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Abstract

The most widely used pesticide in agricultural regions across the entire globe is chlorpyrifos (CPF).In the present
research, g-CsN4/Fe3s04/CuWO04/CuO heterojunction has been created through a series of straightforward technologies
and used for photocatalytic degradation of chlorpyrifos .The produced g-C3N4+/FesOs/CuWO4+/CuO nanocomposites'
optical and magnetic features, structure, and morphologies have been investigated using XRD, FTIR, elemental
mapping, EDS, SEM, TEM, VSM, DRS, PL, and BET methodologies. With rate constants of 0.00507 and 0.00696
min‘l, correspondingly, the photocatalyst enabled the photocatalytic degradation of chlorpyrifos, g-C3N4, and CuWO4,
which achieved maximal efficiencies of 50% and 69% in visible light. However, under visible light, g-
C3N4/Fe304/CuWO4/CuO exhibited a maximum performance of 93% with rate constants of 0.0159 min-!l. In order to
remove chlorpyrifos from aqueous solution, this work created a unique type of g-CsN4/Fes04/CuWO4/CuO
nanocomposite utilizing a multistage procedure using a photocatalytic technique employing novel catalysts. Being
exposed to visible light, the as-fabricated g-CsN4/Fes04/CuWO04/CuO substantially enhanced the photocatalytic activity
for the successful elimination of pesticide, boosting its potential for use in ecologically friendly water purification
systems.
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1. Introduction are nevertheless employed in the Kkitchen,
washroom, and agricultural fields [3]. The
quantity, duration, and frequency of exposure to
chlorpyrifos influence its effects on human
wellness [4]. Any aquatic creature is still at risk
from the acute poisoning of chlorpyrifos [5]. As a
direct result, outflow from urban streams and
agricultural land has huge amounts of CPF [6].
Numerous approaches to eliminate chlorpyrifos
from the environment are being considered
because of the pesticide's multiple negative
* Corresponding Authors. impacts on humans and ecological systems [7].
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The organophosphorus pesticides have been
identified by their excellent water solubility and
their ability to contaminate groundwater by
permeating deeply into the soil [1]. One popular
organophosphate insecticide in agriculture is
chlorpyrifos, an irreversible cholinesterase
inhibitory [2]. However, being forbidden for usage
at home, the majority of chlorpyrifos substances
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harmful substances from aqueous solutions are
two areas of major interest due to the constantly
increasing uses of nanomaterial developments
[8].In response to environmental degradation and
shortages of energy 1in recent decades,
photocatalytic technique has attracted a lot of
attention as well as application [9]. To cure
different impurities, a number of conventional
approaches are utilized. Filtration, oxidation by
chemicals, membrane filtering, crystallization,
sedimentation, and other processes supply the
foundation of these basic methods. These
techniques have limitations since they are costlier
and have lesser removal efficiency [10,11]. One of
the AOPs is the photocatalysis process, which is
regarded as an exciting technology among many
water treatment techniques due to its high
efficacy, cost-effectiveness and environmental
friendliness, and recycling ability [12].
Heterogeneous photocatalysis has emerged
as a successful approach among advanced
oxidation procedures (AOPs) for the purification of
various constituents from wastewater [13,14,15].
Highly reactive substances, primarily hydroxyl
radicals (OH), are created in situ during these
procedures, permitting the highly refractory
compounds to oxidize non-selectively to generate
carbon dioxide, water, and additional inorganic
ions [16,17]. Low bandgap semiconductors which
includes Cu20, BiaSs, BiVOs4, Fes0s4, WOs3, and
CuWO4 have been put forward by a number of
scientists [18]. CuWOy is an n-type semiconductor
within metal tungstates featuring an adequate
bandgap of 2.2-2.4 eV and moderate toxicity that
is wutilized to offer enhanced photocatalytic
capacity [19,20]. Due to its excellent visible light-
driven photocatalyst for the elimination of
chemical contaminants, copper tungstate
(CuWO,) has been extensively studied [21]. Due to
its potential optical, electricity, and magnetic
attributes, FesO4 has recently drawn the interest
of several researchers. It can be coupled to other
photocatalyst substances in a core-shell structure
to develop a recoverable photocatalyst [22]. FesO4
(n-type, bandgap = 1.1-1.8 e€V) has attracted a lot
fascination in g-CsN4 alteration to enhance its
optical, electrical, and photoelectrochemical
features [23]. Because g-C3Ni is a special 2D
layered nonmetallic material, it has excellent
thermal stability, an easy fabrication procedure,
and an energy band structure that makes it ideal
for the photocatalytic degradation of water [24].In
addition to their remarkable stability chemically,
appropriate energetic band structure, and
superior absorption of light, g-CsN4 has gained
extensive usage in photocatalytic technology [25].
With a tunable power bandgap of roughly 2.7 eV,
it is likewise cheap, harmless, defect-free, and
adaptable to a wide range of pH circumstances,
resulting in an excellent photocatalyst [26]. It has
been the subject of multiple studies as the most

fascinating visible-light-activated photocatalyst
[27]. Nevertheless, pure g-CsN4's catalytic
capability is inadequate for real-world use.It has
been reported that doping with metal or non-
metal ilons or producing nanocomposites may
improve g-CsN4's catalytic efficiency [28]. Between
1.2 and 2.1 eV, copper oxide (CuQO) nanoparticles
exhibit the highest and most indirect band gap
among each of the metal and metal oxide
nanoparticles [29]. CuO, a p-type small band gap
(1.2 eV) semiconductor with perfect
electrochemical and optical characteristics, cheap
cost, and non-toxicity, is a standard instance that
has been deeply studied [30]. When illuminated by
visible light, CuO nanoparticles' remarkable
photocatalytic features — such as their large
surface area and sufficient bandgap energy —
allow them to produce reactive oxygen species
[31]. CuO nanoparticles can take on a range of
morphological forms, such as ellipsoids,
nanowires, nanoflowers, nanoplates, and
nanoboats, which may dramatically impact the
way they decompose organic contaminants in
solution [32]. Due to its extensive use in
agriculture, the pesticide chlorpyrifos was chosen
as a pollutant because the discharged water runs
off into surface water and contaminated
groundwater, which is directly used for drinking
in the neighboring towns in study region. With the
goal to generate a novel Z-scheme form g-
C3N4/Fes04/CuWO4/CuO that enhances visible-
light photocatalytic degradation of Chlorpyrifos
from a solution of water, we adopted CuO p- type
nanoparticles’ and CuWO4 n-type forms and
precipitated it on g-CsN4/FesOs4 nanocomposite.
Nevertheless, neither the manufacturing process
of the quaternary nanocomposite material
g-C3N4/Fes04/CuWO4/CuO nor its photocatalytic
degradation of chlorpyrifos are known. thereby,
the current study shows the way the quaternary
nanocomposite  material works in  the
photocatalytic elimination of chlorpyrifos.

2. Materials and Method
2.1 Chemicals and Reagents

Ferric chloride hexahydrate (FeCls.6H20,
97%), ferric chloride tetrahydrate (FeCl2.4H20,
99%), tungstate of sodium  dehydrated
(NasW04.2H20, 98.0%), melamine (CsHeNe,
99.0%), ethanol, which is (C:HsOH, 100%),
Copper-nitrate-trihydrate (Cu(NOs3)2.3H20,
98.0%), 1iso-propyl alcohol ((CHs)2CHOH),
ethylenediaminetetraacetic acid disodium salt
dehydrate (EDTA-2Na, Ci10H14N2Na20s.2H20,
99.0%), p-benzoquinone (BQ, CsH4(=0)2, 99.0%),
isopropanol (IPA, (CH3)2:CHOH, 99.5%), sodium
hydroxide (NaOH, 99.88%), and hydrochloric acid
(HCl), chlorpyrifos (CoH11CIsNOsPS, purity
99.8%). All of these substances were bought
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through Thomas Baker in India without any
further purification. Figure 1 show chemical
structure of Chlorpyrifos, while Table 1 provides
an outline of the physiochemical properties of the
organic pollutant Chlorpyrifos (CPF) [33].

2.2 Fabrication of the Photocatalysts

The photocatalysts were manufactured in

accordance with our earlier work [34]. 4 g of

melamine was heated at 550 °C for 4 hours in a
muffle oven using ambient pressure in order to
produce bulk g-CsN4. The yellow compound being
produced by the reaction was subsequently
gathered for use later on [35]. g-CsN4/FesOq4
(CNF) compounds have been produced by
distributing 2 g of g-C3Nsin 200 mL of a blended
solution including one ethanol and two water

molecules, then undergoing two hours of

ultrasound treatment. The previous solution was

then heated to 60 °C and supplied with 0.22 g of

FeClo4H20 and 0.46 g of FeCls6H20. The
reaction mixture was subsequently diluted with
10 mL of water containing ammonia for 30
minutes at 80 °C, permitted to cool naturally, and
then cleaned four times with deionized water to
sterilize 1t. In accordance with [36], the

nanocomposites have been dried at 65 °C. The
hydrothermal approach was used to generate the
g-C3N4/Fe304/CuWOs (CNFC) nanocomposite
(Figure 2). First, 150 mL of water was employed
to thoroughly disperse 0.35 g of the g-CsN4/FesO4
nanocomposite utilizing the ultrasonic method for
a period of five minutes. Next, the g-CsN4/FesO4
suspension was mixed with 0.096 g of copper
nitrate Cu(NOs3)2.3H20 and left for 60 minutes.
The beaker was next filled with 20 mL of an
aqueous solution which included 0.158 g of sodium
tungstate Na2WO04.2H20, and it was stirred
periodically for 60 minutes. Aqueous sodium
hydroxide (5 M) was progressively added to the
suspension while stirring until the pH reached 8.3
and refluxed. The resulting substance was then
moved to a 100 mL Teflon-lined autoclave and
heated for two hours at 96 °C. The photocatalyst
was then taken out, sanitized and calcined for
three hours at 450 °C. The same technique was
used for creating purely CuWO4 without adding g-
CsN4/ FesOs nanocomposite [37]. The co-
precipitation technique for generating
g-C3sN4/Fe304/CuWO4/CuO was shown in Figure 2.

Table 1. Physiochemical characteristics of
Chlorpyrifos [33].

cl cl Name Chlorpyrifos
X Empirical formula CoH1:1C1sNOsPS
S Molecular weight (g/mol) 350.6
H OCzHs Water solubility (mg/L) at 25°C 2.0
cl N/ 0—p / Vapor pressure (mm Hg at 25°C) 2.7
P Octanol water coeff. (Kow) 4.7-5.3
OC,Hg Melting point 41-43.5°C
) . ) Density (g/cm3) 1.398
Figure 1. Chemical structure of Chlorpyrifos [33]. Toxicity class I
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Figure 2. A schematic representation of a CNFCC process of manufacture.

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (3), 2026, 620

Two grams of g-CsNy/FesO04/CuWOs are
ultrasonically treated for five minutes to create
solution A. After that, create solution B by adding
0.2 gram of Cu(NOs3)2.3H20 to 250 mL of deionized
water and waiting until the pH value reaches 5.
The mixture is stirred for three hours at 90
degrees Celsius after solution B and solution A
have been combined. Finally, a quaternary
g-C3N4y/Fes04/CuWO4/CuO (CNFCC)
heterojunction is generated by heating the final
item for three hours at 500 °C. The
g-C3N4/FesO4/CuWOs nanocomposite was not
added when preparing solely CuO utilizing the
same approach [38].

2.3. Catalyst characterization

The synthesized nanomaterial has been
characterized via a several methods, which
include energy-dispersive X-ray spectroscopy
(EDX) Ultrabb, ZEISS), scanning electron
microscopy ((SEM) Ultrab5, ZEISS), transmission
electron microscopy (TEM) JEMZ2100F, JEOL,
UV-vis diffuse reflection spectra (DRS) analysis
on a SHIMADZU UV-2600 spectroscopy
instrument (Germany), and X-ray diffraction
(XRD, Bruker, D8, Cu-Ka radiation). Nicolet 5DX-
FTIR spectra, Fourier transformation infrared
spectrum (FTIR), and vibrating sample
magnetization by (VSM-EZ7-Microsence, Japan).
Nitrogen adsorption at 77 K was used to calculate
the Brunauer-Emmett-Teller (BET) particular

i

Figure 3. Setup of the batch photo reactor utilized
for the photocatalytic process.

surface areas using a Micromeritics Gemini-2390
surface area analyser. The same device is used to
calculate the average volume of pores (cm3/g), the
average pore diameter in nm, and the pore size
distribution using the Barrett Joyner - Haldena
(BJH) technique. analysis of photoluminescence
(PL) via a Japanese Hitachi F-7000 spectrometry.

2.4. Photocatalytic Degradation Measurements

The chemical chlorpyrifos as a selected
contaminant, the photocatalytic effectiveness of
g-CsN4/Fes04/CuW0O4/CuO nanocomposites was
evaluated when subjected to visible light. Four
50W LEDs were employed in a Dbatch
photoreactor for the standard studies (Figure 3)
The LED lamps used in this experiment have a
visible light wavelength range, which is normally
between 400 and 800 nm. A set quantity of
photocatalyst (1.5 g) was added to 1000 mL of
CPF (10 mg/L) insecticide mixture for each run
while being stirred using a mixer. To establish
the adsorption equilibrium, the suspension was
agitated for 30 minutes in darkness before
getting exposed to visible light. Three milliliters
of sample were gathered at 15-minute intervals
for assessing photocatalytic activity, and a
Shimadzu UV-2700 UV-Vis spectrophotometer
was applied to identify each CPF's concentration
at 290 nm of wavelength. In the presence of light,
the control experiment was carried out without
the wuse of a catalyst. The efficiency of
photocatalytic degradation was obtained using
the initial concentration of CPF (Co) and its
concentration throughout different irradiation
times (Ct). The removal effectiveness (%) of CPF
was measured using Equation (1) [39].

__ (Co—Ct)
Co

Removal Ef ficiency (%) x 100% 1)

3. Results and Discussion
3.1. The Chemical Structure

In accordance with Figure 4A, the detected
XRD pattern for CN is highly indexed with
JCPDS No. 87-1526. Due to the wunique
interplanar stacking of the conjugated aromatic
structure, the highest intensity peak 27.675 ¢ is
indexed as the (002) plane, while the largest peak
at low intensity peak (20) 13.825 ° matches the
(001) diffraction plane [40]. Three higher
intensity peaks of 23.825 ¢, 30.475 ¢, and 36.425 ©
for quaternary g-C3N4/Fe304/CuW0O4/CuO
nanocomposites demonstrate that the original
crystal structure of g-CsN4 remains unchanged
following the addition of Fe304 ,Cu0O and CuWO4
nanoparticles to the outer layer of CN [41,34].
The XRD patterns show varying degrees of
crystallinity. The CN sample shows a huge,
amorphous-like peak around 20 = 27° (black
line), indicating a poor degree of long-range

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (3), 2026, 621

ordering. When (CNFCC) sample differ with 26 =
23.825°, 30.475°, and 36.425°, higher crystallinity
is indicated by sharper, more prominent peaks.
Higher ordering often leads to greater mechanical
strength and stability compared to amorphous
materials, but it can also reduce flexibility or
reactivity. Variations in peak brightness among
the sample suggest differences in the particle size
distribution [34].

The variation in the functional groups during
the synthetic procedure was examined using the
FT-IR spectrum as seen in Figure 4B.
Furthermore, the typical bending modes of CN
heterocycles and C-N from g-CsNs have been
attributed to the major absorbance bands at 3239
cm'! and 806 cm'l. Three quite noticeable extra
peaks can be detected in the Z-scheme g-
C3N4/Fes04/CuWO4/CuO heterojunctions' FT-IR
spectrum at 562 cm, 1648 cm'!, and 2170 cm™.
Based on these findings, g-CsN4, Fes04, CuWOy4
and CuO demonstrate a significant interaction;
[42]. The most apparent change, especially at
greater concentrations, is the expansion of the
peak at 2170 cm'!, which corresponds to C-N
vibrations caused by stretching in the g-CsNy
framework in the CNFCC heterostructure [43].
The highest point 2170 cm! close to corresponds
to the stretching vibration of the terminal nitrile
¢C=N) or cyano group, resulting from partial
degradation or alteration of the g-CsNu structure,
area in 2100-2200 cm'! composites is typically
attributed to nitrile species (— C=N), which are
created when the triazine ring or terminal (
-N=C=S) bonds as opposed to the typical stretching
of amines and amides [44].

3.2. Morphological Properties

The collected samples' shape, content, and
size of particles were investigated by SEM [45].
Figure 5A clearly demonstrates a sheet of gray g-

Intensity (a.u.)

CsNs nanocomposites, whereas Figure 5B
A CN
) CNFCC
f 1
Jopps 87-1528 | |
Panpmr® &x.* |
rJ VY WPLETL L WA i o S PP
T T T T T I T T
0 10 20 30 40 50 60 70 8 90

26 (degree)

illustrates that the pristine CuWO4 consists of
uniform  nanoparticles with a  specific
agglomeration, alongside a median particle
dimension of fewer than 100 nm [9]. It is
apparent from the SEM image shown in CuO
Figure 5C that the CuO nanoparticles were
irregularly circular crystalline particles with a
mean length ranging from 34.17-60.51 nm
[46,47]. In CNFCC, Fe30s4 ,CuWO4 and CuO
fragments are heavily deposited upon the
outermost layer of the multilayered CN sheet in
the shape of irregular flowers that appear to be
stone-like microscopic crystals to form CNFC
nanocomposites as shown in Figure 5D [48]. In
the CNFCC TEM picture, g-CsNs can be
recognized by its bright gray hue with a thin film
thicknesses. The FesOs nanoparticles are
recognized as having big, dark sphere-shaped
particles, while both CuO and CuWO4 floral
architectures appear in black in Figure 5E ,The
creation of a strong, porous, and tight CNFCC
heterojunction architecture  intended to
maximize charge separation and enhance active
sites, resulting in effective photocatalytic
degradation of chlorpyrifos, is thus confirmed by
the combined SEM/TEM results.

Figure 6(A) and (B) demonstrate clearly the
composite's amazing crystalline structure. The
EDS analysis revealed the composition of the g-
C3N4/Fe304/CuWO4/CuO hybrid consisted of Cu,
W, Co, O, Fe, N, and C elements. This
demonstrates an excellent distribution of
elements throughout the CNFCC composite,
reflecting a uniform immobilizing of nano-species
over CN sheets, and this confirmed that a perfect
heterojunction was attained among the nano
particles in CNFCC heterostructure. Figure 6 (C—
I) shows extra chemical and elemental
characterization of the created photocatalysts
through EDX and elemental mapping techniques.

The structural characteristics of the g-

C3N4/Fe304/CuWO4/CuO nanocomposite were
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Figure 4. (A) XRD layouts of g-CsN4 and CNFCC, (B) FTIR spectrum of g-C3sN4 and CNFCC.
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studied using force microscopy (AFM) (Figure 6 J
and K). The presence of unstructured sheet-like
g-C3N4 nanostructures with an average height of
less than 13.92 nm was verified by the results of
2D and 3D AFM pictures. Furthermore, the AFM
images revealed that CuWOQO4, CuO, and Fes3O4
nanoparticles were properly deposited on g-CsNy
nanosheets, enhancing the surface characteristics
of the quaternary heterojunction , These outcomes
also agreed with the results of the TEM and SEM.

BET and BEJ investigations were carried out
to assess the specific surface area (Sper), volume
of pore, and diameter of the pores for both pure
g-CsNs  and g-CsNu/FesO4/CuWO4/CuO. The
freshly prepared catalysts' nitrogen adsorption—

desorption isotherms and distributions of pore
sizes are displayed in Figure 7A and B. The
surface areas, pore volumes, and diameters of pore
for CN and CNFCC catalysts' were 8.844 m?/g,
0.1458 cm3/g, and 29.581 nm, and 25.4995 m?/g,
0.170323 cm?/g, and 51.149 nm respectively.
These bigger surface areas in CNFCC represent a
higher percentage of active sites, resulting in
improved the photocatalytic efficiency [49].

3.3. Photoelectrochemical and Optical Analytics

UV-vis DRS was applied to investigate the
photocatalysts CN, CuWO4, CuO and CNFCC's
absorption of  light

capabilities. The

Figure 5. SEM images of (A) pristine CN, (B) CuO, (C) CuWO4, (D) CNFCC, (E) TEM image of CNFCC.
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heterojunction's  generation enlarged the
photocatalyst's absorption edge, thus potentially
improving its photocatalytic effectiveness. The
bare CN nanosheet and CuWO:s tiny flakes
revealed a narrow absorption edge of less than 450
and 500 nm, accordingly [25]. Figure 8A The
phase diagram (PL) spectra of pure g-CsNy,
CuWO4, CuO, and CNF, CNFC, CNFCC
compound are presented. For CuO, the excitation
wavelength is 400 nm in wavelength. For the pure
form of g-CsN4, the main emission peak lies at
approximately 438 nm. This finding indicates that
individual systems may achieve an excellent
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recombination rate while sacrificing charge
transfer performance [49]. In addition, compared
to the pure form of g-CsNs, CNFCC exhibits
noticeably lower emission peak intensities,
suggesting a reduced rate of electron—hole
recombination. It could be explained by the firm
heterostructures that are among CNFC and CuO,
which enable the transfer of electrons as well as
holes. afterwards CuO connecting on the g-C3Ny
surface, the PL intensity strongly falls in due to of
CuO's and CuWO. effective carrier charge
separation, which minimizes the rate of
recombination of e-/h* pairs. In overall, a higher
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absorption of light by the heterogeneous
photocatalysts [15]. The bare CN nanosheet and
CuWO4 nanoflakes have been revealed to have
tight absorption limits of less than 450 and 500
nm, respectively. It also suggests that ultraviolet
light can be absorbed by the bare g-CsNi and
CuWO4 semiconductors [34]. The absorption edge
for CNFC was evidently extended to 750 nm after
CuWOs was applied to the mnanocomposite
materials. The CNFCC composite's optical
qualities were substantially improved by applying
light at the visible limits (400—800 nm).

The outcomes of UV-Vis can be visualized by
extrapolation the linear part of the plot to the hv
axes, and the estimated bandgap energy was
calculated wusing Tauc's connection equation
Equation (2). The band gap of each sample was
next verified using the Tauc plot; for CuWOy, ,
pristine CN and CuO the bandgap energy was 2.2
eV ,2.83 eV and 1.53 eV, subsequently, as
illustrated in Figures 8 C -F.

(ahv)Vn = C x (hv — Ey) 2)

where n = % and 2 for both direct and indirect
band gaps, accordingly, and hv is the incident
energy of the photon, C is the constant for
proportionality, and the band gap energy is
indicated by E; [51].

3.4. The Magnetic Properties

The CNFCC photocatalyst's magnetic
features have been demonstrated via the VSM
experiment. The hysteresis curve in Figure 9
reflects the vibrating sample magnetometer
(VSM) data. For CNFCC and CNF, the predicted
values for the saturation magnetization (Ms) were
13.041 and 14.11 emu/g, respectively. The
magnetic attraction of FesOs nanoparticles was
verified by this finding, which proved that the
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Figure 9. Magnetic properties of CNF and
CNFCC.

produced CNF nanocomposite had the highest Ms
value [52]. The existence of non-magnetic CuWOy4
and CuO nanoparticles inside the CNFCC
nanocomposite is another variable attributing to
this drop in MS measurement. The consequent
nanocomposite sustains a substantial magnetic
power despite a decline in magnetic values, thus
enabling efficient magnetic remembrance of the
nanocomposite following multiple running cycles
[49]. Low loss of energy during magnetization
processing had been demonstrated by the
hysteresis loop's configuration, which made the
nanocomposite perfect for magnetic separation
and targeting [53,54].

3.5. Adsorption and Photodegradation Activities

In order to assess the activities of
manufactured catalysts, the photodegradation of
a CPF aqueous solution (10 mg/L, pH of 5, catalyst
dose 1.5 g/l) under LED irradiance was
performed. As a result, a blank experiment
employing the CPF solution without any
photocatalyst had been carried out. No noticeable
CPF deterioration was observed during 150
minutes of irradiation without a photocatalyst.
The adsorption and photodegradation properties
of synthetic catalysts' (CN, CuWO4, CuO, CNF,
CNFC, CNFCC) towards CPF as a representative
organic pollutant undervisible light illumination
for 150 min. Without photocatalysis, CPF
demonstrated a very low rate of degradation;
following 150 minutes, no apparent degradation
was observed, indicating that CPF's natural
breakdown can be disregarded.remarkably, after
30 minutes of adsorption in darkness control, the
bare CN exhibited the lowest adsorption
performance of 12% against CPF. Based to the
BET data, pure g-CsN4's restricted adsorption
activity was explained by its lesser surface
area.Additionally, at 30 minutes, CPF's
adsorption performance for CuWO4 and CuO was
20% and 23%, respectively. Further, when
compared to bare CN, the absorption effectiveness
of the binary CNF nanocomposite and ternary
CNFC enhanced simultaneously, by 15% and 26%
for CPF.When compared to bare CN nanosheets,
binary, and ternary composites, the quaternary
CNFCC composite displayed increased adsorption
performance, eliminating 33% of the CPF in 30
minutes. This can be explained through the fact
that CuO helps strengthen the surface structure
of the CNFCC composite, which exposes more
active sites to increase photocatalytic activity. At
120 minutes of LED irridation, the proportions of
pure CN, CNF, CNFC, CuWO4 and CuO
degradation were 41%, 45%, 60%, 75%, 58%, and
53% for CPF, accordingly. These outcomes were
caused by the elevated recombination rate of bare
CuO and the lower visible light usage abilities of
immaculate CN and CuWOys. Due to the enhanced
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hetrojunction between the CN and CuWO4
semiconductors, the g2-CsN4/Fes04/CuWO4
composites demonstrated an 88% rate of
degradation for CPF at 135 minutes.nevertheless,
in contrast to the other compounds, the
quaternary g-CsN4/Fe304/CuWO4/CuO showed
the best photocatalytic effectiveness, with a
degradation rate of 93% at 150 minutes for CPF of
LED irrigation. This is due to the adsorption
activity and visible light absorption ability of the
g-C3Ny/Fes04/CuWO4/CuO were substantially
improved following the depositing of CuO, which
increased the surface area of the CNFCC
composite and active sites, as measured by the
BET analysis (Figure 10A). The degradation
constant of g-C3N4/Fe3s04/CuWO4/CuO has been
determined to be stronger than that of the
samples created from CN and CuWO4, indicating
that CNFCC's photodegradation performance has
been significantly enhanced.

At 150 minutes under LED exposure to light,
the efficiency elimination of TOC and COD of CPF
in aqueous solution were 58% and 69 %,

consequently (Figure 10 B). This indicates that an
important amount of CPF molecules that were
destroyed by strong oxides, such as "OH, Oz, and
h* radicals, were actually converted to CO2 and
H20 in presence of CNFCC nanocomposite.
Furthermore, the breakdown of organic matter
caused the formation of intermediate products,
which diminished the removal of COD and TOC
[55].

3.6. Kinetic Studies

The kinetics of the photocatalytic reaction
have been investigated utilizing the Langmuir—
Hinshelwood kinetic model [19,32]. The
representation of pseudo- first-order kinetics is
offered by Equation (3).

In CE =kt (3)

where k is the rate constant, Co is the initial
concentration, and Ct is the concentration at time
t. [66]. Table 2 demonstrates gradient of the plot -
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Figure 10. (A) Efficiency of removal for CPF using visible light for the catalysts (CN, CNF, CNFC,
CuWO,, CuO, and CNFCC) under catalyst dosage = 1.5 g/LL and ¢ = 150 min, (B) The as-fabricated
photocatalyst's first-order kinetics approaching CPF while exposed to visible light, (C) CPF's

mineralization efficacy for TOC and COD.
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In (C/Co) vs. t (min), comprised the estimated k&
values. As seen in Figure 10 C, the findings from
the experiment exhibited an excellent coefficient
of regression (R?) and matched pseudo- first-order
kinetics (Equation (3)) exactly.

3.7. Operating Conditions Effects
3.7.1. Effect of CNFCC dose

A series of tests were carried out to determine
the appropriate catalyst loading through
adjusting the quantity of the best photocatalyst in

order to prevent an excess of catalyst and ensure
complete absorption of efficient photons [57]. The
photodegradation rate of CPF was researched
using varying dosages of the g-
C3Ny/Fe304/CuWO4/CuO photocatalyst (0.5, 0.75,
1, 1.5, and 2 g/L). The experiments' data, which
are shown in Figure 11A, indicate that CPF

photodegradation performances increased
progressively as the dosage of g-
CsN4/Fes04/CuWO4/CuO rose up to 2 g/L.

According to [58,59], raising the catalyst mass
suggests to increase the number of hydroxyl
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Figure 11. Operational conditions' impacts on CNFCC photodegradation toward CPF: (A) Effect of
CNFCC dosage; (B) Effect of CPF concentration; (C) The impact of solution pH; (D) Zeta potential
assessment with PZC estimation, (E) impact of light intensity.

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (3), 2026, 628

radicals via raising the total amount of absorbed
photons (high density of molecules in the area of
illumination) as well as adsorbed contaminant
molecules. As exposed to LED light for 150
minutes, the removal effectiveness of CPF over
catalytic dosages of 0.5 and 0.75 g/L. were 50% and
60%, correspondingly, but at 2 g/L, they were 66%
and 78% for CPF at 120 and 150 minutes of
irradiation time. Additionally, the effectiveness of
the active sites creating free radicals dropped as
the number of catalysts raised beyond 2 g/L since
light absorption reduced. The catalyst loading of
1.5 g/ is more Dbeneficial in terms of
photocatalytic effectiveness based on the earlier
information because a higher Removal efficiencies
of CPF were observed at this dose, which was 93%.
The high Specific Surface Area and Total Pore
Volume found in the BET analysis for CNFCC are
directly responsible for the degradation rate's
linear rise to dosage (1.5 g/L). For the production
of reactive oxygen species (ROS), these structural
characteristics offer a high density of accessible
active sites. However, "light shielding," in which
the extra particles (shown as spherical clusters in
SEM/TEM pictures) raise the turbidity of the
solution and prevent photon penetration to the
catalyst, is responsible for the observed decrease
in efficiency beyond the optimum dose [7].

3.7.2. Effect of CPF concentration

Higher concentrations cause lower
photooxidation rates due to fewer reactive species
have the ability to attack the pollutant molecules
as concentration increased [60]. As shown in
Figure 11B, the degradation performance of the
CPF was 83%, 80%, 66%, 55%, and 53% during
120 minutes of LED irradiation. The degradation
efficiency was estimated wusing multiple
concentrations of CPF (10, 20, 40, 60, and 80
mg/L) employing 1.5 g/Li of g-
C3N4/Fe3s04/CuWO4/CuO. At 150 minutes, CPF's
degradation performance under LED irradiation
was 93%. It could be connected with a reduction in
photogenerated hydroxyl radicals and positive
holes, in addition to the increase of CPF molecules
inhabiting the photocatalyst's active sites [61].
The follow-up experiment's CPF concentration of
10 mg/LL was selected because there were many

active sites on the catalytic surfaces for CPF
molecules at that concentration. On the other
hand, CPF molecules inhibited the nanocatalyst
from absorbing light at larger concentrations (20
mg/LL or more than 20 mg/L), which reduced
hydroxyl radical generation and, as a result, the
breakdown of the desired pollutant [62,63]. As the
concentration of chlorpyrifos rose, a decrease in
the degradation efficiency was noted. The
saturated state of the accessible active sites,
which is shown by a BET surface area, can
account for this. The mesoporous structure of the
catalyst permits effective diffusion at lower
concentrations, but at larger levels, the pollutant
molecules "shield" the catalytic surface, according
to the BJH pore size distribution. This "UV-
screening effect" lowers the production of reactive
radicals by blocking photons from accessing the
active sites found in SEM/TEM investigation [6].

3.7.3. Effect of pH

The pH of a solution has an important
function in regulating the charged species of
contaminant molecules, and the charges that
accumulate on the catalyst's surface additionally
have an impact on the factors which affect the
photodegradation process's performance [64]. As
shown in Figure 11C, the influence of solution pH
on CPF photodegradation (10 mg/l) was
examined using 1.5 g/LL of g-
C3N4/Fe3s04/CuWO04/CuO photocatalyst at various
pH levels (3, 5, 7.1, 9, 11).

In accordance with Figure 11 D, the CNFCC's
pHpzx (pH value for zero-point charge) was 6.8.
Therefore, when the pH is lower than 6.8, the
quaternary CNFCC exhibits a positive surface
Because both PCF and the catalyst have a positive
charge at pH of 3, an electrostatic repulsion will
develop between CPF molecules and the catalyst
surface, reducing the effectiveness of adsorption
and degradation. Because the CPF molecules'
positive charge endures while the CNFCC
changes to a negative charge, an electrostatic
attraction develops between the PCF molecules
and the catalyst surface in (pH between 5 and 7.1),
increasing adsorption and  photocatalytic
efficiency [6,65]. Ultimately, Low adsorption and
photodegradation  efficiency  results from

Table 2. The results of first order kinetics for the breakdown of CPF using different photocatalysts.

Photocatalyst k (min‘1) R2

Photolysis 2.1818%10+4 0.83077
g-CsNy 0.00507 0.96043
CuWO4 0.00696 0.96839
CuO 0.006886 0.95109
g-CsN4y/Fes04 0.0056 0.91912
g-CsN4/Fe304/CuWO4 0.00796 0.86798
g-C3N4/Fe304/CuWO4/CuO 0.0159 0.85963

Copyright © 2026, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 21 (3), 2026, 629

electrostatic attraction between CPF molecules
and the catalyst surface because both CPF and the
catalyst are negatively charged (pH greater than
7.1) [66]. PZC estimation utilizing zeta potential
analysis was shown in Figure 11 D. After 150
minutes of LED irradiation, it was obvious that
CPF photodegradation was strong at pH values of
5 , which were close to the ZCP value. The
elimination rate of CPF was 93% and 80%,
respectively. According to this study, the ideal pH
level for CPF elimination via CNFCC
heterojunction was found to be 5. Surface charge
or zeta  potential, as determined by
characterization, is a governing factor in the
photocatalytic degradation of CPF from aqueous
solution, as seen by the decrease in degradation at
higher pH being attributed to electrostatic
repulsion.

3.7.4. Effect of light intensity

Because it directly influences the creation of
active hydroxyl radicals, the intensity of light is
an essential variable in the photocatalytic
degradation reaction. The intensity of the
irradiated light controls the generation of electron
and hole pairs in semiconductors [67]. Over g-
C3N4/Fes04/CuW04/CuO nanocomposite (1.5 g/L),
the effects of the intensity of light (157.8 W/m2,
315.6 W/m?2, 473.4 W/m2, and 631.2 W/m?2) on the
photo-destruction of CPF (10 mg/L) were
investigated. As demonstrated in Figure 11 E, the
photo-oxidization effectiveness of CPF was clearly
weakened when the light intensity dropped from
631.2 W/m?2 to 157.8 W/m2. At 150 minutes of LED
exposure, photodegradation activity for CPF
reached 93% for 631.2 W/m?2  while
photodegradation activity was 63% for light
intensity 157.8 W/m2 at the same time. The main
reason of this discovery, which had been
demonstrated in earlier investigations, was that
increased intensity of light enhanced the
photolytic reaction ratio, generated more photons
in a specific period of time, and enabled an
increased degradation yield [68]. The UV-Vis DRS
analysis, which revealed a narrow band gap for
CNFCC of [1.35 eV], directly supports the results,
which demonstrated a linear rise in efficiency
with greater intensity 631.2 W/m2. Effective
photon absorption is made possible by this narrow
band gap. Additionally, the low-intensity peaks in
photoluminescence (PL) spectra, which show a
suppressed recombination of photo-generated
electrons (e¢) and holes (h*), are consistent with
the high degradation rate even at moderate
intensities, allowing a greater number of charge
reach the catalyst surface for pollutant
degradation. The low PL intensity indicates that
these charges are effectively separated rather
than recombining, whereas the linear increase in

rate constant with light intensity shows efficient
creation of electron-hole pairs [34,52].

3.8. Recyclability of the as Created Photocatalyst

The reusability of the nanocomposites has
been investigated via six successive cycles at ideal
operating conditions, as depicted in Figure 12 A.
Following the six cycles of operation, the
photoactivity of g-C3N4/Fe304/CuW04/CuO
revealed a slight decline from 93% to 77%. Some
substance loss and perhaps partial inactivation of
active sites might be the reason of this gradual
decline. Nonetheless, the generated CNFCC
nanocompsoites' photocatalytic activity stayed
consistent [40,53]. Most importantly, XRD, VSM,
DRS, SEM, and TEM investigations verified that
the composition and morphology of g-
C3N4/Fes04/CuWO4/CuO remained similar after
the reaction, highlighting the absence of
structural modifications (Figure 12 B-F).These
results highlight CNFCC's outstanding prospects
as a photocatalyst for a range of uses.

3.9. A Plausible Explanation for the Degradation
of CPF

To identify the primary active species
throughout the CPF degradation across the CNFC
heterojunction, radical trapping experiments
have been carried out. consequently, EDTA-2Na
(1 mmol.L'Y) was employed as a A* trapping
chemical, benzoquinone (BQ, 1 mmol L!) as an
*O2” scavenging chemical, and IPA (1 mmol.Li 1) as
an "OH scavenging agent. Without contributing to
the photoreaction, such scavengers are able to
capture the photogenerated active species and
enable the process keep going [34].

Controlled studies involving different
trapping agents were carried out to hypothesize
on the mechanism of photocatalytic breakdown.
The addition of (IPA) to trap "OH significantly
reduced the rate of CPF degradation, illustrated
in Figure 13A. However, the rate of degradation
would be lowered when (BQ) was added to trap
*O2™. This suggests that photogenerated ‘OH and
'Oz~ radicals played an important part in the
reaction system, while EDTA-2Na (h*) performed
a minor one [45]. The charge-transfer process
orientation and the mechanism of photocatalytic
action are being investigated by examining the
precise band configurations, the valence band
(VB), and the conduction band (CB) of g-C3Ny,
CuWOy4 and CuO. The Eg of virgin g-CsN4 ,pure
CuWO4 and CuO has been determined to be 2.83
eV 2.2 eV and 1.53 ev, respectively. The following
formulas can be employed for determining the
semiconductors' Conduction band energy (EcB)
and valence band energy (Evs):
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Figure 12. Evaluation of stability and reuse potential: (A) CPF degradation cycles at a running time of
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6.27eV,N=73¢eV,Cu=4.48eV,W=4.4¢eV,0=
7.54 eV) [69]. The VBs for g-CsNy, pure CuWO4
and CuO are 1.57 eV, 2.9 eV and 2.31 eV,
accordingly, according to these formulae
(Equations (4-6)). Their CBs are -1.26 eV 0.7 eV
and 0.78 eV. Further, the suggested Z-scheme
degradation mechanism is illustrated in Figure 13
B. In this mechanism, electrons from the
semiconductor with a greater negative charge CB
can directly interact with VB from the opposite
semiconductor to recombine with their holes,
thereby generating a heterojunction that would
aid in the photocatalytic process for CPF
photodegradation [27,47].

The electrons n the quaternary
heterojunction g-C3N4/Fe304/CuW0O4/CuO
constituents excite from VB to CB when subjected
to visible light, whereas the holes in the g-CsNy
and CuWO4 remained in VB Equation (7). CuWO4
displays the same phenomena, with electrons
leaping to the conduction band and leaving the
highly energetic hole in g-CsN4 behind. In VB of
CN, the photogenerated holes would interact with
the photogenerated electrons at the CB of CuWO4
,02 is successfully degraded to °*Os~ by the
photogenerated electrons in the CN conduction
band (Equation (8)). The electrons produced by
photolysis in the CuO CB travel and recombine
with the holes that are formed in the VB of
CuWOs4, and the photoinduced holes in the VB of
g-C3N4 recombine with the electrons in the CB of
CuWOy4 [18]. CuWO4's VB holes react with OH to
produce.OH (Equation (9)). The organic pesticide
is effectively broken down into a basic product by
both *O2 and ‘OH (Equation (10)) [70]. The CPF
may be oxidized to COz, H20, and other basic
products by the radicals produced by light ("OH,
‘Oz, h*, and H2032) [71] in Equatiom (11).
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3.10. Comparison versus Earlier Studies

Numerous studies regarding the
photodegradation of CPF using various
photocatalysts have been performed. Table 3,
which includes background on the conditions of
the experiment, contrasts the removal
effectiveness identified for the CPF insecticides
with those of prior studies.

4. Conclusions

The goal of this investigation is to boost the
CNFCC nanocomposite's photocatalytic activity
as a novel magnetic reusable photocatalyst. It i1s
securely attached to the both CuWOQO4 and CuO
semiconductors and properly incorporated. Using
visible light, the multi-step formed
g-C3N4y/Fes04/CuWO4/CuO photocatalysts
exhibited significantly more activity in breaking
down CPF pesticide. Following 150 minutes of
LED illumination, the degradation rate for g-
CsN4/Fes04/CuWO4/CuO approached 93% with
rate constants (k) of 0.0159 min!. The g-CsN4/
Fes04/CuWO4/CuO  heterostructure  showed
excellent optical and electrochemical
characteristics that could boost the visible light
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Figure 13. (A) Details of the CPF photocatalytic reaction trapping investigation, (B) CNFCC
nanocomposite-based photocatalytic degradation procedure for CPF.
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absorption spectrum. The efficiency elimination of
TOC and COD of CPF in aqueous solution were
58% and 69%, consequently. The CNFCC
heterojunction is remarkably stable, according to
stability and reusability tests, and the formation
of FesOs on the surface of CN nanosheets
significantly aided in obtaining adequate
magnetic stability with an easy separable method.
Tests of reusability proved the robustness and
recyclable nature of the composites With a
photodegradation efficiency of 77% after sixth
cycle, the synthetic composite exhibited excellent
reusability. "“OH is the primary active oxidant and
h* contributes the least to the CPF reaction,

according to the results and traps. Finally,
scavenger studies confirmed the CNFCC
nanocomposite's likely mechanism of CPF

degradation, which was explained by Z-scheme
pathways.Electron-hole pair interaction 1is
lowered by the Z-scheme heterojunction

configuration. The production of visible light-
activated photocatalysts for the purification of
wastewater and further investigations into
pesticide breakdown pathways are made possible
via these discoveries.

Acknowledgment

The authors declare that no funds, grants, or

other

support

were

received during

preparation of this manuscript.

CRedit Author Statement

Author Contributions: Shno M. Ali: Writing —
original draft, Methodology, Data curation. Abeer

I. Alwared: Writing

review &

the

editing,

Supervision, Project administration. All authors
have read and agreed to the published version of
the manuscript.

Table 3. Comparing the outcomes of present research regarding the photodegradation of CPF pesticides

with the findings from past investigations.

. Catalyst  Pollutant p. 1 ppoiocatalvtic Method of
atalyst dosage solution source Applications synthesis Ref.
(€] (mg/L)
Zn o5/Ag 05/S 0.03 100 UV lights  95% at 60 min  hydrothermal  [72]
(Xe-lamps, method
300 W)
Fe/Ce02-Si02 0.007 50 uv 81.31% hydrothermal
radiations method [73]
Mn-WOs/SnS2 0.1 1 300 W 100% at 90 hydrothermal [7]
xenon min method
lamp
Fe304 and WSe 0.05 7.2 300 W 91% at 52 min Multi steps [74]
nanoparticles on silica LED lamp mehod
S-Doped Ni—Co 0.06 2.5 LED 92.5% at 150 Multi steps [75]
LDH/Fes04 lamp (50 min mehod
W)
CuO/Ti02/PANI 0.045 5 300 W 95% at 90 min chemical [61]
tungsten reduction
lamp method
mZnO/Ti0z-Fes04 0.06 10 Visible 94.8% at Multi steps [5]
light 100min method
Zn0@CdS 0.025 2 sunlight 91% at 360 green [76]
min methodology
Cu-doped Ti02/GO 0.3 100 UV and 91.4% at 80 Hummer's [77]
visible min for UV, modified
light 78.2% at 80 method
min under
visible light
Eu2SmSbO7/ZnBiEuO4 0.75 11.21 A 500W Xe 88.16 % at 160 hydrothermal  [76]
lamp min
g-CsN4/Fe304/CuWO4/CuO 1.5 10 200 W 93% at 150 Multi steps This
min method work
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