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a b s t r a c t

In this work, the synthesis of Iron (Fe) and Copper (Cu) co-doped g-C3N4 was performed using the thermal
decomposition of urea while iron nitrate and copper nitrate were used as dopant precursors. The fabri-
cated catalyst (Fe-Cu@g-C3N4) was coupled with visible light and used for acetaminophen (APAP) degra-
dation. The synthesized catalyst was characterized via several techniques including XRD, BET, BJH, SEM,
TEM, EDX, EDS Dot mapping, DLS, and UV–Vis deflective reflectance spectroscopy. The performed char-
acterization tests confirmed the successful synthesis of Fe-Cu co-doped g-C3N4 with high purity, nano-
sheet structure and high porosity (79.93 m2/g). The complete APAP decomposition efficiency was
achieved under optimal experimental conditions including pH of 11, catalyst dosage of 10 mg/L, PS
dosage of 1 mM, and APAP concentration of 4 mg/L. The scavenging tests confirmed the major contribu-
tion of sulfate radicals and consequently, hydroxyl radicals for APAP removal. In addition, the kinetics of
APAP degradation was studied and it revealed the pseudo first–order kinetics with 0.0698 min�1 rate
constant. Finally, a plausible and tentative decomposition pathway was proposed for APAP degradation.
The results of this study confirmed that the LED/catalyst (Cu, Fe@g-C3N4)/PS process could be an efficient
and robust process for antibiotic-containing wastewater including hospital wastewater.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Over the recent decades, there has been a growing global con-
cern regarding the presence of emerging pharmaceuticals and per-
sonal care products (PPCPs) in aquatic environments. They have
been found to have several detrimental impacts on both human
health and environment (Mirzaee et al., 2021a; Hassani et al.,
2020; Jaafarzadeh et al., 2019; Fakhri, Nematollahi et al. 2022;
Qin et al., 2022;). Simultaneously, due to the rising demand for
the prevention and treatment of human diseases, the widespread
use of PPCPs has led to a significant increase in their production
rate and therefore regarded as pseudo-persistent pollutants
(Keerthanan et al., 2021).

Among the PPCPs, Acetaminophen (APAP), commonly known as
paracetamol, is a widely used drug for its anti-inflammatory, anti-
pyretic, and analgesic properties. However, it is also considered a
persistent organic pollutant due to its high consumption rate,
low absorption and degradation in the body (5–15%), and high sol-
ubility in water, resulting in the release of a significant amount of
APAP into the environment every year (approximately 145,000
tons/year). The usual concentration of APAP in natural waters is
in the range of ng/L to lg/L, but it can be higher in pharmaceutical
wastewaters. For instance, water treatment plants in Bangkok and
South Korea have reported APAP concentrations of 8.6 lg/L and
6.8 lg/L, respectively (Ying Li et al., 2012; Sim et al., 2010). APAP
is toxic to aquatic life at concentrations greater than 1.8 lg/L,
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emphasizing the need for effective treatment techniques to remove
these contaminants from water sources (Noorimotlagh et al.,
2016a; Kakavandi et al., 2019; Kim et al., 2007).

Nowadays, many studies have been conducted on the processes
of removing persistent pharmaceuticals such as filtration and acti-
vated sludge process are effective but to a very low extent and
methods such as absorption and coagulation-filtration are not able
to remove these pollutants to acceptable extent (Y. Chen et al.,
2016; D. Li et al., 2023; Songlin Wang et al., 2019). According to
studies, advanced oxidation processes (AOPs) act as an efficient
way to break down toxic organic pollutants into harmless inor-
ganic salts, carbon dioxide, and water (Mirzaee, Jaafarzadeh et al.
2019b; Gholami, Abtahi et al. 2021;Duan et al., 2018; D. Li et al.,
2019; Shuai Wang et al., 2021). AOPs by generating hydroxyl rad-
icals (HO∙) with high oxidation potential (1.8–––2.8 eV) are widely
used to treat many organic pollutants (L. Chen et al., 2022; Ruppert
et al., 1994; Zhou et al., 2022). Recently, AOPs based on sulfate rad-
icals (SO4

∙–) (SR-AOPs) have been introduced as a promising alter-
native to conventional methods for decomposing new pollutants.
In the SR-AOPs, sulfate radicals (SO4

∙–) can be generated by activat-
ing S2O8 or SO5

2–, which have longer half-life periods, greater selec-
tivity, and compatibility with a wider range of pH levels, and
higher oxidation potential (2.5–––3.1 eV) compared to HO radicals.
Moreover, the retention time of sulfate radicals (30–––40 lS) is
longer than that of HO∙ radicals (20 ns), providing more opportuni-
ties for attack and decomposition of target pollutant. Hence, the
use of sulfate radicals in AOPs can yield better efficiency in remov-
ing pharmaceutical pollutants (Anipsitakis et al., 2004; Ghanbari
et al., 2014; Lin et al., 2013).

Persulfate (PS) compounds need to be activated as sulfate radi-
cal precursors in SR-AOPs processes. There are various methods for
its activation, which can be mentioned carbon-based materials,
heat, microwave, ultrasonic irradiations, UV light, excited semicon-
ductors and transition metals such as Fe0, Fe2+, Cu2+, Co2+, S, Na, K
and Ag+ (S. Hu et al., 2015, 2016, 2018; S. Hu, Chen, et al., 2017;
Zhao et al., 2015). Among these methods, activation on carbon
has been more economical, more compatible with the environment
and has higher physicochemical capabilities (S. Hu, Qu, et al., 2017;
J. Wang et al., 2018; Lei Yang et al., 2019). Graphitic carbon nitride
(g-C3N4) is a polymer nanosheet composed of tris-triazine-based
patterns with a C: N ratio of 3:4 and a small amount of hydrogen.
As a new organic semiconductor material, it has the ability to
absorb visible light, making it a popular choice in photocatalysis
due to its high chemical stability and non-toxicity (Mehregan
et al., 2022; Xiangxin Yang et al., 2008; Yuan et al., 2023; Zhu
et al., 2018). However, factors such as low electrical conductivity
and a reduced efficiency of photo-generated electron-hole pairs
can limit its performance (Ong et al., 2015). To overcome these lim-
itations, doping of transition metals has been identified as a viable
solution. This process involves intentionally introducing foreign
impurities into a semiconductor to manipulate its electronic struc-
ture, thereby controlling its conductive, optical, luminescent, mag-
netic, or other physical properties for targeted applications (J.
Zhang et al., 2014).

Graphitic carbon nitride has an affinity to combine with metals,
and metal salts mix uniformly with it. According to literature, addi-
tion of metal dopants would decrease the band gap energy,
increase charge mobility, and increase catalytic activity (Al
Mamari et al., 2023; Pan et al., 2021b). Studies have shown that
Copper (Cu) could acts as an efficient and stable catalyst, and Cu
placed on g-C3N4 has a strong catalytic activity for the removal
of pharmaceutical pollutants in various waters/wastewaters (Pan
et al., 2021b). in addition, copper-based catalysts perform well in
a wide range of pH during the photocatalytic process and have
shown high solubility in aqueous media (Ong et al., 2015; Pan
et al., 2021a; Zou et al., 2014). Iron ions (Fe) are also highly com-
2

patible with the environment, but they need to be activated. One
of the solutions to activate them is combining with g-C3N4, because
of g-C3N4 contains heptazine rings with six nitrogen containing
unpaired electrons and is able to combine with Fe (II) and Fe
(III). Keeping this in mind, several studies show that iron is placed
in a suitable form in the structure of g-C3N4 and has high efficiency
in photocatalytic processes and shows good efficiency in a wide
range of pH (Y. Feng et al., 2018; R. Li et al., 2020).

Therefore, in the present study, Cu,Fe@g-C3N4 nanocomposite
was synthesized by one-step method, characterized using several
techniques and its efficiency evaluated in order to activate PS as
an oxidizer agent in the SR-AOPs to degrade APAP as an emerging
pollutant in aqueous solution. The influence of the operational
parameters in the degradation process was examined. Finally, the
plausible decomposition pathways and the by-products and inter-
mediates of APAP were determined during the obtained optimal
experimental conditions.
2. Materials and methods

2.1. Materials

The raw materials used in this study included urea (CHN2O),
APAP was used in the form of white powder to make a stock solu-
tion, Ethanol and sodium persulfate (Na2S2O8) were purchased
from Samchun, Korea and iron nitrate Fe (NO3)3 and copper nitrate
Cu (NO3)2 were purchased from Carlvarva, France. Ethanol was
used to wash the synthesized nanoparticles and double distilled
water was used as the process solvent. Methanol (HPLC grade,
EtOH), water (HPLC grade) from Merck, Germany. Table.S1
depicted the structure and characteristics of APAP.

2.2. Catalysts synthesis

2.2.1. Synthesis of graphitic carbon nitride (g-C3N4)
In a typical synthesis procedure, 25 g of urea as a g-C3N4 precur-

sor was ground well in an alumina crucible with a mortar. After
obtaining a uniform mixture, heated in a furnace at 550 �C for
2 h. Then, to remove impurities of the obtained mixture, it was
washed in several steps with an equal ratio of water and ethanol,
then centrifuged for 10 min at 7000 rpm. The precipitate was sep-
arated and dried in an oven at 105 �C (D. Feng et al., 2017).

2.2.2. Synthesis of Cu,Fe@g-C3N4 nanocomposite
In this section, one-step synthesis method with less time con-

sumption was applied. At first, 25 g of urea as a g-C3N4 precursor
was ground well in an alumina crucible with a mortar, then
6 mM of iron (III) nitrate and 6 mM of copper (III) nitrate were
added and was rubbed well again (In order to find the optimal
required amount of iron and copper, the pre-test of different
amounts of iron and copper were examined and the 6 mM of them
regarding APAP removal was selected). After obtaining a uniform
mixture, heated in a furnace at 550 �C for 2 h. Then, to remove
impurities, it was washed in several steps with an equal ratio of
water and ethanol and centrifuged for 10 min at 7000 rpm. The
precipitate was separated and dried in an oven at 105 �C (Sarkar
et al., 2020; Linhai Yang et al., 2021). The schematic of preparation
process of Cu,Fe@g-C3N4 is shown in Fig. 1.

2.3. Characterization and analysis

The surface morphology and microstructure were observed
using a GemniSEM500 scanning electron microscope (SEM) (Zeiss,
Germany) and a JEM-F200 transmission electron microscope (TEM)
(JEOL Ltd., Japan), respectively. The crystal phases of the photocat-



Fig. 1. The schematic of one-step synthesis of Cu,Fe@g-C3N4 nanosheet catalyst used in the photocatalytic removal of APAP.
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alysts in this work were determined by X-ray diffraction (XRD) pat-
tern using Co ka radiation for 2h scan between 10 and 90�. Fourier
transform infrared spectra (FT-IR) of as-prepared samples were
recorded using KBr disk method in the range of 400 – 4000 cm�1

on a Tensor 27 (Bruker, Germany) infrared spectrometer to explore
the chemical nature of the samples. Energy dispersive X-ray (EDX)
was used for the elemental analysis of the catalyst. Pore size distri-
bution and specific surface area of as-prepared samples were
determined using BJH model and Brunauer-Emmett-Teller (BET)
method using BELSORP mini II device (Microtrac MRB, USA). The
UV–vis diffuse reflectance spectra (UV–vis DRS) of the samples
are obtained using a Shimadzu UV-3600 spectrometer (Shimadzu,
Japan) by using BaSO4 as a reference. The concentration of APAP
was determined by a high-performance liquid chromatography
(HPLC) with a 250 mm � 4.6 mm Hypersil BDS C18 5 lm column.
The temperature of column was set at 25 �C for APAP, the mobile
phase was consisted of ethanol and ultrapure water, with a volume
ratio of 70:30 and the flow rate of 1 mL/min. A diode array detector
with a detection wavelength of 244 nm was used (LOD = 0.016 lg/
L and LOQ = 0.05 lg/L). Total organic carbon (TOC) values were
analyzed by TOC analyzer (Shimadzu, Japan, TOC-V CPN).

2.4. The APAP removal experiments

To prepare the APAP solution, the given amount of APAP was
dissolved in deionized water. A stock solution of sodium persulfate
was also made at a concentration of 10 mM. In the next step, 50 mL
of the APAP solution with a concentration of 4 mg/L was placed
into a 100 mL flask, and a specific amount of PS/ Fe,Cu@g-C3N4

was added. The pH of the solution was adjusted to different levels
between 2 and 11. The flask containing the sample was then placed
in a simple hand-made photocatalytic reactor, and exposed to an
3

LED lamp with a wavelength of 400 nm (12 W). The remaining
APAP concentration was measured at specific intervals. To quench
the samples before measuring APAP concentration, ethanol was
added to the solution. Moreover, sodium nitrite was used as active
species scavenger in order to analyze TOC of final sample in the
optimal condition.

3. Results and discussion

3.1. Structural and morphological studies

In order to investigate the crystal structure of pure carbon
nitride and carbon nitride samples anchored with Fe and Cu atoms,
X-ray diffraction analysis was used. As can be seen in Fig. 2, the
peaks at 13.08 and 27.48�correspond to the crystal planes of the
repeating s-triazine structural parts within the plane (100) and
the layered aggregation of the p-conjugate planes (002), respec-
tively (Ma et al., 2019). In the results obtained from the samples
doped with Fe, Cu or both Fe and Cu atoms, no peak associated
with Fe or Cu atoms is observed, which indicates the good perfor-
mance of these atoms in the structure of carbon nitride nanosheet
(Dong et al., 2017; Ma et al., 2019). Also, considering the small
amount of these atoms in the structure of the synthesized nanocat-
alyst, this result was expected and is in good agreement with sim-
ilar researches (Xiaoyu Yang et al., 2019). With the addition of Fe
and Cu atoms to the carbon nitride nanoplate structure, the inten-
sity of the characteristic peak of carbon nitride has decreased,
which indicates a decrease in the amount of crystal formation
due to the prevention of Fe and Cu atoms from forming a dense
polymer structure and breaking the layer structure and reducing
the size of crystal particles (Z. Li et al., 2016). This result was eval-
uated using Debby Scherrer’s relation (D = Kk/bcosh) and for sam-



Fig. 2. XRD patterns of synthesized g-C3N4, Fe@g-C3N4, Cu@g-C3N4 and Fe, Cu@g-C3N4 nanocatalyst used in the photocatalytic process of APAP.
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ples of g-C3N4 and Fe doped g-C3N4 and Cu doped g-C3N4 and Fe-Cu
doped g-C3N4 the crystal sizes were 17.9, 15.4, 15.8, and 13.5 nm
was obtained respectively. In addition, the partial movement (by
0.2�) of the characteristic peak of carbon nitride to a higher angle
and the decrease of this characteristic peak can be due to the place-
ment of Fe and Cu atoms next to nitrogen atoms and between car-
bon nitride layers and reducing the distance between be superficial
(Adekoya et al., 2017). In addition, materials with poor crystal
structure usually have more defects in their structure, which can
trap a large amount of electrons and increase the rate of separation
of produced electrons and holes. At the same time, the reduction of
the interfacial distance facilitates the transport of carriers between
the crystal layers. All these consequences are beneficial for improv-
ing the photocatalytic activity (Ma et al., 2019). Fig. 3A shows the
nitrogen adsorption/desorption isotherms of synthesized g-C3N4

and Fe-Cu doped g-C3N4 catalysts. Based on results depicted in
Fig. 3A, all samples were identified as type IV isotherm with over-
lap of the H3 residual ring at a relative pressure between 0.2 and
Fig. 3. (A) BET analysis (Nitrogen adsorption/desorption isotherms),

4

0.9, indicating the meso-structural nature of the prepared
nanocomposite. Also, the specific surface area of g-C3N4 and Fe-
Cu doped g-C3N4 were 61.361 and 79.93 m2/g, respectively. The
results showed that the specific surface area of the g-C3N4 catalyst
increased with the addition of Fe and Cu atoms, because Fe and Cu,
as impurities, hinder the adhesion of g-C3N4 sheets and lead to an
increase in the number of sheets (Ghanbari et al., 2021; Pan et al.,
2021b). Therefore, the value of the specific surface area of the
impurity sample is increased compared to the pure sample. Pore
size distribution was investigated using BJH analysis. According
to the Fig. 3B, the distribution of the diameter of the main pores
of the samples in the range of mesoporous and macroporous mate-
rials was based on the IUPAC classification, which is consistent
with the results obtained from the nitrogen absorption/desorption
analysis (Ghane et al., 2020).

The morphology of the as-prepared samples was analyzed using
both FESEM and TEM techniques. The micrographs of g-C3N4 and
Fe-Cu doped g-C3N4 samples along with their corresponding EDAX
and (B) BJH analysis of synthesized g-C3N4 and Fe-Cu@g-C3N4.



Fig. 4. FESEM and TEMmicrographs of g-C3N4 (a and b) and Fe-Cu@g-C3N4 (c and d); EDAX analysis of Fe-Cu@g-C3N4 (e); DLS analysis for particle size distribution analysis of
Fe-Cu@g-C3N4 (f); EDS Dot mapping of N (g), C (h), Cu (i), Fe (j), and SEM of the scanned area (k).
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diagrams are presented in Fig. 4 (a-e) and SEM of the scanned area
in Fig. 4 (k). The micrographs of the catalysts show pseudo-plate
morphology of g-C3N4 nanoparticles. This confirms that the addi-
tion of Fe and Cu did not change the morphology of g-C3N4. The
FESEM images of g-C3N4 and Fe-Cu doped g-C3N4 displayed planar
shapes of g-C3N4 and more porosity in the Fe-Cu doped g-C3N4

sample. This could be due to the addition of Cu and Fe atoms to
the g-C3N4 structure, which leads to penetration and an increase
in the distance between the sheets (J. Hu et al., 2016). These atoms
are attributed to the distance between the sheets. The EDAX anal-
ysis confirms the high purity of the prepared catalysts, and the par-
ticle size distribution of the final sample indicates successful
synthesis of nano-sized samples. Moreover, the average size distri-
bution of the samples decreases with the addition of Fe and Cu
atoms. These results are in agreement with those obtained from
XRD analysis and the Scherrer equation, indicating successful syn-
5

thesis of nano-sized samples and a decrease in average size distri-
bution with the addition of impurities (N and Cu) (K. Li et al.,
2015).

EDS dot mapping of Fe-Cu doped g-C3N4 nanocomposite pro-
vided in Fig. 4 g-j, which shows that all elements are completely
uniformly distributed on the catalyst surface and all doped ele-
ments and g-C3N4 are optimally combined during the synthesis
process (Liu et al., 2017).

UV–Vis Deflective Reflectance Spectroscopy analysis was per-
formed to measure the amount of activation energy required to
induce electrons and create holes in the valence layer and transfer
electrons to the conduction layer of the catalyst. Based on previous
studies, the reported Band-gap Energy for pure g-C3N4 sample is
equal to 2.73 eV. In this study, Fe and Cu elements have been
embedded to the composition as dopant materials (J. Hu et al.,
2016; Pan et al., 2021b). The purpose of this work was to create
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intermediate energy levels between the valence and conduction
layers of g-C3N4 in order to increase the catalytic activity of g-
C3N4. As shown in the Fig. 5, the band-gap energy of the Fe-Cu
doped g-C3N4 catalyst has decreased to about 2.3 eV, which indi-
cates the better performance of this catalyst in the visible light
range (Bajiri et al., 2021).

3.2. APAP removal by PS/ Fe,Cu@g-C3N4/ LED
3.2.1. The effect of operating parameters on APAP degradation
The initial pH value has been introduced as an effective factor in

the photocatalytic removal process. The initial pH value can signif-
icantly affect the degradation process by catalyst clumping, pollu-
tant ionic state changing, and catalyst surface charge changing. In
Fig. 5. UV–Vis Reflectance Spectroscopic analysis of Fe, Cu@g-C3N4 catalyst.

Fig. 6. Evaluation of effect of different (A) initial pH on the photocatalytic process of APA
at PH = 11, PS = 1 mM and APAP = 4 mg/L; (C) PS dosage at pH = 11, Fe,Cu@g-C3N4 = 10 m
and PS = 1 mM on the photocatalytic APAP degradation reaction.
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this regards, finding the optimal value of this factor plays a signif-
icant role in improving the catalytic removal process. The pH val-
ues are 2, 5, 7, 9, and 11, the pollutant concentration is 4 mg/L,
the PS concentration is 1 mmol/L, and the catalyst concentration
is 40 mg/L in order to find the optimal initial pH value of the case
was evaluated. As can be seen in the Fig. 6A, the reaction efficiency
increased dramatically from 20.28% to 100% by increasing the ini-
tial pH value from 3 to 11. This phenomenon is due to the increase
of hydroxyl radical in the reaction medium Eqs. (1) to (3) (Yukun Li
et al., 2022). Also, the absence of nitrate and carbonate ions in the
reaction environment and the lack of consumption of electrons
produced in the photocatalytic process to produce weak carbonate
and nitrate radicals increases the production of hydrogen peroxide
and hydroxyl radicals Eqs. (4) to (6) (L. Zhang et al., 2022).

HO� + Hþ + e— !H2O ð1Þ

SO4
� — + Hþ + e— !HSO4

� — ð2Þ

SO4
� — + HO— !SO4

2— + HO ð3Þ

HO� + HO� !H2O2 ð4Þ

HSO5
— + e— !SO4

�— + OH— ð5Þ

HSO5
— + e— !SO4

2— + OH� ð6Þ
The amount of catalyst in the process plays a vital role in the

photocatalytic decomposition process.
The effect of different amounts of catalyst (0––100 mg/L) was

evaluated for the removal of APAP. As shown in the Fig. 6B, the effi-
ciency of APAP removal from 61.71% after 60 min using 5 mg/L of
catalyst to 100% APAP removal after 5 min using 60 mg/L of cata-
P removal (PS = 1 mM, Fe,Cu@g-C3N4 = 40 mg/L, APAP = 4 mg/L); (B) catalyst dosage
g/L and APAP = 4 mg/L; (D) APAP concentration at pH = 11, Fe,Cu@g-C3N4 = 10 mg/L



Fig. 7. Linear regression kinetic study of the photocatalytic removal process of APAP from 0 to 60 min.

Table 1
Comparison of degradation efficiency of APAP reported in similar studies.

Reference Process Experimental Conditions Removal
rate %

(Kohantorabi
et al.,
2022)

Mn-doped g-
C3N4 composite to
activate PMS

15 min with initial pH
6.5, 0.8 g/L of PMS and
200 mg/L of catalyst of
0.5-MnCN

100

Co-implanting of
TiO2 and liquid-
phase-delaminated
g-C3N4

0.6 g/L of TGCN
(60:10:30) at pH = 9.0
within 120 min reaction

100

(Hassani
et al.,
2020)

PMS activation by
CoFe2O4/ mpg-C3N4

nanocomposite

pH = 7.0, PMS = 1.5 mM,
40 mg/L CF/MCN and
25 min reaction time

92

Current study one-step synthesis of
Cu,Fe@g-C3N4

nanosheet to
activate persulfate

pH = 11, Fe,Cu@g-
C3N4 = 10 mg/L,
PS = 1 mM and
APAP = 4 mg/L in 40 min

100
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lyst is reached. The increase in the removal of APAP is accompanied
by the increase in the amount of catalyst in the reaction medium
due to the increase in the specific surface of the catalyst and the
increase in the number of active sites and the increase in the pro-
duction of electron-hole pairs. Also, the increase of active sites
increases the absorption of APAP molecules and side products,
which increases the efficiency of the catalyst and further removes
APAP from the environment. On the other hand, the increase in
electron production accelerates the production of hydrogen perox-
ide and hydroxyl radicals, which themselves accelerate the
removal of APAP from the reaction environment. In addition, in
case of using high amounts of catalyst, the risk of clumping and
destruction of the catalyst, as well as excessive turbidity of the
environment and obstruction of light penetration, will cause a sig-
nificant reduction in removal efficiency (Shi et al., 2022). Based on
the results obtained, the catalyst amount of 10 mg/L was chosen as
the optimal amount because with this amount of catalyst, 4 mg/L
of APAP can be completely removed in 40 min.

The effect of different concentrations of PS on the removal rate
of APAP from the aqueous environment is shown in Fig. 6C. By
increasing the amount of PS from 0.25 mmol/L to 2 mmol/L, the
amount of APAP removal increased dramatically, so that the
removal time of APAP went from 60 min for a concentration of
0.25 mmol/L to 5 min for a concentration of 2 mmol/L has arrived.
By increasing the concentration of PS, the rate of degradation of
APAP increases, which is due to the increase in the amount of sul-
fate radicals produced by PS (Noorimotlagh et al., 2023b). Consid-
ering the importance of optimizing the removal process, the
concentration of 1 mmol/L PS was considered as the optimal con-
centration. It should be noted that above PS, the active sites of the
catalyst are limited for the activation of all PS molecules Eqs. (7)
and (8) (Han et al., 2020), and the sulfate radicals themselves cause
the consumption of sulfate radicals in an inefficient way according
to Eqs. (9) and (10) (Tan et al., 2017).

SO4
� — + SO4

� — !S2O8
2— ð7Þ

SO4
� — + HO� !HSO4

— + � O2 ð8Þ

HSO5
— + SO4

� — !SO4
2 — + SO5

�— + Hþ ð9Þ
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HSO5
— + HO� !SO5

� — + H2O ð10Þ
The effect of different initial concentrations of APAP (from 0.5 to

10 mg/L) was evaluated. By increasing the initial concentration of
APAP from 0.5 to 10 mg/L, the duration of APAP removal increased
dramatically, so that for the sample containing 10 mg, after 60 min,
only 33.29% of APAP removal was obtained under optimal operat-
ing conditions. As shown in Fig. 6D, for the sample containing
4 mg/L of APAP, it was completely removed after 40 min. The
increase in removal time and reduction in the removal efficiency
of APAP at high concentrations can be due to the production of
numerous intermediates that are obtained from the breakdown
process of APAP. Also, due to the constant amount of catalyst, the
amount of active species that is produced is limited and cannot
remove high amounts of APAP (Takdastan et al., 2018). In addition,
increasing the concentration of APAP plays a significant role in
occupying active surface sites and deactivating the catalyst. It
should be noted that in cases of high concentration of APAP, some
of the emitted light photons are absorbed by APAP molecules and
intermediate substances and the energy loss increases (Hayati,
Isari, et al., 2020).
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In order to check the performance of each component of the
APAP removal reaction, the performance of control reactions pro-
vided in Fig. 7. As shown, in the processes of photolysis (without
PS), photolysis (without catalyst) and adsorption reaction of APAP
(without presence of light), the APAP removal were obtained 20.1%,
18.5% and 6.2%, respectively, which indicates the inability of these
reactions to completely remove APAP. By adding g-C3N4 catalyst to
the reaction mixture, the removal efficiency of APAP pollutant
reached 32%. By adding Cu and Fe dopants to the structure of g-
Fig. 8. (A) Performance analysis of different processes, and (B) kinetic constant for photoc
Catalysts = 10 mg/L, APAP = 4 mg/L).

8

C3N4 nanosheet, a significant increase in efficiency has occurred
and the removal rate of APAP has reached 61.5% and 57.2%, which
shows the positive effect of adding these elements to the catalyst
structure. This increase is due to the reduction of the energy band
and the reduction of the energy required to excite the electron and
transfer this electron to the conduction layer (Hayati,
Khodabakhshi, et al., 2020). By adding Fe and Cu atoms to the g-
C3N4 structure simultaneously, the energy band has experienced
a significant decrease, and more electrons have been excited with
atalytic APAP removal under optimal degradation condition (pH = 11, PS = 1 mM and
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less energy, and more wavelengths of visible light have been used
to excite electrons. Table 1 shows comparison of degradation effi-
ciency of APAP from similar reported studies. As can be seen at
Table 1, the obtained results of the present work was in accordance
with the similar studies.

3.2.2. The kinetic study of APAP removal by PS/Fe,Cu@g-C3N4 /LED
system

The Langmuir-Hinshelwood kinetic (LHK) model, which is an
important model for heterogeneous catalytic processes, was used
to investigate the photocatalytic degradation kinetics of APAP with
the PS/ Fe,Cu@g-C3N4/ LED process carried out in this research
(Chang et al., 2017). The LHK equation can be expressed as follows:

r ¼ � dC
dt

¼ krKadC
KadC þ 1

ð11Þ
Fig. 9. (A) The role of active species, and (B) kinetic constant of effect of active speci
C3N4 = 10 mg/L).

9

In Eq. (11), C is the initial concentration of the pollutant (mol),
kr is the reaction constant (mol/min), r is the reaction constant
(mol/min), t is the reaction time, Kad is the constant coefficient of
pollutant absorption on the catalyst surface (per mol). In this
research, each pollutant concentration and adsorption constant
coefficient on the catalyst surface are very small, in other words,
the value of KadC is much smaller than one. Therefore, the Eq.
(12) can be simplified to the first-order kinetic equation (Hayati,
Isari, et al., 2020):
Ln
Ct

C0

� �
¼ �krKadt ¼ �Kapp ð12Þ

In Eq. (12), C0 is the initial pollutant concentration, Ct is the pol-
lutant concentration at time t, and Kapp is the reaction constant
(per min).
es in the photocatalytic degradation of APAP (pH = 11, PS = 1 mM and Fe,Cu@g-
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The linear form of the concentration–time equation can be used
to ensure a fit between calculations and actual pollutant removal
data. Specifically, the fit can be obtained by plotting Ln (Ct/C0) ver-
sus time. Fig. 11 shows that the linear regression number (R2-
greater than 0.9) is very accurate and confirms the consistency
of the data on the removal of APAP from the aqueous environment.
Increasing the initial concentration of APAP has caused a gradual
decrease in the reaction rate. On the other hand, the high value
of the reaction constant shows the ability of the catalyst-light sys-
tem (PS/Fe, Cu@g-C3N4/LED) to remove the APAP pollutant from
the aqueous environment. Moreover, the kinetics of control exper-
iments is provided in Fig. 8 for comparison of performance of dif-
ferent driving forces.
Fig. 10. (A) The role of inorganic anions (NO3
–, CO3

2–, Cl– and PO4
3–), (B) the kinetic constant

and Fe,Cu@g-C3N4 = 10 mg/L).

10
The photocatalytic APAP degradation process is based on sev-
eral simultaneous degradation processes. In order to evaluate the
contribution of each degradation mechanism (photolysis without
PS, photolysis without catalyst, and pristine catalyst) and their syn-
ergistic effect on APAP degradation performance, several experi-
ments had been conducted. According to Fig. 8, the rate constant
for pristine catalyst without light, photolysis without PS, and pho-
tolysis without catalyst were reported to be 0.0007, 0.0032,
0.0038 min�1, respectively confirmed the low degradability of
APAP through these processes. With introduction of these pro-
cesses and doing an experiment, it has been confirmed that the
APAP with decompose rapidly with rate constant of 0.0689 min�1.
The results of different experiments, revealed a considerable syn-
in the photocatalytic process of APAP removal from 0 � 40 min (pH = 11, PS = 1 mM



Fig. 11. (A) Stability and reusability of Fe, Cu@g-C3N4 during 5 consecutive cycles from 0 to 240 min (pH = 11, PS = 1 mM and Fe,Cu@g-C3N4 = 10 mg/L) and (B) XRD patterns
of fresh and used Fe, Cu@g-C3N4 nanocatalyst.

Fig. 12. TOC and APAP Removal under optimal experimental conditions (pH = 11,
PS = 1 mM and Fe,Cu@g-C3N4 = 10 mg/L).

M. Alvandi, H. Nourmoradi, A. Nikoonahad et al. Arabian Journal of Chemistry 16 (2023) 105251
ergy amongst light irradiation, PS molecules, and catalyst particles
by rapid APAP elimination in aquatic medium. In order to evaluate
the synergistic factor of final process, following Eq. (13) is used:

Synergistic factor ¼ kCu�Fe@g�C3N4

ðkwithoutlight þ kwithoutpersulfate þ kwithoutcatalystÞ
ð13Þ

Where kFe-Cu@g-C3N4, kwithout light, kwithout PS, and kwithout catalyst

correspond to rate constants of each process. The synergy factor
larger than 1 represents the synergetic effect of processes. How-
ever, the synergy factor less than 1 confirm the inhibition effect
of processes. For the APAP degradation using light/PS/catalyst sys-
tem, the synergy factor was found to be 8.9 which prove the con-
siderable synergy of the processes.

3.2.3. Identification of active species in the photocatalytic degradation
of APAP

To determine the main oxidizing species or radicals (O2
∙ –, h+, HO∙

and SO4
– ∙) responsible for the photocatalytic degradation of APAP

pain relievers using Fe,Cu@g-C3N4, the several experiments were
performed under optimal operating conditions (Hayati, Isari,
et al., 2020). The reactions using different deactivating compounds
such as disodium ethylenediaminetetraacetic acid (EDTA) as
h + scavenger, Ethanol for HO∙ and SO4

–∙, p-benzo-quinone (BQ)
for O2

– ∙ and Tert-Butyl alcohol (TBA) for HO∙ at a concentration of
0.01 M. As shown in the Fig. 9, the results show that the removal
11
speed is present in the presence of all active species inactivating
agents, and the introduced species participate to different degrees
in the photocatalytic removal process of APAP. Apparently, TBA
and then Ethanol reduced the amount of removal from 100% to
75.13% and 40.02% respectively in 40 min. The kinetic constant
for scavenged reactions were reported to be 0.0665, 0.0197,
0.0304, and 0.0141 min�1 for EDTA-Na, ethanol, 1, 4-
benzoquinone, and TBA, respectively. The obtained results show
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that in the process of APAP degradation, sulfate radicals play an
essential role as the most prominent factor, followed by hydroxyl
radicals (Moradi, Isari, et al., 2021).

3.2.4. The role of inorganic anions in the removal process of APAP
In the process of treating wastewater, it is widely recognized

that the presence of inorganic anions can have a reductive impact
on the effectiveness of catalytic systems in removing target pollu-
tants. Anions can absorb free radicals and generate reactive anionic
species, which are often less reactive than hydroxyl and superoxide
radicals (Hayati, Isari, et al., 2020). To investigate the impact of
inorganic anions on the removal of APAP, 10 mM solutions of
Nitrate (NO3

–), Carbonate (CO3
2–), Chloride (Cl–) and Phosphate

(PO4
3–) were introduced to the reactor under optimal conditions.

The inhibitory effect of each anion on the degradation efficiency
is shown in Fig. 10 (A and B). It can be observed that all the added
anions had an adverse effect on the efficiency of the catalyst in
Fig. 13. A plausible pathway for pho

12
removing APAP. This reduction may be attributed to the anions
occupying active sites on the surface of the catalyst, which signif-
icantly reduces the number of active sites on the surface and the
rate of free radical production. Chloride anion has the most pro-
nounced inhibitory effect on degradation efficiency. This may be
due to the formation of chlorine radicals (Cl2�–, Cl�–, and ClOH�–)
as shown in Eqs. S14 to S18, and the reaction of induced holes
and chloride anions, which accelerates the formation of chlorine
species. Therefore, the decrease in degradation rate caused by the
addition of chloride anions is related to the competition of chloride
anions with APAP molecules in consuming active species and/or
reacting with hydroxyl and superoxide radicals Eqs. S19 to S23.

The addition of nitrate, carbonate, and phosphate anions to the
APAP solution resulted in lower removal rates of APAP compared to
when no anions were present. This suggests that the inhibitory
effects of these anions are not as strong as those of chloride. Nitrate
and carbonate anions have less ability to consume hydroxyl radi-
tocatalytic degradation of APAP.
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cals and produce NO3 and CO3 radicals (Eqs. S24 and S25), which
may explain why they have weaker inhibitory effects. Additionally,
phosphate anions have the least inhibitory effect, likely because
they produce PO4

∙– radicals at a low rate due to their weak adsorp-
tion ability on the nanocomposite surface. Eq. S20.

The results also confirmed that anions can significantly reduce
the efficiency of the prepared catalyst for APAP removal due to
the participation of active species sorbents in the photocatalytic
removal reactor through (1) consumption of active species from
anions in the path of producing non-radical species, anionic radi-
cals; produced by low oxidation followed by conversion of active
species and (3) anions are adsorbed on catalyst surfaces, which
reduces the specific surface area and the number of reactive active
sites. These findings are highly correlated with the reports of other
researchers (Hayati, Isari, et al., 2020; Moradi, Isari, et al., 2021).

3.2.5. Determination of sustainability and reusability of Fe,Cu@g-C3N4

In order to evaluate the actual application of the catalyst and its
recovery and reuse capability, recovery tests were performed
under optimal conditions for APAP removal for 5 consecutive
cycles. After each removal test, the used composite was rinsed with
diluted hydrochloric acid to remove APAP molecules attached to
the catalyst surface. Then, the catalyst was washed using water–
ethanol solution (with a volume ratio of 1:1) and dried at 80 �C
for 12 hr and used for the next cycle. As shown in Fig. 11A, the pol-
lutant removal ability by the synthesized catalyst after 4 removal
cycles is still more than 90% of the remaining material, which
shows the high stability of this composite in the photocatalytic
removal process. In the fifth cycle, the significant reduction in
removal efficiency can be due to the reduction of surface active
sites, clogging of catalyst pores and reduction of specific surface
area, loss of some amount of catalyst in the washing process with
acid and water–ethanol, and the loss of surface functional groups
on the surface of the catalyst (Deng et al., 2017; Hayati,
Khodabakhshi, et al., 2020; A A Isari et al., 2020). After running five
consecutive degradation experiments, the XRD analysis of used
catalyst were performed and the results are shown in Fig. 11B.
As can be seen in Fig. 11B, the intensity of g-C3N4 peaks are
reduced. It is confirms that the structure of the used catalyst was
not changed during five consecutive decontamination process (S.
Chen et al., 2019).

3.2.6. Determining the degree of pollutant (APAP) mineralization
To evaluate the performance of Fe-Cu doped g-C3N4 catalyst to

break the carbon–carbon bonds in the pollutant, the amount of
organic carbon in the sample containing the pollutant was mea-
sured at two times 20 min and 40 min after the pollutant removal
reaction started, results provided in Fig. 12. In the time of 40 min,
the complete removal of APAP pollutant was achieved under opti-
mal operating conditions. At the same time, the amount of
29.53 mg/L of organic carbon in the solution (compared to the
amount of organic carbon in 20 min) has been removed. The
removal of about 55% of organic carbon in the contaminated sam-
ple indicates the high ability of Fe-Cu doped g-C3N4 catalyst to
break carbon–carbon bonds.

3.2.7. Determination of by-products produced during the removal of
APAP

In the process of photocatalytic removal of APAP from the aque-
ous solution, two samples were taken from the reaction solution at
20 and 40 min after the start of the removal reaction, and chro-
matographic analysis was performed to identify intermediate sub-
stances in the reaction medium. The literature suggests that
hydroxylation is the most likely process for breaking down APAP.
This means that the C.2, C.3, and C.4 sites of the APAP molecule
are the most likely positions for hydroxyl radical (HO∙) addition,
13
which can lead to three potential routes for APAP degradation
(Fig. 13). Main routes involves the nonselective attack of HO∙ on
C.2 and C.3, resulting in the by-products N-(3, 4-
dihydroxyphenyl) acetamide and N-(2, 4-dihydroxyphenyl) aceta-
mide, respectively. Another route involves the addition of HO∙ onto
the aromatic ring at the para position of the –OH group to form
hydroquinone. Hydroxylation can also lead to the formation of
benzene ring products such as Benzoquinone. Acetic acid, oxamic
acid, butyric acid, acetamide could be produced through further
oxidation and ring cleavage processes. These products are believed
to be biologically inactive and can be removed from water by min-
eralizing into carbon dioxide and water. Due to the high speed of
the elimination reaction and the high ability of hydroxyl and sul-
fate radicals to attack the bonds in the structure of APAP, interme-
diate materials or molecular structures are quickly attacked and
converted to simpler substances such as phenolic compounds,
organic substances with rings opened and even fully mineralized
materials such as CO2, H2O, NO3

– and NH4
+ have been converted.

The results obtained are in high agreement with similar studies
(Chijioke-Okere et al., 2021; Nasr et al., 2019).
4. Conclusion

In this paper, Cu,Fe co-doped g-C3N4 with well-constructed
nano-sheet structure was fabricated using thermal decomposition
of urea, iron nitrate, and copper nitrate as g-C3N4, iron atom and
copper atom precursors, respectively. With addition of metal
dopants, the same XRD pattern was achieved for both samples,
while the BET analysis confirmed the higher specific surface area.
The sheet structure of pristine g-C3N4 and dopant containing sam-
ples were confirmed by SEMmicrographs and their purity and uni-
form atom dispersion were confirmed using EDX and EDX dot
mapping analysis, respectively. Under light irradiation, Fe-Cu co-
doped g-C3N4 nanocomposite showed reduced band gap compared
to pristine g-C3N4 which confirms the positive effect of addition of
metal dopants. Under conditions of pH of 11, catalyst dosage of
10 mg/L, PS dosage of 1 M, and APAP concentration of 4 mg/L,
100% removal of APAP was obtained. The pseudo-first-order kinetic
of APAP decomposition with rate constant of 0.0689 min�1 was
achieved. In investigating the role of scavengers in APAP removal
process, it was shown that sulfate and hydroxyl radicals are the
main active species in this process. In addition, the results showed
that Cu,Fe@g-C3N4 had a significant effect in removing TOC and
converting organic molecules and 55% TOC reduction was achieved
. Therefore, it can be concluded that the present system (PS/-
nanocomposite/LED light) was the efficient system to decompose
the PPCPs compounds and APAP contain wastewaters.
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