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and N-doping on the structural,
magnetic, optical and photocatalytic properties of
CuAl2O4: enhanced crystal violet removal under
solar light irradiation

Dilshad Ahmad,a Ismat Bibi,*a Farzana Majid,b Shagufta Kamal,c Sooman Lim, d

Norah Alwadai,e Qasim Raza,a Muhammad Aamir,f Arif Nazirg and Munawar Iqbal *h

Designing a magnetically recyclable and visible-light-driven photocatalyst is of great importance in

environmental remediation. Realizing efficient removal of persistent azo dyes from industrial wastewater

is still a major challenge for researchers. In this context, herein, novel CuAl2O4 and N/rGO nanohybrids,

CA-N/GO(1–4), were synthesized via an ultrasonic method and assessed for their efficiency toward the

photocatalytic removal of crystal violet (CV) dye from simulated polluted water under visible irradiation.

Crystalline phase, morphology and functional groups of the synthesized materials were examined using

XRD, SEM and FTIR spectroscopy, respectively, while their magnetic and optical behaviors were tested

using VSM, PL and UV-visible spectroscopic techniques. XRD results showed that the cubic spinel phase

of pure CuAl2O4 (CAO) exhibited a 57.32 nm mean crystallite size that was altered upon substitution of

N/rGO in the composites. SEM images revealed the successful incorporation of CAO nanoparticles in N/

rGO sheets. CuAl2O4-N/rGO4 (CA-N/GO4) catalyst exhibited excellent catalytic efficiency (i.e., 82.6%

removal of dye in 90 min), which was significantly higher than those of pure CAO and N/rGO. After

optimizing the reaction conditions, almost complete removal of dye was achieved for 30 mg L−1 of

catalyst dosage at pH = ∼10. This robust photocatalytic performance might be attributed to N/rGO,

which hindered the recombination of electron–hole pairs, thus enhancing the surface area and providing

more active sites for dye adsorption. A possible mechanism of CV degradation was proposed using

different scavenging agents. Structural stability and practical utility of the used CA-N/GO4 catalyst were

assessed after four continuous runs, which demonstrated good outcomes. Thus, these results reveal that

the novel and magnetically separable CA-N/GO4 nanohybrid has a remarkable prospect for the

elimination of toxic dyes from industrial sewage water under visible irradiation.
1. Introduction

In recent decades, the increasing demands for industrial
wastewater treatment, environmental remediation and renew-
able energy sources have been discussed as hot issues. Among
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these, water pollution is a major global challenge that increases
day by day, which needs to be resolved with appropriate and
efficient methods.1,2 The largest contributors of water pollution
include textile, tanning, printing, and dying industries and
other units that discharge signicant amounts of aromatic-
based organic dyes into running water bodies. Such industrial
pollutants are hazardous and toxic to marine life and human
beings.3 Thus, for a healthy life, it is necessary to lter and clean
the industrial wastewater to shield the water bodies from these
pollutants. In this regard, numerous physical, chemical and
biological techniques, such as adsorption, chemical oxidation,
coagulation, microbial treatment, the Fenton process, ltration,
advanced oxidation processes (AOPs) and ultrasound-mediated
processes, have been extensively utilized to remove these toxic
dyes from industrial wastewater.4,5 However, these strategies are
less efficient and have limitations, such as poor dye degradation
and high consumption of energy. Hence novel, cost-effective
and eco-friendly routes are needed for the complete removal
RSC Adv., 2025, 15, 24223–24235 | 24223
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of organic dyes from industrial effluents.6,7 Photocatalysis is
regarded as a convenient route for hydrogen generation,
ammonia production, disinfection and removal of organic dyes
owing to its efficient properties, such as non-toxicity, high effi-
ciency and cost effectiveness.8,9

Semiconductor-based photocatalysis holds wide promise as
an economic and feasible pathway for hydrogen production, air
purication and pollutant degradation from industrial
wastewater.10–12 In recent years, SnO2, TiO2,13 PbO2, MnO2, WO3,

and BiOCl,14 as semiconductor photocatalysts, have been
utilized widely in the degradation of organic dyes owing to their
robust redox ability and excellent structural stability. However,
some serious drawbacks such as their wide optical bandgap and
low sensitivity in the UV region of the solar spectrum limit their
practical utility.15,16 Hence, the development of novel materials
with narrow bandgaps and visible-light-active photocatalytic
constituents is widely pursued.17–20

Recently, spinel-type semiconducting aluminates, such as
CuAl2O4, ZnAl2O4, NiAl2O4, MgAl2O4, and LiAl2O4, have gained
much attention of researchers in the removal of industrial dyes
owing to their good photocatalytic and magnetic properties.21

Among these, copper aluminate (CuAl2O4) is a p-type semi-
conductor with unique properties such as high thermal stability
and mechanical resistance, hydrophobicity, low cost, nontoxicity,
corrosive resistance, low surface acidity and high catalytic
activity.22With a tuned band gap in the range of 1.8–2.3 eV, visible
light absorption, and high photochemical stability, it has attrac-
ted remarkable attention for photocatalytic treatment.23 Zhang
et al. fabricated CAO nanobers that exhibited good catalytic
activity towards the elimination of rhodamine B and methyl
orange dyes using an electrospinning/annealing strategy.24 The
CAO photocatalyst was synthesized via sonication and used for
the mineralization of methyl orange under visible light irradia-
tion.25 Being a so ferromagnetic material, it agglomerates owing
to magnetic interactions that result in a decrease in active sites,
which is necessary for the degradation process.26 However, its
narrow bandgap limits its widespread applications in photo-
catalysis owing to the fast recombination of photo-induced charge
carriers on its surface. Hence, a possible solution to this challenge
might be the construction of a heterojunction, particularly a p–n
junction, which may easily build an electric eld internally to
assist the charge transfer and separation of charge carriers at the
interface.27

To overcome the agglomeration and fast recombination of
charge carriers, surface alteration of CAO carbon-based planner
sheets, such as reduced graphene, has been proven as a prom-
ising strategy for improved photocatalytic degradation of dyes.28

Reduced graphene oxide (rGO) is a two-dimensional sp2

hybridized carbon material, which possess a high surface area,
good structural stability and excellent electrical conductivity.26

Graphene has been widely used as a supportive material in its
composite form with other metal oxides and sulphides for the
photodegradation of azo dyes. Metal (Zn or Y) or non-metal
doping (N, P, S, or B) in rGO, resulting in the generation of
structural defects and availability of charge carriers on it, is
a promising strategy to enhance its catalytic activity.28 Nitrogen
doping in rGO sheets can enhance their chemical reactivity by
24224 | RSC Adv., 2025, 15, 24223–24235
introducing certain structural defects and active sites. Dis-
charged effluents such as dyes, heavy metals and pharmaceu-
tical residues have signicant interactions with these active
sites. Additionally, this doping facilitates the delocalization of
p-electrons in the graphene structure, which increases the
electron transport rate that is necessary for the degradation by
photocatalysis. Even in challenging wastewater conditions, N-
doped rGO exhibits superior chemical and thermal stabilities.
Furthermore, it maintains its efficacy during several treatment
cycles, which increases its cost-effectiveness for everyday use.6,28

Nitrogen-doped rGO in its composite form has been reported by
various researchers, i.e., a NiAl2O4@N-rGO heterojunction was
prepared for the photocatalytic degradation of crystal violet dye
under visible light irradiation.29 Chnadel et al. reported AgBr/
Zn(Co)Fe2O4/N-rGO for efficient removal of malachite green and
methyl orange dyes.30 Similarly, N-rGO/S-gC3N4 nanohybrids
were fabricated and used effectively for the removal of 4-nitro-
phenol.31 Based on these works, we have fabricated a series of
pure CAO, N/rGO and CA-N/GO(1–4) heterojunctions with
different weight ratios by considering the valence and conduc-
tion band potentials of CAO and N/rGO. This type of hetero-
junction for the photo removal of CV dye under visible light
irradiation has not been reported yet. The as-synthesized
nanocomposites were characterized for their structural,
morphological, optical and photocatalytic behavior using
powder XRD and photoluminescence (PL) techniques. These
novel nanohybrids were assessed for their responsive photo
removal of CV dye under visible irradiation. Furthermore, the
probable mechanism for photocatalytic activity of CA-N/GO4
and the operational parameters (i.e., initial pH of the reaction
mixture, catalyst dose and concentration of the dye) that affect
the degradation of dye were discussed comprehensively.
2. Materials and synthesis procedure
2.1. Materials and reagents

The chemical precursors used for the synthesis of CuAl2O4 were
copper nitrate trihydrate (99%), aluminum nitrate nonahydrate
(99.9%), aqueous ammonia (32%) and double distilled water
(DDW). Meanwhile, the preparation of N/rGO used ammonia
solution (25%), ammonium nitrate, graphite ake powder
(98 wt%), H2SO4 (98%), KMnO4, H2O2 (30%), conc. HCl and
hydrazine. All the chemicals were acquired from Sigma Aldrich
purity and were used without additional purication.
2.2. Synthesis of CuAl2O4 NPs

In this work, pure CuAl2O4 NPs were prepared via a co-
precipitation method of metal ions, as reported in a previous
study.32 Following the synthesis protocol, aqueous solutions of
1 M Cu and 2 M Al nitrate were prepared and mixed. The
resulting mixture was magnetically stirred for half an hour,
followed by heating up to 60 °C for homogeneous mixing of
both the solutions. Then, aqueous ammonia, as the precipita-
tion agent, was added dropwise to this mixture (until pH ∼10
was reached) to carry out the simultaneous precipitation of Al
and Cu in their hydroxide forms. A light blue precipitated
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the synthesis of pure CAO nanoparticles via the co-precipitation method.
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material was observed that was washed several times with DDS
until pH 7 was attained, to minimize its basic character. This
neutralized slurry was subjected to heating in an electric oven
for drying at 100 °C, where almost all the moisture content was
removed. Finally, the driedmaterial was calcined for 6 h at 900 °
C (Fig. 1).

2.3. Synthesis of graphene oxide (GO)

Graphene oxide (GO) was synthesized by a modied Hummers'
method as reported in our previous study.32 For synthesis, 3.0 g
of each of the graphite powder and NaNO3 was taken in
a 2000 mL beaker. Then, 150 mL of conc. H2SO4 was added
under constant stirring, where a dark-colored mixture was ob-
tained. Later on, about 18 g of KMnO4 was steadily added, fol-
lowed by mixing (about 1 h) in an ice bath, which turned the
mixture's color from dark black to greenish. The ice bath was
removed while the stirring was continued for 48 hours at room
temperature, with a thick paste (brown-slurry color) appearing
upon adding 200mL of de-ionized (DI) water to it. To this slurry,
500 mL of warm water was added along with the slow addition
of 60 mL of H2O2 (reducing agent) that turned it into a thick
yellowish suspension. This suspension was washed three times:
rst with H2O2 (1%), then H2SO4 (6%) and nally with DI water
until pH 7 was reached and a dark brownish color graphene
oxide (GO) paste was obtained.

2.4. Synthesis of CA-N/GO(1–4) nanocomposites

The as-synthesized GO was reduced into N/rGO as follows:
30 mL of GO suspension was taken, in which 450 mL of DDW
was added to homogenize it via ultra-sonication at 300 K for 1
hour to achieve a homogenous blend of GO sheets. To this GO
suspension, 0.5 mL of hydrazine and 3 mL of aq. NH4NO3 was
added and the mixture was heated for 1 h at 90 °C. Hydrazine
addition reduced the brownish GO to black-colored N/rGO
while aqueous ammonium nitrate exfoliated the GO sheets.33

Then, CA-N/GO(1–4) nanocomposites were prepared via the
same ultra-sonication wet impregnation route as reported in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
literature.34 A denite amount of N/rGO was dispersed into
25 mL of water under constant stirring followed by 30 min bath
ultrasonication. Then 20, 40, 60 and 80 wt% of N/rGO was
poured into the CAO suspension and sonicated again for 2
hours. Aer that, the brownish suspension was dried for 12
hours at 80 °C, followed by sintering at 400 °C for 3 hours to
evaporate the water from it. The as-obtained material was
homogenized by nely grinding in a mortar and pestle and
labelled as CA-N/GO1, CA-N/GO2, CA-N/GO3 and CA-N/GO4.
2.5. Photocatalytic experiment

The photocatalytic activity (PCA) of the fabricated pure CAO and
CA-N/GO(1–4) nanocomposite materials were tested for the
removal of crystal violet (CV) dye, which was taken as a model
pollutant. A photodegradation test was conducted under visible
light using a tungsten bulb of 200 watts as the light source with
a UV cut-off lter. The distance between the sample mixture and
the light source was adjusted to 15 cm. In the experimental
procedure, 10 mg of each of the CAO and N/rGO catalysts was
dissolved in 10 mg L−1 of CV dye solution separately. To achieve
the adsorption–desorption equilibrium, the mixture was kept in
the dark for 15 minutes under continuous stirring and then
irradiated for 90 minutes (average intensity of 838–851.50 W
m−2). Approximately 3 mL aliquots were drawn out every 10
minutes, followed by centrifugation, and its absorbance value
was recorded using a UV-vis spectrophotometer. The percentage
removal of dye was calculated using eqn (1).

Removal of dye ð%Þ ¼ 1� Ct

Co

� 100 (1)

where Co and Ct represent the absorbance values of dye solu-
tions before and aer irradiation, respectively.
3. Characterization of materials

The synthesized NMs were characterized using specic
methods. The crystalline phase was analyzed via a Philips-X pert
RSC Adv., 2025, 15, 24223–24235 | 24225
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PRO 3040/60 X-ray diffractometer (Cu Ka-radiation source and l

= 0.15406 nm) in a 2q range of 20°–60°. To investigate the
surface properties, SEM images were obtained using a JEOL-
JSM-6490LA SEM instrument. The presence of characteristic
metal–oxygen stretching and bending modes in the synthesized
materials was assessed via Fourier transform infrared spectra
obtained using a PerkinElmer Spectrum 1000-FTIR spectrom-
eter in the 400–4000 cm−1 range. Magnetic hysteresis loops
were obtained on a vibrating sampling magnetometer (VSM)
model 7307 (Lakeshore Co.) The charge transfer ability and
Fig. 2 XRD patterns of pure CAO, N/rGO and CA-N/GO(1–4)
nanohybrids.

Fig. 3 SEM images of (a) CAO, (b) N-rGO and (c–f) CA-N/rGO1-4 nano

24226 | RSC Adv., 2025, 15, 24223–24235
suppression of photo-excited electron–hole recombination in
pure and composite materials were analyzed using photo-
luminescence emission spectra recorded using a Shimadzu RF-
5301PC spectrouorophotometer in the 300–700 nm range. The
absorption behavior of all the materials was studied through
their UV-vis absorption spectra in the 200–800 nm range traced
using a double-beam spectrophotometer (Cary Agilent).

4. Results and discussion
4.1. Crystalline phase

Powder XRD patterns of the as-prepared pure CAO, N/rGO and
CA-N/GO(1–4) materials were recorded in the 2-theta range of
20°–80° (Fig. 2). In the case of pure CAO, intense diffraction
peaks were appeared around 31.25°, 36.85°, 44.74°, 55.7°,
59.37° and 65.30° that were indexed to (220), (311), (400), (422),
(511) and (440) reecting planes, respectively. All these reec-
tions were in good agreement with JCPDS: 01-078-1605 of the
cubic spinel CuAl2O4 phase and with previously reported
results.35 No secondary phase was observed for CAO in the XRD
patterns, which indicated that pure cubic CuAl2O4 was formed
without the formation of any other secondary phase. In the case
of bare N/rGO, two diffraction peaks appeared at 26.1° and
43.21°, corresponding to the (002) and (101) crystallographic
planes, respectively.36,37

In all the composites, the peak intensity relevant to CAO
decreased while that of N/rGO increased. This observation can
be ascribed to a decrease in the wt% ratio of CAO in the
nanostructure. The average crystallite size of pure CAO deter-
mined using the Debye–Scherrer relation38 was 57.32 nm.
hybrids.

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

Fig. 3 shows the SEM images of pure CAO, N/rGO and CA-N/
GO(1–4) heterojunctions. Results revealed that pure CAO
possessed spherical nanocrystallite morphology with an average
crystallite size of 61.3 nm, which is almost consistent with the
XRD results. In contrast, N-rGO displayed a folding morphology
with wrinkled and interconnected two-dimensional graphene
sheets. The N/rGO sheets were narrowly packed and agglomer-
ated owing to a decrease in the functional groups in GO.
Moreover, these aggregations were reduced signicantly in
composite catalysts, possibly owing to the interaction of N-rGO
with CAO, making nanohybrid catalysts favorable for strong
adsorption of dye molecules on the catalyst surface.28
4.3. FTIR spectra

The presence of surface functional groups in the synthesized
nanomaterials was studied using FTIR spectra measured in the
400–4000 cm−1 range. Fig. 4 shows FTIR spectra of the
synthesized pure CAO, N/rGO and CA-N/GO(1–4) nanohybrids
recorded at room temperature. For all the materials, broader
bands appeared near 3460 and 1632 cm−1. These modes can be
ascribed to the –OH stretching and bending vibrational modes
of the absorbed H2O molecules present on the surface of
materials.39 In the case of pure CAO, three distinctive bands
were observed at 590, 712 and 804 cm−1 that might be associ-
ated with stretching vibrations of Cu–O, Al–O, and Cu–O–Al
bonds, respectively in pure CAO.40,41 In the FTIR spectra of N/
rGO, a broad peak was observed in the range of 3020 to
3710 cm−1. This band might be ascribed to the presence of
hydroxyl groups of the adsorbed water molecules on its
surface.42,43 However, the other low intensity peaks appeared at
1223, 1414 and 1717 cm−1 were ascribed to epoxide (C–O–C),
carboxyl (COOH) and ketonic (C]O) groups, respectively.44,45

Furthermore, the peak appeared at 1037 cm−1 could be
Fig. 4 FTIR spectra of pure CAO, N/rGO and CA-N/GO(1–4) nano-
hybrids, showing characteristic stretching and bending vibrations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
attributed to C–O stretching vibrations.46 Moreover, the N–C-
related peaks in N/rGO were observed at 1608 and 1263 cm−1,
which were in good agreement with earlier reports.47
4.4. Magnetic property analysis

Fig. 5 shows the M–H loops of pure CAO, N/rGO and CA-N/
GO(1–4) nanocomposites measured at 300 K. All the materials
showed narrow hysteresis loops, which indicated their so
ferromagnetic nature with low saturation magnetization (Ms)
values. Pure CAO demonstrated the highest value of Ms, i.e.,
0.027 emu g−1, which was possibly due to the magnetic nature
of Cu2+ ions in CuAl2O4.

In the N/rGO sample, a saturation magnetization of 0.0048
emu g−1 was observed. Although pure rGO does not show any
magnetization according to previous studies, paramagnetic
behavior is observed upon N doping in rGO (Table 1). This
aspect can be associated to free electrons on the nitrogen atom
that lead to its net magnetic moment and coercivity. For
composite materials, a decreasing trend in magnetization was
noticed from 0.023–0.015 emu g−1. Such behavior might be
attributed to the high electrical conductivity of N/rGO compared
with CAO, which drops the Ms values of nanohybrids. Although
CA-N/GO4 possesses the lowest Ms value, i.e., 0.015 emu g−1, it
is still signicant to be employed in magnetic applications.48

Results reveal that the CA/NGO4 nanohybrid can be separated
Fig. 5 M–H loops of bare CAO, N/rGO and CA-N/GO(1–4)
nanohybrids.

Table 1 Magnetic parameters of bare CAO, N/rG, CA-N/rGO and
composite materials

Composition Ms (emu g−1) Mr (emu g−1) Hc

CAO 0.027 0.0071 286
CA/NGO1 0.023 0.0051 327
CA/NGO2 0.020 0.0049 364
CA/NGO3 0.018 0.0046 432
CA/NGO4 0.015 0.0044 527
N/rGO 0.005 0.0016 641

RSC Adv., 2025, 15, 24223–24235 | 24227
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Fig. 6 PL emission spectra of pure CAO, N/rGO and CA-N/rGO nanohybrids recorded at 300 K.
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easily from the reacting mixture owing to its signicant
magnetic moment; hence, it may nd potential utilization in
industrial wastewater treatment.

4.5. PL spectra

To study the recombination phenomena of the photo-induced
charge carriers in pure CAO, N/rGO and heterojunction mate-
rials, the PL emission spectra were studied in the 300–700 nm
range. The band gap and the relative energy positions of sub-
band gap defect states can be determined from these spectra for
materials intended for photocatalytic applications.49 The
recombination rate of photo-induced charge carriers was
determined from the relative PL peak intensity, while their
transferring rate was calculated from the PL peak height.50 Fig. 6
depicts the PL spectra of the fabricated pure CAO, N/rGO and
CA-N/GO nanocomposites recorded at 300 K. The
Fig. 7 (a) UV-visible absorption spectra and (b) Tauc's plot of CuAl2O4,

24228 | RSC Adv., 2025, 15, 24223–24235
photocatalysts showed a strong PL emission at 442 and 579 nm,
indicating a rapid recombination rate of the photogenerated
electrons and holes.51 Pure CAO exhibited the highest PL
intensity, followed by the CA/NGO1 composite; this intensity
declined further and was at a minimum level for CA/NGO4,
which possessed the highest N/rGO content in the hetero-
junction. This declining trend in PL intensity with increasing N/
rGO levels in the nanohybrids could be explained on the basis of
the introduction of new energy sub-levels within the semi-
conductor heterostructure that changed the transition states for
the photo charges, thus inhibiting the recombination rate.6

4.6. UV-visible spectra

To recognize the light absorption behavior and the energy band
structure of the as-prepared NPs, the UV-visible absorption
spectra were obtained in the 200–800 nm absorption range
N/rGO and CA-N/GO(1–4) nanohybrids.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 7a). The curve shows that pure CAO has an absorption edge
at about 320 nm, which indicates its activity in the UV region.
The curves indicate that the absorption ability of CA-N/GO(1–4)
nanohybrids was red shied from 417 to 445 nm in the visible
region when N/rGO was incorporated into CAO compared with
pure CAO and N/rGO. This shi of the absorption edge can be
associated with a mixing phenomenon of energy band gaps and
due to the interaction between two semiconductors at the het-
erojunction interface that introduces defect levels in it.52 This
enhanced light absorption ability may accelerate the induction
of electron–hole pairs on the composite surface which may
boost its photocatalytic ability. The direct band gap energy (Eg)
for the absorption spectra of CAO, N/rGO and CA-N/GO(1–4)
heterostructures was estimated from Tauc plot (eqn (2)).53

(ahn)2 = k(hn − Eg)
n (2)

where hn is the incident photon energy in eV, while a is the
absorption coefficient, Eg is the band gap energy, k is the
material constant and n (=2) is a constant showing direct
electronic transition. The optical band gap for pure CAO and N/
rGO was calculated as 2.62 eV and 2.58 eV, respectively while for
composite materials it was tuned from 2.52 to 2.28 eV (Fig. 7b).
The reason for this signicant drop in band gap can be asso-
ciated to an improvement in the light absorption ability of the
composite material. The tuned bandgap along with a sharp
decline in the PL intensity synergistically improved the photo-
catalytic behavior of CA-N/GO(1–4) composites towards the
removal of industrial dyes from polluted water.
Fig. 8 (a–c) UV-visible absorption curves and (d) comparative rate of re

© 2025 The Author(s). Published by the Royal Society of Chemistry
4.7. Comparison of the photocatalytic activity

Photocatalytic activity of CA/NGO4 composite for the removal of
CV dye was compared with bare CAO and N/rGO under visible-
light irradiation for a 15 min time interval (Fig. 8a–c). The
removal of CV dye was carried out in the presence of the above-
mentioned catalysts following a 90 min exposure to visible-light
irradiation.

It can be observed from the experimental results that CAO,
N/rGO and CA-N/GO4 showed 48.4%, 57.1% and 82.6% removal
of dye, respectively, under the same irradiation time (Fig. 9a).
The enhanced catalytic efficiency of CA-N/GO4 heterostructure
could be attributed to its strong light absorption, which helped
in the trapping of (e−/h+) pairs to inhibit the recombination
process. Inferior photo removal capability of CV over pure CAO
and rGO could be attributed to its fast recombination of charge
carriers created on their surface, resulting in a lower catalytic
efficiency. Alternatively, CA-N/GO4 composites exhibited
a robust catalytic performance, which can be ascribed to their
strong light absorption property and ability to maintain stable
e−–h+ pair separation for a longer period in the CA-N/GO4
heterostructure.

4.7.1. Kinetic study. To study the kinetics of MB removal
over different catalysts, the Langmuir–Hinshelwood equation
(eqn (3) and (4))54 was applied:

Ct = Coe
−kt (3)

−lnCt/Co = kappt (4)
moval of CV dye over pure CAO, N/rGO and CA/rGO4 catalysts.
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Fig. 9 (a) Percentage dye removal and (b) −ln At/A0 versus time for CAO, N/rGO and CA/GO4 for the removal of CV dye under solar irradiation.
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where Co and Ct denote the concentration of dye at zero and
specic times of irradiation, respectively, while kapp and t are
the apparent rate constant and irradiation time ‘t’, respectively.
A straight line was obtained upon plotting −ln At/A0 as the
abscissa and irradiation time ‘t’ as the ordinate. Linear tting of
all the plots showed that photo removal of CV follows the
kinetics of pseudo-rst-order over all three photocatalysts used
in this work.55 The kapp calculated for these catalysts was 0.019,
0.022 and 0.032 min−1, respectively (Fig. 9b), where the high
kapp value for the CA/NGO4 composite resulted in the fastest
removal of dye over its surface, thus showing its superior photo-
activity than the other two pure materials.

4.7.2. Inuence of reaction parameters on the removal of dye
4.7.2.1 Catalyst loading. The effect of CA-N/GO4 catalyst

dosage in the 10–40 mg L−1 range at pH 8 on photodegradation
Fig. 10 (a) Effect of catalyst dose and (b) dye concentration on the remov

24230 | RSC Adv., 2025, 15, 24223–24235
of the dye was analyzed under constant irradiation exposure
time. The % dye removal efficiency increased from 82.6% to
87.3% up to 30 mg L−1 of the catalyst dose, but it dropped to
84.1% at 40 mg L−1 loading of the catalyst (Fig. 10a). This
observed trend could be explained on the basis of the avail-
ability of active centers on the catalyst surface for the adsorption
of dye molecules, which increases with increasing catalyst
amount in the reaction mixture.56 Furthermore, the decrease in
the removal efficiency beyond 30 mg L−1 can be attributed to
several factors, including the agglomeration of catalyst parti-
cles, suspension formation in the reaction mixture and
a decrease in the irradiation penetration in aqueous medium.57

4.7.2.2 Effect of dye concentration. Another operational
parameter which affects the removal efficiency of catalyst in
aqueous medium is the concentration of dye. In this regard, the
al of CV dye over CA-N/GO4 photocatalyst under solar light irradiation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photocatalytic efficiency comparison of CuAl2O4-N/rGO
photocatalyst with some previously reported materials for the removal
of CV dye under visible irradiation

Photocatalyst
Light
source

Time
(min)

%
removal Reference

Co3O4 NPs UV 45 64 62
FB-HAp Solar 75 77 63
ZnO/NiFe2O4 Solar 140 80 64
BaFe12O19 Visible 90 91 65
ZnO/CNA UV 120 92 66
ZnO UV 120 96 67
ZnO-ower UV 80 96 68
MnO2 Visible 90 97 69
TiO2/ZnO UV 120 98 70
CuAl2O4-N/rGO Visible 90 99 Present work
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effect of the initial concentration of CV dye on its removal was
studied in the 10–40 mg L−1 range at a constant catalyst dose of
30 mg L−1. The obtained results are illustrated in Fig. 10b,
which demonstrated that upon increasing the conc. of dye, the
removal efficiency decreased from 87.3 to 68.4 (%). This decline
in the degradation of dye could be related to the restriction in
the diffusion of light in the aqueous medium of dye and an
increase in the electrostatic repulsive force between dye and the
photocatalyst surface.58

4.7.2.3 Effect of pH. Investigating the effect of pH on the rate
of degradation of dyes is crucial as variation in pH signicantly
inuences the adsorption of dye particulates on the photo-
catalyst surface. Therefore, understanding how the pH impacts
this phenomenon is critical to optimize the degradation efficacy
for effective wastewater treatment. The initial pH is one of the
effective parameters in photocatalytic processes because the
activity of the photocatalytic process is inuenced by the surface
charge of the material, molecular charge of the pollutant,
adsorption of organic pollutants on the surface of the photo-
catalyst and the number of hydroxyl radicals in the aqueous
solution.59 Therefore, we studied the removal process of CV dye
between pH 4–10, and the obtained results are shown in
Fig. 11a. Maximum removal efficiency of CV dye over CA-N/GO4
catalyst was observed at pH ∼10; however, above and below this
pH value, the observed degradation of CV was low. This obser-
vation could be explained on the basis of zero-point charge
(pHzpc) on the surface of the catalyst. For CA-N/GO4 material,
the pHzpc was determined as 7.39, showing its surface at pH <
pHzpc and pH > pHzpc has +ve and −ve charges, probably owing
to the adsorption of protons and hydroxide ions, respectively
(Fig. 11b). At pH < pHzpc, both the catalyst surface and CV dye
Fig. 11 (a) Effect of pH on % removal of CV dye over CA-N/GO4 photoc

© 2025 The Author(s). Published by the Royal Society of Chemistry
possessed positive charges, which induced an electrostatic
repulsion that prevented the dye particles from arriving at the
catalyst surface, thereby resulting in a lowering of its activity.60

However, at pH > pHzpc, CA-N/GO4 acquired a −ve charge on its
surface, while owing to the +ve charge on CV dye, electrostatic
attraction between the photocatalyst and dye increased, which
ultimately increased the adsorption, and hence, the removal of
dye from the reacting mixture. The as-observed results for the
degradation of CV dye in basic medium were in good agreement
with earlier reports.61 By optimizing the reaction conditions, our
synthesized CA-N/GO4 photocatalyst exhibited a much better
activity (∼99% mineralization of CV dye) under a shorter irra-
diation exposure time than previously used photocatalysts by
various researchers (Table 2).
atalyst under solar irradiation and (b) zero-point charge of CA-N/GO4.

RSC Adv., 2025, 15, 24223–24235 | 24231
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4.7.3. Photocatalysis mechanism. To recognize the
possible mechanism of removal of CV dye over CA-N/GO4
photocatalyst, active species capturing experiments were con-
ducted by knowing the charge-transfer mechanism and identi-
cation of primary radicals responsible for the removal of CV
dye. In the trapping experiment, 2-propanol, EDTA and AgNO3

were applied as scavengers of cOH, h+ and e−, respectively. In
the absence of any trapping species, the percentage removal of
dye was 82.6%, whereas in the presence of the afore-mentioned
agents, the % removal dropped to 31.1%, 56.5% and 45.2% with
rate constants of 0.00409, 0.00871 and 0.00591 min−1, respec-
tively, as shown in Fig. 12a and b. The results showed that cOH
was the most active species in the removal of dye, while e− also
played a signicant role in the degradation of dye.71,72

Based on the above outcomes, a probable pathway for the
photodegradation of dye under solar irradiation was suggested.
When a semiconducting material absorbs energy $ Eg, the
valence band electrons get excited to the conduction band,
creating a hole there, and thus, generating an electron–hole pair
on its surface, which promotes the redox process to degrade the
dye absorbed on its surface.6 It is recognized that the PCA of
a semiconductor-driven photocatalyst is primarily dependent
on the creation, separation and transference of photo induced
electron–hole pairs. In this work, the p–n type CA-N/rGO
nanocomposites played key roles in enabling the separation
of these charge carriers. To completely identify the construction
of this heterojunction, the valence and conduction band posi-
tions of N/rGO and CAO were calculated using empirical rela-
tions shown in eqn (5) and (6):73

EVB = c − Ee + 0.5Eg (5)

ECB = EVB − Eg (6)

where EVB and ECB are the valence and conduction band
potentials, respectively, Ee is the energy of free electrons on the
hydrogen scale (∼4.5 eV), while c is the absolute
Fig. 12 At/A0 curves (a) and (b) rate constant of scavengers for the remo

24232 | RSC Adv., 2025, 15, 24223–24235
electronegativity (geometric mean of the absolute electronega-
tivity of the constituent atoms) of the semiconductor and is
dened as the arithmetic mean of electron affinity and rst
ionization potential.74 From the c values of pure CAO and N/
rGO, their valence band potentials were calculated as 1.5 and
2.65 V vs. NHE, respectively.

Enhanced photocatalytic activity of the CA-N/GO4 nano-
hybrid was associated with its band structure. In the hetero-
junction structure, the direction of electron ow depends on
corresponding band-edge positions. Hence, a probable mech-
anism for the better electron transport in the heterojunction
photocatalyst was postulated. As the CB level of N/rGO is less
than CAO, the electrons in CB of CAO are possibly shied to that
of N/rGO under solar irradiation. As the VB level of N/rGO is
lower than that of CAO, holes (h+) in its VB was shied towards
the VB of CAO (Fig. 13).

Ultimately, the separation and migration of photo-induced
charge carriers can be facilitated by the internal eld where
a lower barrier starts to exist. In this way, the probability of
recombination of the electron–hole can be reduced to a great
extent as a large number of active electrons and holes on the N/
rGO and CAO surface in the CA-N/GO4 heterostructure can
participate in photo-driven redox reaction of dye.6,28 The above
outcomes can be correlated with the PL results, where separation
and rejoining of photo-induced charges are directly dependent
on PL peak intensity. For composite materials, the PL signal
becomes signicantly weaker aer formation of the hetero-
structure with N/rGO; this determines the remarkable restriction
of the recombination of charge carriers. Active electrons on CB of
N/rGO can be trapped by molecular O2 adsorbed on its surface to
form superoxide radical anion i.e., O2c

−, which is ultimately
converted into hydroxyl OHc radicals through several reactions.
These radicals can directly remove dye from the reacting mixture
under irradiation. Besides, reactive holes on the VB of CAO may
oxidize the organic dye owing to its strong oxidizing power, as
shown below in the chemical reactions below.
val of CV dye over CA-N/GO4 catalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Schematic of the probable pathway for photocatalytic removal of CV dye over CA-N/GO4 catalyst under solar irradiation.
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CA-N/GO4 + irradiation / (e−)(CB) + (h+)(VB)

e− + O2 / O2c
−

h+ + H2O/OH− / cOH

O2c
− + H2O / cOOH + OH− / H2O2

H2O2 + O2c
− / cOH + OH

CV dye + cOH + O2c
− / H2O + CO2 + inorganic ions

4.7.4. Reusability and structural stability. Reusability and
structural stability of CA-N/GO4 photocatalyst for practical
Fig. 14 Ct/Co versus time curves for the removal of CV dye over CA-N/
GO4 for various cycles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
applications were evaluated for four consecutive cyclic runs
under a constant exposure time. Used CA-N/GO4 NPs were
recollected from aqueous medium through an applied
magnetic eld and were dried at 70 °C. Results showed that the
% removal of dye for the 2nd, 3rd and 4th cycle dropped to 96.5,
91.7, and 89.3 (%), respectively (Fig. 14). This loss in removal
efficiency could be attributed to a reduction in the active surface
area, which was due to a loss in mass at the end of each run.75

These outcomes indicated that CA-N/GO4 nanocomposites
exhibited good recoverability with fair stability, nding its
practical implication in efficient removal of dye from industrial
effluents.
5. Conclusions

This study investigated the effect of N/rGO on the photocatalytic
activity of CA-N/rGO nanohybrids for the photocatalytic removal
of crystal violet dye under visible light. Diffraction patterns
showed the characteristic peaks of cubic spinal CuAl2O4 and N/
rGO in CA-N/GO4 heterojunction. Furthermore, the corre-
sponding metal–oxygen functional groups in CAO were retained
in all the composites, as evidenced by the FTIR spectra. The
presence of N/rGO in the heterojunction resulted in an increase
in the visible light absorption and it narrowed the bandgap that
led to an enhanced photocatalytic efficiency. Specically, the
bandgap was tuned from 2.52 eV to 2.28 eV with an increase in
the N/rGO content. PL measurements revealed that CA-N/GO4
material exhibited the lowest emission intensity compared
with pure CAO, suggesting its lower recombination rate of
photo-induced electron–hole pairs on the interface. The CA-N/
GO4 nanohybrid revealed superior degradation efficiency by
showing 82.6% removal of dye, while the pure CuAl2O4 and N/
rGO only showed 48.4% and 57.1% degradation of the dye,
respectively. Moreover, the rate of photodegradation of the dye
improved from 0.019 min−1 (CAO) and 0.022 min−1 (N/rGO) to
0.032 min−1 for CA-N/GO4 at pH 7 using 10 mg L−1 of dye. Upon
RSC Adv., 2025, 15, 24223–24235 | 24233
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incorporation of N/rGO into CA-N/GO4, saturation magnetiza-
tion signicantly decreased from 0.027 to 0.015 emu g−1, which
was still enough to recover it from the reaction mixture at the
end of the process. The catalytic activity of CA-N/GO4 was still
preserved with a minor decline of 9.4% even aer four succes-
sive cyclic runs for CV dye removal. Scavenging results showed
that cOH and e− were the main active species in the removal of
dye over the CA-N/GO4 heterojunction. Thus, the novel CA-N/
GO4 nanohybrid with the synergistic effects of superior cata-
lytic activity and robust magnetic reparability has potential
applicability in the removal of dyes from discharged water of
dying units under visible irradiation.
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