscopy (FTIR, PerkinElmer
100 FT-IR, USA) for functional group identification and X-ray
diffraction (XRD, Bruker D8 Advance) with Cu Ka radiation (2
= 1.5406 A) for crystallographic analysis. Additionally, X-ray
photoelectron spectroscopy (XPS) was used to analyze the
chemical states, while Raman spectroscopy was used for
molecular fingerprinting and compound identification.

2.6. Assessment of the photocatalytic performance of the
materials

The photocatalytic performance of GO, R-GO, Cu@GO, and
Cu@R-GO was evaluated by investigating the photodegradation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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behavior of Basic Blue 3 (BB3) dye at a concentration of
80 mg L™, with a light source Philips UV lamp 35 W at 254 nm.
A UV-vis spectrometer, in the wavelength range 400 to 800 nm,
was used for the analysis of photocatalysis data. In a typical
experiment, a 100 mL BB3 dye solution was mixed with 100 mg
of synthesized photocatalytic materials. To establish a consis-
tent adsorption-desorption equilibrium without the corre-
sponding degradation, the solution was first stirred in darkness
for 25 min until a stable UV-vis absorbance at 654 nm confirmed
the attainment of equilibrium. Subsequently, UV irradiation
was commenced for photodegradation studies. The light-
induced response was measured at desired time intervals, and
the samples were collected periodically to analyze the photo-
catalytic degradation of BB3 using a UV-vis spectrometer at the
maximum absorbance wavelength of 654 nm. To assess the
photocatalytic performance of the materials, solutions of
different concentrations (100 mg L™*, 80 mg L™, 60 mg L " and
40 mg L") were prepared from a 200 mg per L stock solution
BB3. The synthesized nanomaterials, including GO, R-GO,
Cu@GO, and Cu@R-GO, were used as catalysts for the degra-
dation of BB3. Among them, Cu@R-GO showed the best
performance under identical experimental conditions; hence,
this material was selected for detailed studies. For the degra-
dation study, 0.1 g of Cu@R-GO catalyst was dispersed in
100 mL of a BB3 dye solution (40 mg L™ "). The experiment was
conducted under controlled parameters, such as pH ranging
from 3-11, temperature (25-60 °C), and reaction time (30-80
min). The mixture was stirred continuously under UV-light
treatment. After specific time intervals, samples were centri-
fuged (8000 rpm, 8 min) to remove the catalyst, and the dye
sample was analyzed by UV-vis spectrophotometry (Ayax = 664
nm) to measure the remaining dye concentration. All assess-
ments were performed in triplicate to ensure replicability, and
control experiments were conducted by varying different
parameters while keeping others constant. The removal effi-
ciency and percentage degradation were calculated using the
following equations.*

. G- C,
% Degradation =

x 100 (1)

G
G- C.
m

Removal efficiency = xV (2)
Here in eqn (1) and (2), C; is the initial concentration of BB3 dye
(mg L"), and C, is the equilibrium concentration of BB3 dye
after degradation at time ¢ (mg L™"). V represents the volume of
the BB3 dye solution (L), and m represents the mass of the
Cu@R-GO catalyst used (g).

2.6.1. Effect of experimental variable quantities on the
photocatalytic degradation of basic blue 3. To investigate the
impact of the experimental time on the photocatalytic degra-
dation of BB3 dye using the synthesized catalysts, a fixed
amount of dye concentration of 80 mg L' and 0.1 g of each
catalyst (GO, R-GO, Cu@GO, and Cu@R-GO) were employed at
different time intervals (0, 10, 20, 40, 60, 80, and 100 min). After
each interval, the solution was centrifuged, and the remaining

undegraded dye was determined using a UV-visible

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

spectrometer. To study the impact of initial dye concentration
on photocatalytic efficiency, BB3 solutions of various concen-
trations (40, 60, 80 and 100 mg L") were prepared and inves-
tigated while keeping other variables constant; reaction time =
80 min, temperature = 60 °C, pH = 7, UV-light source 35 W, and
catalyst dose 0.1 g. The photocatalytic degradation performance
was thoroughly assessed under controlled conditions to assess
the temperature and pH effects. Temperature studies (40-80 °C)
were conducted with fixed parameters: 80 min reaction time,
80 mg per L BB3 concentration, pH 7, 35 W UV irradiation, and
0.1 g catalyst dose. The corresponding pH experiments (pH 3-
11) employed 0.1 M HCI/NaOH for pH tuning while keeping
constant conditions: 80 min reaction time, 60 °C temperature,
0.1 g catalyst mass, and 80 mg L™" dye concentration. This
approach allowed for the isolated evaluation of the influence of
each parameter on degradation efficiency. Additionally, the
effect of hydrogen peroxide (H,0,) was investigated using
different concentrations (1, 3, 5, 7 and 9 mM), while keeping
constant experimental conditions; reaction time = 80 min,
temperature = 60 °C, catalyst dose = 0.1 g, UV-light source
35 W, dye concentration = 80 mg L ™", and pH = 7.

3 Results and discussion

3.1. Structural, morphological and chemical composition

3.1.1. X-ray diffraction (XRD). X-ray diffraction (XRD) was
conducted to evaluate the phase composition and crystalline
structure of the synthesized nanocomposites, as shown in
Fig. 1. All samples, including GO, R-GO, Cu@GO, and Cu@R-
GO, displayed diffraction patterns within the 26 range of 5° to
80°. A distinct peak at 26 = 11°, detected for GO, confirms the
successful oxidation of graphite. This peak vanishes in both
Cu@GO and Cu@R-GO samples, demonstrating the reduction
of GO, mainly in Cu@R-GO, which was synthesized using r-
ascorbic acid as a reducing agent. In the XRD pattern of
Cu@GO, well defined peaks at 26 values of 43.82°, 48.67°,

Cu@R-GO

Intensity (au)

002

101
GO

10 20 30 40 50 60 70
20 (degree)

Fig. 1 XRD patterns of GO, R-GO, Cu@GO, and Cu@R-GO.
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53.39°, 56.57°, and 61.15° resemble the (111), (200), and higher
index planes of face-centered cubic metallic copper (Cu°),
(JCPDS 04-0836) confirming the effective reduction of CuSO, to
elemental copper.*® Additional peaks at 27.64°, 30.58°, and
33.88° corresponding to (110), (002), and (111) planes of Cu,O
are observed, suggesting the presence of minor oxidized copper
species likely due to surface oxidation or exposure to air (JCPDS
05-0667).** In contrast, the Cu@R-GO sample displays broad
peaks at 30.70° and 33.76°, characteristically associated with
CuO and Cu(OH),, with no clear indication of metallic Cu,
indicating the occurrence of oxidized copper species or very low
copper crystallinity. Overall, the strong metallic copper signals
in Cu@GO confirm successful reduction, while minor oxidized
forms of Cu cannot be entirely exempted due to the surface
sensitive nature of XRD and possible environmental exposure.

3.1.2. Scanning electron microscopy (SEM). Fig. 2 repre-
sents the scanning electron microscopy (SEM) analysis of the
synthesized GO, R-GO, and their respective copper-based
composites to examine their external surface morphology. As
shown in Fig. 2 (a) GO, (b) R-GO, (¢) Cu@GO, and (d) Cu@R-GO,
the morphology and particle shape of GO appear asymmetrical.
After the interaction of copper with GO, Fig. 2(c) shows that the
copper is homogeneously dispersed on the surface of graphene
oxide, with some cubic-like structure, which is also confirmed
by XRD analysis. Following the reduction of graphene oxide to
reduced graphene oxide, its morphology transformed into
wrinkled sheets, as shown in Fig. 2(b). Fig. 2(d) shows the
presence of a porous structure in the presence of tiny copper
particles agglomerated on the surface of the materials.
Furthermore, the presence of oxygen-containing functional
groups, such as hydroxyl, carboxyl, and epoxide, within the
inner layers may alter the surface characteristics of graphene
oxide, making it rougher compared to R-GO.

— sum

Fig. 2 SEM images of (a) GO, (b) R-GO, (c) Cu@GO, and (d) Cu@R-GO.
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3.1.3. Energy dispersive X-ray (EDX). Fig. 3 presents the
elemental analysis of synthesized samples, including GO, R-GO,
Cu@GO, and Cu@R-GO, investigated using energy-dispersive X-
ray (EDX) spectroscopy. Fig. 3(a) corresponds to GO, (b) R-GO,
(¢) Cu@GO, and (d) Cu@R-GO nanocomposites. The primary
peaks in Fig. 3(a) and (b) indicate the presence of carbon,
oxygen, potassium, and trace impurities like sodium. In
contrast, Fig. 3(c) and (d) reveal that the atomic weight
percentages of carbon, oxygen and copper were 84.70%, 7.40%,
and 7.90% for Cu@GO and 91.22%, 5.22%, and 3.55% for
Cu@R-GO composites, respectively. These results confirm the
successful fabrication of Cu@GO and Cu@R-GO composites.
The experimental copper weight ratios, determined by EDX
atomic percent analysis, were found to be 30.64 wt% for
Cu@GO and 16.07 wt% for Cu@R-GO. These values deviate
from the theoretical feed ratio, which was based on 0.883 g of
copper(u) sulfate pentahydrate per 100 mg of GO/RGO (corre-
sponding to 25.2 wt%). The discrepancy is likely due to the loss
of unbound Cu®" ions during the washing steps and the
incomplete reduction of CuSO, in the aqueous phase. The
reduced number of oxygen-containing functional groups in R-
GO results in fewer available sites for Cu attachment
compared to GO. Additionally, impurity peaks were observed in
the samples (Fig. 3(a) and (b)), likely due to surface contami-
nants from the sample vessel during analysis, as well as trace
impurities in the reagents used during synthesis. EDX analysis
further confirmed a decrease in oxygen content and an increase
in carbon content from GO to R-GO, indicating the successful
chemical reduction of GO to R-GO.

3.1.4. X-ray photoelectron spectroscopy (XPS). To investi-
gate the oxidation state of Cu and its interaction with GO and R-
GO in the Cu@GO and Cu@R-GO nanocomposites, high-
resolution X-ray photoelectron spectroscopy (XPS) was per-
formed,* as depicted in Fig. 4(a and b). The Cu 2p spectra for

-

x5000  Sug
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Fig. 3 EDX analysis of (a) GO, (b) R-GO, (c) Cu@GO, and (d) Cu@R-GO nanocomposites.
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both samples exhibit two prominent peaks located at approxi-
mately ~932.6 eV (Cu 2ps,) and ~952.4 eV (Cu 2py.,), which
match the spin-orbit splitting of copper. These binding ener-
gies are characteristic of Cu® and Cu" species, confirming the
presence of metallic copper and/or Cu(i) in the composites. In
addition, weak satellite peaks were detected in the range of
~940-945 eV, suggesting a partial presence of Cu®" species,
indicative of a CuO-like environment. In the Cu@GO sample,
Fig. 4(a), the Cu®" satellite peaks are more pronounced, signi-
fying a higher degree of copper oxidation. This is likely due to
the abundance of oxygen-containing functional groups in GO,
which tend to stabilize copper in its oxidized state. In contrast,
the Cu@R-GO sample in Fig. 4(b) shows suggestively weaker
Cu”* satellite features, and the main Cu 2p;,, peak appears
sharper and more intense. This indicates a greater proportion
of Cu’/Cu” species and suggests a stronger electron interaction
with the mt-conjugated network of R-GO. The observed reduction
in the Cu® content in Cu@R-GO can be attributed to the partial
exclusion of oxygen-based functional groups during the reduc-
tion of GO, which improves electronic communication and
facilitates a more reducing environment. These results confirm
the successful incorporation of copper into both GO and R-GO
frameworks and highlight the different extents of metal-
support interactions. Remarkably, R-GO provides a more
conductive and reductive matrix, promoting better stabilization
of lower-valence copper species.

3.1.5. Raman spectroscopy. Raman spectroscopy was per-
formed to confirm the successful synthesis of Cu-based
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nanocomposites. As shown in Fig. 4(c), both samples (Cu@GO
and Cu@R-GO) exhibited prominent D and G bands at about
1350 cm™ " and 1580 cm ™, respectively.*® The D band is related
to structural defects and disordered sp® carbon, whereas the G
band corresponds to the in-plane vibrations of sp* carbon
atoms. The intensity ratio of I(D)/I(G) varied between the two
samples. In Cu@GO, the higher ratio shows a higher degree of
disorder, likely due to the presence of oxygen-containing func-
tional groups. On the other hand, Cu@R-GO exhibited a lower
I(D)/I(G) ratio, suggesting partial restoration of graphitic
domains after reduction with t-ascorbic acid. Moreover, the 2D
band (~2700 cm ') appeared broader and weaker in Cu@GO,
but became sharper in Cu@R-GO, further confirming enhanced
structural ordering upon reduction. These results demonstrate
that r-ascorbic acid effectively reduced graphene oxide to
reduced graphene oxide (R-GO), while the incorporation of Cu
nanoparticles did not significantly disturb the graphene struc-
ture. The results are consistent with previous reports on the
Raman peaks of reduced graphene oxide.

3.1.6. Thermo-gravimetric analysis and differential scan-
ning calorimetry (TGA/DSC). TGA analysis of the synthesized
particles was performed using a STD 600 TGA/DSC with a heat-
ing rate of 10 °C min " under airflow conditions at a rate of 60
mL min~". The results of TGA data, as shown in Fig. 5(a),
illustrate the typical mass loss behavior concerning tempera-
ture, demonstrating the thermograms of carbonaceous species.
For graphene oxide, the analysis of the curves indicates three
significant weight loss stages within the temperature ranges of
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@GO, and Cu@R-GO using (a) thermogravimetric analysis (TGA), (b)
d (FTIR) spectroscopy.
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33-130 °C and 130-270 °C.*” The first weight loss (~3%) is
attributed to the desorption of water molecules trapped on the
surface of graphene oxides. The second and most significant
weight loss of ~95% is mainly due to the decomposition of
graphene layers containing labile oxygenated functional
groups, which are converted into CO, CO,, and steam. The third
stage, occurring in the range from 280 °C to 457 °C, corresponds
to the removal of more stable oxygenated groups, resulting in
a minor weight loss of approximately 1.8%. The final and
remaining amount of the sample (~0.8%) is attributed to
potassium salts.

In the DSC analysis of graphene oxide and reduced graphene
oxide, the first endothermic peak, observed at approximately
100 °C, relates to the loss of moisture from the powder, indi-
cating energy absorption related to the evaporation of water. In
contrast, the exothermic peak at around 290 °C is attributed to
the thermal breakdown of the carbon skeleton. To reduce gra-
phene oxide, an exothermic peak appears at almost 255 °C,
which is lower than that of graphene oxide. This peak is related
to the decomposition of hydroxyl and epoxy functional groups.
During heating, the above-mentioned groups are eliminated,
releasing energy and allowing R-GO to transition into a more
thermally stable structure. The initial exothermic peaks in the
DSC investigation of Cu@GO and Cu@R-GO are attributed to
crystallization and chemical bonding processes taking place
during heating. Furthermore, slight endothermic peaks
observed in the range of 500-700 °C for both materials corre-
spond to the conversion of amorphous copper (Cu) into its

crystalline phase. This phase change includes energy
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absorption, leading to the characteristic endothermic behavior,
as shown in Fig. 5(b). The overall thermal analysis indicates that
the synthesized materials exhibit thermal stability, making
them suitable for potential applications at higher temperatures.

3.1.7. Fourier transform infrared spectroscopy (FT-IR). A
comparative analysis of the FT-IR spectra of GO, R-GO, Cu@GO,
and Cu@R-GO is shown in Fig. 5(c). The broad peak at
3331 cm~ ' shows the stretching of the hydroxyl (OH) group,
attributed to the vibration of water molecules. The trans-
mittance peak at 2347 cm™* points to the occurrence of CO,,
signifying its absorption from the atmosphere during
synthesis.** The peak located at 1626 cm ™' denotes the aromatic
C=C stretching, which is linked to the sp>-hybridized nature of
graphite, a characteristic that is also observed in the XRD
analysis. The bands in the range of 1000-1300 cm ' are
attributed to C-O stretching vibrations and oxygenated func-
tional groups. A decrease in their strength in the reduced and
decorated samples proves the successful reduction of graphene
oxide. In the FT-IR spectra of Cu@GO and Cu@R-GO, a new
peak appears at 667 cm™ ", corresponding to the Cu-O bond.
Additionally, the lower transmittance of vibrational and
bending intensities of hydroxyl groups pointed toward the
hydrophilic nature of reduced graphene oxide.

3.1.8. UV-visible and bandgap study of Cu@GO and Cu@R-
GO. The UV-visible spectra of the samples are shown in Fig. 6(a-
d). As expected, GO, R-GO, Cu@GO, and Cu@R-GO exhibit
absorbance in the ranges of 230-280 nm, 240-300 nm, 240-
600 nm, and 240-600 nm, respectively. In Cu@GO and Cu@R-
GO, a smaller peak observed between 430-500 nm is
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Fig. 6 UV-visible spectra of (a) GO, (b) R-GO, (c) Cu@GO, and (d) Cu@R-GO.
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attributed to the presence of Cu, with its low intensity indi-
cating a low Cu amount in the composite. The band-gap ener-
gies of GO, R-GO, Cu@GO, and Cu@R-GO were calculated using
the Tauc plot equation, as presented in SI (Fig. S1(a-d)).

(ahv)yy = A(hv — E,) (3)
In the Tauc plot equation, the variables are defined as follows:
a denotes the absorption coefficient, % is the Planck's constant,
v represents photon frequency, A4 is a proportionality constant,
E, indicates the bandgap energy, and v characterizes the elec-
tronic transition nature, implementing values of 1/2, 1/3, 2, or 2/
3 depending on the specific transition type. The bandgap energy
was determined by constructing a plot of (a/»)"? (in units of
(ev em™)"?) against photon energy (eV). The linear region of
this plot was extrapolated to the energy axis (X-axis) intercept to
obtain the bandgap values. Through this analysis, the calcu-
lated bandgap energies were determined to be 2.81 eV for GO,
2.66 eV for RGO, 2.18 eV for Cu@GO, and 2.05 eV for Cu@R-GO,
demonstrating a progressive decrease in bandgap energy with
successive material modifications. This improvement can be
attributed to the synergistic effect of Cu nanoparticles, which
encourage electron transfer and reduce charge recombination
in the reduced graphene oxide matrix. Especially, the bandgap
values gradually decrease from GO to R-GO and then Cu@R-GO.
Earlier studies have reported bandgap values for GO (4.09 eV),*®
R-GO (2.21 eV),** Cu-GO (1.06 eV),** and CuO-rGO (1.4 eV).** The
observed differences in bandgap values confirm the successful
fabrication of the nanomaterials and further support their
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potential application as photocatalysts. The variation in
bandgap values both among GO, R-GO, Cu@GO, and Cu@R-
GO, as well as compared to the previous reports, may be due
to some factors, such as structural variations, environmental
aspects, decoration or doping, and the degree of reduction,
synthesis approaches, experimental conditions, and the overall
chemical composition of the synthesized nanomaterials. The
declining bandgap values specify improved light absorption
capacity and propose better photocatalytic potential of modified
nanocomposites.

3.2. Photo-assisted removal of BB3 dye

The experimental details are given in Section 2.6. A typical
experiment was initially conducted for 25 min in the absence of
light to establish the adsorption-desorption equilibrium
between the dye and the catalysts. Furthermore, a controlled
experiment was also performed at the optimal time without
using a catalyst (photolysis). In the absence of a catalyst, the
degradation of the dye was negligible. Following this, the
reaction mixture was exposed to UV light, and the catalyst was
also used to achieve better outcomes.

3.2.1. UV-visible spectra of BB3 dye. The time-dependent
UV-visible spectral changes of BB3 dye under photo-assisted
removal using different catalysts, such as graphene oxide
(GO), reduced graphene oxide (R-GO), copper decorated gra-
phene oxide (Cu@GO) and copper decorated reduced graphene
oxide (Cu@R-GO), are shown in SI (Fig. S2(a-d)). The degrada-
tion process was evaluated by detecting the reduction in the
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Fig. 7 Photo-assisted removal of BB3 (a) effect of time in the presence of GO, rGO, Cu@GO and Cu@R-GO, (b) effect of dye (BB3) concen-
tration, (c) effect of temperature, (d) effect of catalyst amount, (e) effect of hydrogen peroxide (H,O,) and (f) effect of solution pH were

investigated for some time in dark and under light without catalyst
experiment.
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at different time intervals and changing all others parameters in each
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absorption peak intensity within the visible range. The typical
absorption band at 654 nm gradually reduced over time and
eventually disappeared, confirming the complete breakdown of
the dye molecules.

3.2.2. Effect of time on BB3 dye degradation. The photo-
catalytic performance of all synthesized materials (GO, RGO,
Cu@GO, and Cu@R-GO) was scientifically evaluated for Basic
Blue 3 (BB3) dye degradation under controlled conditions.
Time-dependent studies were conducted at 20 min intervals
over 25-100 min, while keeping constant experimental param-
eters (catalyst dose: 0.05 g L™ in 100 mL solution; initial dye
concentration: 80 mg L™"). As shown in Fig. 7(a), the system
reached equilibrium at 80 min, with the most noteworthy
degradation occurring during the initial 10-80 min period,
followed by saturation. Notably, Cu@R-GO demonstrated
superior photocatalytic activity, achieving 75.40% dye removal
at the equilibrium point (80 min), representing the highest
degradation efficiency among all tested catalysts. Beyond this
time-point, the equilibrium conditions are established, and the
degradation process is significantly slowed; it is likely due to
some possible reasons, such as recombination of electron-hole
pairs, adsorption site saturation, and/or reduction in the reac-
tive organic species (ROS).” It was observed that the degrada-
tion of BB3 during 60-80 min using Cu@GO and Cu@R-GO
catalysts reached 68.05% and 75.40%, respectively. Since no
appreciable increase in the percentage degradation and
removal efficiency was observed beyond 80 min, this was
considered an optimal time for further experiments. Further-
more, during the same time period, BB3 degradation using GO
and R-GO catalysts was recorded at 35.12% and 44.91%,
respectively. Based on these outcomes, it is evident that Cu@GO
and Cu@R-GO catalysts show the best removal efficiencies
towards BB3 dye. Therefore, further experiments were based on
the Cu-decorated catalysts, maintaining the experimental time
at 80 min while varying all other parameters, such as catalyst

dose, temperature, pH, dye concentration, and H,0,
concentration.
3.2.3. Effect of initial BB3 concentration on its degrada-

tion. The photocatalytic degradation of Basic Blue 3 (BB3) dye
was examined over a concentration range of 40 mg L' to
100 mg L™, while keeping all other experimental parameters
constant. From these experiments, it was observed that an
increase in the dye concentration led to a decrease in the pho-
tocatalytic efficiencies of the catalyst toward BB3 degradation.
The maximum degradation (93.35%) was noted at a dye
concentration of 40 mg L™" of the dye, as shown in Fig. 7(b),
while the minimum degradation occurred at 100 mg L ™" of BB3.
This decline in the degradation efficiency at higher concentra-
tions can possibly be attributed to an increased adsorption of
more organic matter at the catalyst surface, which reduces the
number of active sites on the surface of the catalyst. Therefore,
the generation of hydroxyl radical (OH") is reduced, leading to
a decrease in the degradation efficiency.” In other words, at
higher concentrations of BB3 dye, photons are refracted before
reaching the surface of the catalyst; thus, the photocatalytic
activity of the catalyst is decreased.** Based on these findings,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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an optimal dye concentration of 80 mg L' was selected for
further studies.

3.2.4. Effect of temperature on the degradation of BB3 dye.
Photocatalytic efficiency of Cu@R-GO in the removal of BB3 dye
was also evaluated at different temperatures ranging from 303 K
to 343 K, while keeping other experimental parameters
constant: reaction time = 80 min, pH = 7, catalyst concentra-
tion = 0.05 ¢ L™ ", dye concentration = 80 mg L~ ", and UV-light
source = 35 watt intensity. As illustrated in Fig. 7(c), an increase
in temperature resulted in a higher rate of BB3 dye removal.
Specifically, at 303 K, only 28% dye was removed in 80 min,
whereas at 343 K, the removal efficiency increased to 93%. This
reflects that this reaction is endothermic in nature. Further-
more, the temperature dependence of dye degradation is
consistent with the earlier studies and aligns with Arrhenius
theory, which states that the reaction rate is dependent on the
temperature of the system.>

3.2.5. Effect of catalyst dosage. Fig. 7(d) demonstrated the
effect of varying Cu@R-GO concentrations on the degradation
of BB3 while keeping all the other experimental conditions
constant. Catalyst dosage plays an important role in the dye-
degradation process. It was observed that the degradation of
dye increased by increasing the catalyst dose from 0.01 g L™ to
0.2 g L™". However, a minimal increase was observed in dye
degradation beyond the catalyst concentration of 0.1 g L™ ". This
suggests that up to 0.1 g ™", the number of available active sites
and the probability of interaction between the catalyst and dye
molecules increase, enhancing the degradation process. More-
over, the generation of free electrons is responsible for the
production of hydroxyl and superoxide radicals, which facilitate
the degradation process.’® The highest degradation efficiency,
approximately 90%, was attained at the catalyst concentration
of 0.1 g L™". Nevertheless, at a concentration beyond 0.1 g L™,
nanoparticle agglomeration reduces the surface area and active
sites, resulting in a decline in the dye degradation efficacy.*

3.2.6. Effect of hydrogen peroxide concentration on BB3
degradation. The effect of hydrogen peroxide (H,O,) on BB3 dye
removal was studied using the same procedure as mentioned
above, with the only variation being the concentration of H,O,,
which ranged from 1 to 9 mM. All other parameters were kept
constant: time (80 min), temperature (40 °C), pH (9), catalyst
concentration (0.05 g L"), dye concentration (80 mg L"), and
UV-light source (UV 35 watt intensity). H,O, is a strong electron
acceptor compared to oxygen due to its high oxidation potential
and electrophilicity (ability to accept electron pairs).”” Similarly,
under identical experimental conditions, photolysis was per-
formed using 9 mmol L™ " of H,0,. Results show that 13.36%
elimination of BB3 after 80 min of UV exposure. It determines
that only H,O, alone acts as a mild oxidizing agent in the
degradation process; however, the presence of a catalyst is
essential to significantly enhance the degradation efficiency.
The addition of H,O, led to the enhanced generation of
hydroxyl radicals and suppression of electron-hole pair
recombination, thereby improving the photocatalytic degrada-
tion of BB3 dye, as confirmed by Fig. 7(e). The maximum
degradation of BB3 (99.53%) was achieved at an H,0, concen-
tration of 9 mM using the Cu@R-GO catalyst.
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3.2.7. Effect of pH of the medium on photocatalysis. The
PpH of the reaction medium plays a critical role in photocatalytic
degradation processes, significantly influencing both hydroxyl
radical generation and catalyst surface charge properties. Since
industrial wastewater containing dyes is typically discharged
across a wide pH range, we systematically evaluated Basic Blue 3
(BB3) degradation under varying pH conditions (3-11). The pH
was precisely adjusted using 0.1 M HCI (for acidic conditions)
and 0.1 M NaOH (for basic conditions), while maintaining all
other experimental parameters constant. As demonstrated in
Fig. 7(f), the degradation efficiency showed moderate
enhancement from neutral to acidic pH, with optimal perfor-
mance observed at pH 11. These findings clearly establish that
solution pH directly modulates the surface charge characteris-
tics of the catalyst and consequently affects its photocatalytic
activity.*® Moreover, pH also controls the ionization behavior of
the dye, which influences the interaction between the dye
molecules and the surface of the catalyst. These changes in pH
can significantly affect the photocatalytic degradation process.

3.3. Expected photocatalytic mechanism for the removal of
BB3 over Cu@R-GO

To justify the fundamental mechanism and control the leading
reactive oxygen species (ROS) involved in BB3 dye degradation
under optimal experimental conditions using Cu@R-GO, a series
of scavenger experiments were performed (see SI, Fig. S3). Defi-
nite scavengers were introduced into the reaction system to
selectively quench different ROS: isopropyl alcohol (IPA) was
used to prevent hydroxyl radicals ("OH), benzoquinone (BQ) for
superoxide radicals ('O, "), and (ethylenediaminetetraacetic acid
disodium salt) EDTA-2Na for photogenerated holes (h"). On the
addition of IPA, the degradation proficiency abruptly decreased
from 75.5% to 40.9%, demonstrating that ‘OH radicals are the
primary reactive species carrying out the photocatalytic process.
A moderate reduction to 48.6% in the presence of BQ indicates
that superoxide radicals also play a notable role. When EDTA-2Na
was introduced, a degradation rate of 60.2% was observed,
pointing to a secondary yet substantial involvement of photog-
enerated holes. These results collectively confirm that all three
species "OH, ‘0, , and h" contribute to BB3 degradation, with
hydroxyl radicals playing the principal role in the Cu@R-GO
photocatalytic system.

Scheme 1 demonstrates the proposed photocatalytic degra-
dation mechanism of Basic Blue 3 (BB3) dye using Cu@R-GO
nanocomposites. Upon irradiation with light energy exceeding
the bandgap of RGO, electron-hole pairs are generated through
photoexcitation, where electrons (e”) are promoted from the
valence band (VB) to the conduction band (CB).* The inherent
electric field at the Cu@R-GO interface facilitates efficient
charge separation, significantly suppressing electron-hole
recombination. Due to the Schottky barrier formation at the
metal-semiconductor junction, photoexcited electrons migrate
from the conduction band of R-GO to copper nanoparticles,
driven by the work function difference between Cu (lower work
function) and R-GO. This charge separation results in electron
accumulation on Cu nanoparticles while holes remain localized
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Scheme 1l Proposed mechanism for the photoassisted degradation of
the BB3 dye over the Cu@R-GO.

in the R-GO matrix. The transferred electrons subsequently
react with the adsorbed oxygen molecules to generate reactive
oxygen species (ROS), particularly superoxide radicals ("O,"),
which participate in the oxidative degradation of the adsorbed
BB3 dye molecules. Simultaneously, the photogenerated holes
in the R-GO valence band contribute to the direct oxidation of
organic pollutants or react with surface hydroxyl groups to
produce additional oxidizing species. These ROS then break
down BB3 into intermediate molecules, ultimately decompos-
ing it into CO, and H,O. Meanwhile, the holes in R-GO partic-
ipate in the oxidation of adsorbed water (H,O), generating
hydroxyl radicals ("OH), which further break down BB3 into
intermediate molecules, CO,, and H,0O. The important and
fundamental reactions involved in the photo-assisted removal
of BB3 over CU@R-GO are outlined below.

Cu@R-GO + hv — Cu@R-GO(hyp,* + ecn) ) (4)

Cu@R-GO(h(VB)+ + e(CB)_) - Cu(e_) + R-GO(h+) (5)

Cuecpy + 0, = "0y (6)

'O, + BB3 — intermediate products (7)
R-GO(hwyp,* + H,O — 2('OH) (8)
"OH + BB3 — intermediate products 9)

3.4. Kinetic study of BB3 degradation

To determine the reaction rate and rate constants, kinetic
studies were carried out. For this purpose, evaluation of the
time effect on the BB3 degradation efficiency of the synthesized
photocatalyst is crucial. The following mathematical formula
represents the linear form of the pseudo-first-order model;*

Go
In(=2) = K1
“(a) !

Based on the photocatalytic experiment results, the slope of
the straight-line plot from the linear relationship between

(10)
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irradiation time (¢) and (In Cy/C,) for dye degradation was
determined for different samples used. Here, k; represents the
apparent rate constant, C, is the initial dye concentration at ¢ =
0 min, and C, is the concentration at a given time. Moreover, the
non-linear form of pseudo-first-order was also used to investi-
gate the time-dependent behavior of all photocatalysts toward
BB3 dye removal.*

(7K1t)

g =gl —¢ (11)

The adsorption kinetics were analyzed using the pseudo-
first-order model, where ¢, represents the equilibrium adsorp-
tion capacity (mg g ') and ¢, denotes the adsorption capacity at
time ¢ (min). The rate constant k; was determined from the
slope of the non-linear regression fit of g, versus time. As evi-
denced in Fig. 8(a and b), all photocatalysts exhibited degra-
dation profiles that closely followed pseudo-first-order kinetics,
with excellent correlation coefficients (R* > 0.9) confirming the
validity of the model. Comparative analysis revealed the supe-
rior performance of Cu@R-GO, which demonstrated a rate
constant 1.0625 fold higher than Cu@GO, 735.06 times greater
activity than pristine GO, and 190.47 times enhanced perfor-
mance versus RGO. These quantitative comparisons, summa-
rized in Table 1, unequivocally demonstrate the remarkable
catalytic enhancement achieved through copper modification of
reduced graphene oxide. The kinetic parameters and corre-
sponding correlation coefficients were directly extracted from
the non-linear fitting of the experimental data presented in
Fig. 8(a and b).

3.5. Thermodynamics study

To assess the thermodynamic parameters from the

temperature-dependent photocatalytic degradation data for

BB3, using Cu@GO and Cu@R-GO, the Eyring and Arrhenius's

equations were used for analysis. The effect of temperature on

the apparent rate constant (k;) is explained by using the

Arrhenius equation, as shown in eqn (12).%
Es

Inki=InA4- {—}

RT (12)
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Table 1 Summary of the kinetics parameters determined from the
linear and nonlinear pseudo-first-order models

Linear pseudo 1st-

order Non-linear pseudo 1st-order
Catalyst ~ Parameters Values Parameters Values
GO K; (min™") 0.00458 Calculated g. (mg g~') 12.81
R 0.933 K, (min™") 2.31 x 107°
R 0.933
R-GO K; (min™") 0.00616 Calculated g, (mg g~') 42.02
R 0.980  K; (min™") 8.92 x 107°
R® 0.98
Cu@GO  K; (min™') 0.0130 Calculated g. (mg g~') 72.54
R 0.942 K, (min™") 0.016
R 0.963
Cu@R-GO K; (min™") 0.0154 Calculated g. (mg g~") 76.93
R 0.965  K; (min") 0.017
R® 0.98

(a)1.6

0.6 4
0.4 4
0.2 4
|
0.0
0 20 40 60 80 100

Time (min)

Here, k; (min ") is the rate constant, R (J mol * K™ ') is the gas
constant, A is the pre-exponential factor, and T (K) is the
temperature. According to the Arrhenius equation, an inverse
relationship exists between the parameters In(k;) and of 1/T
(Fig. 9). As with an increase in temperature, the values of 1/T
decline, and as a result, In(k,) values increase in the Arrhenius
plot.®®* This suggests that the degradation rate increases at
higher temperatures. The Arrhenius plots further confirm the
pseudo-first-order kinetics by demonstrating a linear relation-
ship between In(k,) and temperature. The activation energy (E,)
for the photocatalytic degradation of BB3 was determined to be
23.56 k] mol™* for Cu@GO and 25.30 k] mol~* for CU®R-GO
(Table 2). Also, as mentioned in eqn (13), the Eyring equation
was employed to further explore the relationship between the
apparent rate constant and temperature.®
ki kg AS* AH*

o=l 2+ %7

(13)

The pseudo-first-order rate constant (k) was analyzed in
relation to fundamental physical constants - Boltzmann's

(b) 7

m GO
60 ® RGO

A Cu@Go
50 ¥ Cu@R-GO

0 20 40 60 80 100
Time (min)

Fig. 8 Representative degradation plots of pseudo-first-order kinetics (a) linear and (b) non-linear, for GO, R-GO, Cu@GO, and Cu@R-GO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 Linear graphsillustrating the (a) pseudo-first-order kinetics graph of Cu@GO at different temperatures, (b) pseudo-first-order kinetics plot
of Cu@R-GO at different temperatures, (c) Arrhenius plot for Cu@GO and Cu@R-GO, and (d) Eyring plot for Cu@GO and Cu@R-GO.

constant (kg, ] K™ ') and Planck's constant (%, ] s) - to determine
the thermodynamic parameters governing the degradation
process. The activation entropy (AS) was calculated as 458.61 ]
mol ™' K~ for Cu@GO and 459.95 ] mol~* K~* for Cu@R-GO,
while the activation enthalpy (AH) values were 20.89 kJ mol "
and 22.62 k] mol*, respectively. These results demonstrate that
the photocatalytic degradation of Basic Blue 3 (BB3) at the
catalyst-liquid interface is an endothermic process character-
ized by decreasing entropy during the reaction. The

Table 2

temperature-dependent behavior, as shown in the Eyring plot in
Fig. 9, reveals a linear correlation between In(k/T) and 1/7,
confirming the validity of the Eyring equation for this system.
The positive slope indicates enhanced degradation rates at
elevated temperatures, consistent with the endothermic nature
of the process. The thermodynamic parameters, including
activation energy (E,), entropy of activation (AS), and enthalpy
of activation (AH), are systematically presented in Table 2.

Important thermodynamic parameters determined using the Arrhenius and Eyring equations

Catalyst E, (k] mol ™) AH (k] mol ™) AS (J mol ™)

AG (k] mol ™) R Arrhenius equation R® Eyring equation

Cu@GO 23.56 20.89 458.61

Cu@R-GO 25.30 22.62 449.95

29046 | RSC Adv, 2025, 15, 29034-29052

—118.07
—122.66
—127.24
—131.83
—136.42
—-113.71
—118.21
—122.71
—127.21
—131.71

0.977 0.97

0.941 0.93
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3.6. Comparative investigation on the dye removal efficiency

of the synthesized materials with previous studies

To gain a deeper understanding of this study, a comparative
analysis is provided to evaluate the performance of the

View Article Online
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synthesized catalysts with those reported previously against the
dye removal efficiency. Table 3 highlights their superior
performance, influenced by many factors such as catalyst type,
dosage, dye concentration, contact time, pH, and temperature.

Table 3 Some comparative analysis on the dye removal efficiency of the synthesized materials with previous reports

Materials

Dyes

Experimental conditions

Dyes concentration % Removal Reference

GO

GO-Fe;04

Ni/GO-CNT

ZnCr,04rGO

Fe;0,/rGO

rGO

CuO-SiO,/PVA

2-C3N,/ZnCo,0,

Ag/rGO

Cu,0/rGO

Ag@RGO/g-C;N,

CuwWO,

CNT/MgO/CuFe,0,

GO

Cu@GO

R-GO

Cu@R-GO

Cu@R-GO

© 2025 The Author(s). Published by the Royal Society of Chemistry

MB

RB

RhB

MB

MO

NB

NB

CR

NB

MB

NB

MVD

BB3

BB3

BB3

BB3

BB3

Catalyst dose: 0.01 g
Time: 60 min, pH = 6
Sol =20 mL, T = 30 °C
Catalyst dose: 0.01 g
Time: 60 min, pH = 6
Sol = 20 mL, T = 30 °C
Catalyst dose: 0.025 g
Time: 120 min, pH = 6

20mg L~ " 22.8 65

10mg L™’ 70 66

5mg L 73.6 67

Sol = 250 mL, T = 25 °C, UV/H,0,

assisted
Catalyst dose: 0.01 g
Time: 70 min, pH = 8

10 mg L™" 95.7 68

Sol = 50 mL, T = 25 °C, UV/H,0, assisted

Catalyst dose: 0.25 g
Time: 35 min, pH = 2.9

50 mg L " 99.8 69

Sol = 100 mL, T = 50 °C, UV/H,0,

assisted

Catalyst dose: 0.01 g
Time: 40 min, pH =5
Sol: 20 mL, T = 30 °C
Catalyst dose: 0.01 g
Time: 40 min, pH =9
Sol: 100 mL, T = 30 °C
Catalyst dose: 0.01 g
Time: 40 min, pH = 6
Sol: 100 mL, T = 30 °C
Catalyst dose: 0.01 g
Time: 60 min, pH = 6
Sol: 100 mL, T = 30 °C
Catalyst dose: 0.01 g
Time: 100 min, pH =9
Sol: 100 mL, T = 30 °C
Catalyst dose: 0.01 g
Time: 60 min, pH = 3
Sol: 100 mL, T = 30 °C
Catalyst dose: 0.01 g
Time: 100 min, pH = 11
Sol: 100 mL, T = 30 °C
Catalyst dose: 0.01 g
Time: 60 min, pH = 6
Sol: 100 mL, T = 30 °C
Catalyst dose: 0.01 g
Time: 80 min, pH =7
Sol: 100 mL, T = 30 °C
Catalyst dose: 0.01 g
Time: 80 min, pH = 7
Sol: 100 mL, T = 30 °C
Catalyst dose: 0.01 g
Time: 80 min, pH =7
Sol: 100 mL, T = 30 °C
Catalyst dose: 0.01 g
Time: 80 min, pH = 7
Sol: 100 mL, T'= 30 °C
Catalyst dose: 0.01 g
Time: 80 s min, pH = 7

20mg L ! 92 70
30 mg L™" 58 71
10mg L~ " 99 72
20 mg L™ 92 10
50 mg L~ * 76 73
40 mg L' 77 74
10mgL " 83 75
20mg L ™" 99 12
80 mg L " 35.2 This work
80mg L! 68.8 This work
80 mg L" 41.4 This work
This work

80 mg L " 75.5

80 mg L" 99.53 This work

Sol: 100 mL, T'= 30 °C, UV/H,0, assisted

(9 m. mole)
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Fig. 10 Reusability of (a) Cu@GO and (b) Cu@R-GO for the BB3 dye degradation.

Dye molecules interact with the catalyst surface through
different bonding forces, including hydrogen bonding, van der
Waals dispersion forces, and electrostatic interaction, estab-
lishing equilibrium for effective dye removal. The chemical
composition, surface texture, and morphology significantly
impact the photocatalytic efficiency of the synthesized mate-
rials. Moreover, structural modifications from graphite to GO,
R-GO, and Cu@GO, and Cu@R-GO enhance photocatalytic as
well as adsorptive properties by altering the surface character-
istics and bandgap energies. These enhancements are attained
through cost-effective and scalable modification techniques,
making Cu@R-GO a promising material for wastewater
treatment.

3.7. Reusability of Cu@GO and Cu@R-GO

The capability of the catalysts is vital in determining their
practical efficiency and environmental sustainability for appli-
cations such as wastewater purification, air pollution control,
and the degradation of organic pollutants, especially dyes. In
this study, we evaluated the reusability of the Cu@GO and
Cu@R-GO photocatalysts by testing whether they retain their
catalytic activity over multiple recycles. The durability of
Cu@GO and Cu@R-GO nanocomposites towards the degrada-
tion of Basic Blue 3 (BB3) dye was tested over four consecutive
cycles under the same experimental conditions, such as reac-
tion time (80 minutes), concentration of dye (80 mg L™ "), pH (7),
and catalyst dose (0.1 g), all at room temperature. After each
cycle, the catalyst was recovered, washed several times with
distilled water and ethanol, and dried at 70 °C for one hour.
Notably, the catalysts showed excellent stability in the recycling
experiments, with minimal loss in the removal efficiency. As
illustrated in Fig. 10(a and b), the structure integrity and effi-
ciency of the catalysts remained intact after four consecutive
cycles. These results suggest that Cu@GO and Cu@R-GO are
reliable and reusable materials for the photocatalytic degrada-
tion of BB3 dye under UV light.

3.8. Summary of advantages and limitations of the current
study

This study focuses on comparing and evaluating the effective-
ness of graphene oxide (GO), reduced graphene oxide (R-GO),

29048 | RSC Adv, 2025, 15, 29034-29052

copper-decorated graphene oxide (Cu@GO) and copper-
decorated reduced graphene oxide (Cu@R-GO) in removing
hazardous pollutants, specifically Basic Blue 3 dye, from
aqueous environments. This report provides a comprehensive
analysis of their chemical composition, structure, and
morphology. The results revealed that modifying GO and R-GO-
based materials with copper (Cu) enhances their desired pho-
tocatalytic properties through a well-established, cost-effective
ex situ approach. The method used here offers ease of prepa-
ration, reduced complexity, and lower costs compared to other
techniques. The incorporation of copper nanoparticles into GO
and R-GO to form Cu@GO and Cu@R-GO is expected to
improve their photocatalytic performance significantly.
Furthermore, the Cu@R-GO nanocomposite exhibits significant
stability under the experimental conditions, making it a good
material for wastewater treatment applications. The study
primarily focused on the removal of Basic Blue 3 (BB3) dye using
batch processes. However, real textile wastewater samples may
contain a variety of extra pollutants and ions. Future research
should explore the applicability of the synthesized materials for
treating the actual wastewater samples from different textile
industries. Additionally, developing effective strategies for the
proper disposal or recycling of the catalysts after the dye
removal process is important for sustainable wastewater treat-
ment applications.

4 Conclusions

In this study, we successfully synthesized graphene oxide (GO),
reduced graphene oxide (R-GO), copper-decorated (Cu@GO),
and copper-decorated reduced graphene oxide (Cu@R-GO)
using a cost-effective, ex situ method. The structural, thermal,
texture, chemical, and morphological properties of the synthe-
sized materials were analyzed using different spectroscopic
techniques, confirming their successful fabrication. X-ray
photoelectron spectroscopy (XPS) confirms the binding ener-
gies of Cu’ and Cu” species, confirming the existence of metallic
copper and/or Cu(i) in the composites. In Raman spectroscopy,
the nanocomposites exhibited prominent D and G bands at
almost 1350 cm ™" and 1580 cm ™, respectively. The D band is
related to structural defects and disordered sp> carbon, whereas

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the G band corresponds to the in-plane vibrations of sp> carbon
atoms. To check the adsorptive and photocatalytic efficiency of
these materials for the removal of basic blue 3 (BB3) dye from
wastewater, experiments were conducted under varying experi-
mental conditions, including time, temperature, catalyst dose,
dye concentration, pH, and the addition of hydrogen peroxide
(H,0,). Among the synthesized nano-materials, Cu@R-GO and
Cu@GO showed the highest photocatalytic performance,
achieving a maximum removal rate of 99.9% and 97%, respec-
tively, under optimal conditions: reaction time = 80 minutes,
temperature = 60 °C, catalyst dose = 0.1 g, dye concentration =
80 mg L™, pH = 9, a UV-light source (35 W), and 9 mM of H,O0,.
To elucidate the underlying degradation mechanism and
identify the dominant reactive oxygen species (ROS) involved in
BB3 dye degradation under optimal conditions using Cu@R-
GO, a series of scavenger experiments were conducted. The
results indicate that hydroxyl radicals ("OH) and superoxide
radicals ('O, ") are the primary active species, with photogene-
rated holes (h") also contributing significantly to the degrada-
tion process under the given experimental conditions. Kinetic
studies revealed that BB3 degradation using GO, R-GO, Cu@R-
GO, and Cu@GO followed both pseudo-first-order linear and
non-linear kinetic models, with R®> values exceeding 0.98.
Thermodynamic analysis indicated that the degradation
process was endothermic. The Cu@R-GO nanocomposite
exhibited excellent stability, highlighting its potential as
a promising candidate for wastewater treatment. The kinetic
and thermodynamic results further suggest that the overall
degradation mechanism is physicochemical in nature. This
study contributes to the development of cost-effective and eco-
friendly nanocomposites for photocatalytic applications.
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