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Abstract

Background: Sulfamethoxazole (SMX), a sulfonamide antibiotic, is frequently detected at high
concentrations in surface and drinking water, indicating widespread contamination.

Methods: In this experimental study, a graphitic carbon nitride (g-C,N,)/cadmium sulfide
(CdS) nano-composite was synthesized using a co-precipitation method. The crystal structure,
morphology, and surface chemistry of the synthesized nanocomposite were characterized using
X-ray powder diffraction (XRD), field emission scanning electron microscopy (FE-SEM), and
energy-dispersive X-ray spectroscopy (EDX), respectively. The Experiments were conducted
under varying conditions, including pH (3-11), nanocatalyst dosage (0.2-1 g/L), contact time
(0-120 minutes), and initial SMX concentration (5-20 mg/L).

Results: XRD and SEM analyses confirmed the hexagonal structure of CdS, with SEM images
showing well-dispersed nanoparticles and no agglomeration. The distinct peaks in the XRD
pattern indicated well-crystallized CdS nanoparticles. Optimal removal efficiency was achieved
at pH 5, with a nanocatalyst dosage of 0.7 g/L, a contact time of 60 minutes, and an SMX
concentration of 5 mg/L. Kinetic studies revealed that the photocatalytic degradation followed
first-order kinetics (R*=0.9955).

Conclusion: Based on the results and the physical and chemical properties of the synthesized
CdS-modified carbon nitride nanocomposite, this photocatalytic process offers a promising,
effective, and efficient method for the treatment of antibiotic-contaminated wastewater,
particularly for removing SMX.

Keywords: Sulfamethoxazole, Photocatalyst, Cadmium sulfide, Carbon nitrite graphite,
Purification
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Introduction

potentially leading to the formation of even more toxic

Among various classes of pharmaceuticals, antibiotics
are the most widely consumed worldwide.! However,
their overuse and increasing rates of consumption
have reduced their effectiveness against bacteria.? This
growing inefficacy is further complicated by the rising
costs of medical and veterinary care, the development of
antibiotic resistance in humans,** and the high potential
for mutations in microorganisms, which can lead to
even greater resistance.! Moreover, antibiotics are also
toxic and non-biodegradable in the environment.® Their
presence can negatively impact biological wastewater
treatment processes and may interfere with chemical
treatment methods such as chlorination and ozonation,

byproducts.® These byproducts can subsequently affect
living organisms—humans, animals, and plants—by
adsorbing onto target cells®. The high solubility of
antibiotics in water facilitates the rapid contamination of
water resources, including drinking water, surface water,
and groundwater.®® This contamination can ultimately
harm the environment and contribute to the emergence
of antibiotic-resistant bacteria. Among antibiotics,
sulfamethoxazole (SMX)—a sulfonamide compound—is
widely used to treat urinary tract infections and respiratory
illnesses such as bronchitis, and is also extensively used
in veterinary medicine.” This widespread application
is a likely cause of high SMX concentrations detected
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in surface and drinking water.”® Due to its frequent
detection, SMX is often considered a key indicator of
antibiotic pollution in aquatic environments."" It enters
water bodies through multiple pathways, including
medical waste discharge, toilet flushing, and improper
disposal from both industrial and domestic sources."
Notably, SMX has low biodegradability, allowing it to
persist in the environment, thus classifying it as a stable
contaminant.'? Given its toxicological effects on aquatic
ecosystems and potential human health risks, even
low levels of SMX in wastewater must be effectively
removed."” However, conventional wastewater treatment
processes are not effective in removing antibiotics from
wastewater,'* necessitating the development of novel and
effective removal methods. Various techniques have been
applied to eliminate SMX from aqueous environments,
including adsorption, anaerobic digestion, cavitation, ion
exchange, photo-Fenton oxidation, catalytic oxidation
under radiation, and photocatalysis.’*'* While Fenton
oxidation and photocatalytic degradation are among
the most commonly employed, the generation of large
amounts of iron sludge remains a significant limitation of
the Fenton process. As a result, photocatalytic degradation
is increasingly favored for the effective removal of
antibiotics like SMX."”

Cadmium sulfide (CdS) is a semiconductor
of considerable interest owing to its bandgap of
approximately 2.4 eV, which enables it to effectively
absorb sunlight up to around 520 nm."® It exhibits
strong visible light absorption, favorable energy band
positions, and excellent electron transport properties,
making it well-suited for the removal of hazardous
contaminants.” However, CdS in its untreated form
suffers from considerable electron-hole recombination
and photocorrosion during photocatalytic processes,
which limits its effectiveness in detoxifying pollutants.?.
Graphene, known for its outstanding physicochemical
properties—such as high electrical conductivity, chemical
stability, and stronglight absorption—serves as an effective
cocatalyst for rapid reactions.? Its characteristics facilitate
the efficient collection and transport of charge carriers,
enhancing overall reaction efficiency and longevity.”!
Graphitic carbon nitride (g-C,N,) is another promising
organic, metal-free semiconductor known for its strong
thermal and structural stability, scalability, low toxicity,
appropriate band structure, and cost-effectiveness.”> *
Nevertheless, g-C,N, alone is limited by its poor ability
to separate photo-induced electron-hole pairs at the
interface, which restricts its photocatalytic efficiency.”.
The integration of CdS nanomaterials with graphene—
particularly at key interfaces—can significantly improve
charge separation and transfer efficiency.”* Furthermore,
g-C3Ny’s large surface area and suitable band structure,
which is lower than many conventional semiconductors,
underscore its potential when used in heterojunction
photocatalysts in combination with other materials.®
The resulting CdS/graphene/g-C;Ny photocatalysts
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are particularly promising for the efficient degradation
of organic pollutants. In addition to their enhanced
photocatalytic performance, these composites can be
easily recovered from aquatic environments via simple
sedimentation, making them highly practical for real-
world applications.

In this study, a novel g-C)N,/CdS nanocomposite
photocatalyst was synthesized using the co-precipitation
method. The CdS nanoparticles were prepared following
established procedures reported in previous studies.
The synthesized materials were characterized using
energy-dispersive X-ray (EDX) analysis, scanning
electron microscopy (SEM), and X-ray Diffraction
(XRD) to determine their elemental composition, surface
morphology, and crystal structure, respectively. The
photocatalytic performance of the nanocomposite was
evaluated by investigating key operational parameters,
including pH, irradiation time, and initial SMX
concentration. Additionally, the reaction kinetics of
SMX degradation were analyzed to better understand the
efficiency and mechanism of the photocatalytic process.

Methods and Materials
This research involved practical experiments conducted
on a bench scale using a batch reactor.

Instruments and Materials

All chemicals used in this study—including hydrochloric
acid, sulfuric acid, sodium hydroxide, cadmium nitrate
tetrahydrate (Cd(NO,),-4H,0), thiourea (CS(NH,)) ),
and silver nitrate (AgNO,)—were of analytical grade
and obtained from Merck. These chemicals were used as
received, without any further purification. The physical
and chemical properties of SMX, the target antibiotic
(purchased from Sigma-Aldrich), are summarized in
Table S1.

Synthesis of G-C,N /CdS

All materials used for the synthesis of the nano-composite
were commercially available and did not require further
refinement. The G-CN,/CdS nanocomposite was
synthesized using a co-precipitation method.””?® The
G-C\N, sample was prepared by heating melamine
directly at 520 °C for 4 hours in a semi-closed system.
To synthesize the G-C,N,-CdS composites, a mixture of
Cd(NO:s),-4H,0 and thiourea in a 2:1 molar ratio was
dissolved in 50 mL of distilled water after stirring for 30
minutes. A specific amount of G-C,N, powder was then
added to this solution, which was shaken for 3 hours.
The pH of the resulting suspension was subsequently
adjusted to 10 by adding 0.5 M NaOH, and the reaction
was maintained for 12 hours under constant stirring.
After the reaction, the deposited material was collected
by filtration, washed thoroughly with distilled water, and
dried overnight at 60 °C. Finally, the sample was heated at
250 °C for 1 hour.



Structure and Morphology of G-C N, /CdS

The crystallization and particle size of G-C,N,-CdS were
analyzed using XRD patterns over the range of 5 to 80
degrees with a Phillips X-ray machine (X-ray tube anode:
copper, wavelength: 1.540598 A [Cu-Ka], filter: Ni). The
photocatalytic surface morphology of g-C,N,-CdS was
characterized using a FE-SEM TESCAN MIRA3. Also,
EDX analysis was employed to examine the elemental
composition of the photocatalyst. The point of zero
charge (pzc) of the catalyst was evaluated based on its
properties, particularly the surface charge determined
by the ions present on the catalyst’s particle structure.”
To investigate the impact of pH on the photocatalytic
degradation of pollutants and the dependence of pzc on
the solution’s pH, the pHpzc of the synthesized G-C,N,/
CdS was determined. To estimate pHpzc, 30 mL of a 0.01
M sodium chloride suspension was placed into five 100
mL Erlenmeyer flasks, and the solutions were adjusted
to pH levels ranging from 2 to 11 using 0.1 M HCI and
NaOH. Subsequently, 0.2 g of the nanocatalyst was added
to each flask, which were then shaken at 200 rpm for 48
hours. The final pH of each sample was measured, and
pHpzc was deduced from the intersection point of the
initial pH graph versus the final Ph.***° The pHpzc was
determined to be 5.4. For pH levels below the pHpzc, the
surface of the nanoparticles exhibits a positive electrical
charge due to the presence of H' ions. Conversely, at
pH levels above the pHpzc, the surface charge becomes
negative owing to the presence of OH ions.* (Figure 1)

Study of the Photocatalytic Process in SMX Removal
The experimental studies were carried out in a cylindrical
batch reactor with a height of 127 mm, a diameter of 85
mm, and a total volume of 720 cm®. For each experiment,
the reactor was filled with 500 mL of distilled water. The
schematic of the experimental setup is shown in Figure S1.
Different experimental samples were prepared by
adding the appropriate amounts of sulfamethoxazole and
the nanocatalyst. The suspension was allowed to sit in
the dark for 30 minutes to reach adsorption/desorption
equilibrium. The reactor was then exposed to a UV light
source, a 15 W low-pressure UV lamp with specified
irradiation intensity, positioned in the center of the reactor
and covered with quartz to prevent direct contact between
the lamp and the solution. Throughout the reaction, the
magnetic stirrer was kept constant, and the temperature
of the solution was maintained. The entire reactor was
wrapped in aluminum foil to prevent light reflection.
Samples of 5 mL were continuously withdrawn from the
reactor, and the solution containing the photocatalyst
was centrifuged at 6000 rpm for 30 minutes to separate
the particles. The supernatant was then passed through
a 0.5 pm filter to remove any remaining photocatalyst.
The residual concentration of SMX was measured using
a spectrophotometer at a wavelength of 270 nm.* The
highest efficiency was used to determine the optimal
conditions for various operational parameters.

Photocatalytic removal of sulfamethoxazole

InPH vs In PHO
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Initial pH

Figure 1. Zero-Point Charge of the Prepared G-C,N,/CdS Nanocatalyst in
This Study

Impact of pH

The effect of initial pH on the photocatalytic removal
of SMX was investigated over a pH range of 3 to 11 at
specified time intervals. The experiments were carried
out using an initial SMX concentration of 5 mg/L and a
nanocatalyst dosage of 0.5 g/L under UV light irradiation.

Impact of Nanocatalyst Dosage

The effect of varying nano-catalyst dosages (0.2-1 g/L) on
the degradation of SMX was investigated at specified time
intervals, while maintaining optimal pH conditions and
a constant SMX concentration of 5 mg/L under UV light
irradiation.

Impact of Initial SMX Concentration

The effect of the initial concentration of SMX (ranging
from 5 to 20 mg/L) on its photocatalytic degradation
was examined at specific time intervals, using optimal
pH and the optimal nanocatalyst dosage under UV light
irradiation.

Impact of Reaction Time

The effect of reaction time (0-120 minutes) on the
photocatalytic degradation of SMX was investigated
under UV light irradiation, using the optimal SMX
concentration, pH, and nanocatalyst dosage.

Photocatalytic Removal Kinetics

The kinetics of photocatalytic degradation of SMX were
studied at the optimal SMX concentration, optimal
reaction time, optimal pH, and optimal dosage of
nanocatalyst under a UV light source.

Removal Efficiency Calculation
The removal efficiency of SMX was calculated by
equation 1:

%uz(h; 100 )

1

Where, Ci is the initial concentration of SMX and C, is
the final concentration of SMX (mg/L).
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Results and Discussion

Characterization of G-C N -CdS Heterojunctions

As shown in the XRD diagram (Figure 2), the main peaks
of CdS were observed at 26.7°, 44.1°, and 52.2°, with a
smaller peak at 70.8° corresponding to the planes (002,
111) and (220, 311, 331). Moreover, a minor peak at 24.9°
was associated with the crystal plane (100), confirming
the hexagonal crystal structure of CdS.*>** The peaks
corresponding to G-C N, included the integrated peaks
of CdS and G-C)N, together, with a broad and sharp
peak at 27.47°, indicative of the layered arrangement
within the graphite-like carbon nitride. Another peak
was observed at 13.04°, confirming the arrangement of
the triazine structures on the surface of the conjugated
aromatic systems, which is responsible for the formation
of G-C\N,.»

The FE-SEM results show that CdS nanoparticles are
dispersed on the G-C,N, plates (Figure S2). The hexagonal
CdS particles were well deposited on both the inner and
outer surfaces of the G-C\N, plates, which is consistent
with findings from other studies.’>** According to Chen et
al, g-C,N, exhibits two characteristic diffraction patterns,
attributed to the in-plane structural arrangement and
the interlayer stacking of aromatic layers in graphitic
materials.” In this study, these diffraction features were
also utilized. Elemental analysis revealed the presence of
the constituent elements in the nanocomposite, including
carbon (C), nitrogen (N), sulfur (S), and cadmium (Cd).
The weight ratios of these elements were 30.4% for C,
40.2% for N, 14.1% for S, and 15.3% for Cd. The weight
ratio of Cd to S was approximately 1.08, indicating the
formation of CdS. Furthermore, the analysis showed
that the nanocomposite contained 30% of the total
nanoparticles, with only the peaks for these constituent
elements appearing in the graph, indicating the absence
of impurities from other elements in the desired
photocatalyst.

Photocatalytic study of G-C°N*/CdS heterojunctions

To achieve the highest removal efficiency of SMX from
the aqueous solution, the roles of various influencing
parameters were investigated, including nanocatalyst
dosage, initial SMX concentration, initial pH, and reaction
time. The kinetics of SMX removal through photocatalysis

gGNE  cds A

Intencity (a.u)
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Position2[Theta] Copper(Cu))

Figure 2. XRD Pattern of the G-C,N,-CdS Synthesized in This Study

were also studied.

Impact of initial pH

pH is one of the most influential parameters for the
removal of antibiotics in photocatalytic processes.** It
plays a crucial role in the photocatalytic decomposition of
pollutants by affecting the concentration of H* and OH~
ions in solution.** pH directly impacts the production of
reactive species, such as photogenerated holes and the
formation of superoxide and hydroxyl radicals, as well
as surface chemistry, including photocatalytic surface
charge, pollutant reactivity, and electrostatic interactions
between the pollutant and photocatalyst.>**

In this study, the degradation rate of the antibiotic
SMX was investigated under acidic, neutral, and
basic conditions. The results showed that the removal
efficiency of SMX increased with pH, reaching its highest
value at pH 5 (Figure 3). Beyond this point, further
increases in pH led to a decrease in efficiency. Song et
al reported that as pH increases, the oxidizing potential
of photo-generated holes tends to decrease, likely due
to a reduction in electropositivity.” This reduction in
oxidizing potential could lead to lower photodegradation
efficiency, a trend that appears relevant to the present
study. As the pH increased beyond 5, the SMX removal
efficiency declined, with the lowest efficiency observed at
pH 11. This trend can be explained by the point of zero
charge (pHzpc=5.4) of the photocatalyst, indicating
that the catalyst surface is positively charged under
acidic conditions and negatively charged under alkaline
conditions.** Besides, since SMX contains a negatively
charged sulfonamide group, it is attracted to the positively
charged photocatalyst in acidic solutions, enhancing the
efficiency of optical degradation.* Furthermore, the acidic
dissociation constants of sulfamethoxazole are pKa, =1.6
and pKa,=5.7. This means that at pH<1.7, SMX exists
predominantly as a cation; between pH 1.7 and 5.6, it
remains mostly in a neutral form; and at pH>5.6, it is
primarily anionic. These findings indicate that SMX can be
effectively removed under near-neutral conditions, where
electrostatic interactions between SMX and the G-C,N,/
CdS photocatalyst are minimized. According to Boreen et
al, neutral SMX exhibits stronger light absorption and a
higher photochemical reaction rate, leading to a shorter
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Figure 3. Effect of initial pH on the removal efficiency of SMX
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half-life and enhanced degradation efficiency.”

Impact of Photocatalyst Dosage

Catalyst dosage is a critical parameter that must be
carefully optimized for each treatment method, as
the optimal dosage ensures high efficiency while
keeping operational costs low. The required amount
of photocatalyst depends on several factors, including
the type of catalyst, reactor dimensions, and the nature
of the pollutant present in the aquatic environment.*
Generally, higher concentrations of catalysts create more
active sites, leading to an increased rate of reactive radical
production.* In this study, the efficiency of various
dosages of the G-C,N,/CdS photocatalyst (0.2, 0.5, 0.7,
and 1 g/L) for the removal of SMX was investigated. As
shown in Figure 4, SMX removal efficiency increased
from 43% to 87% as the dosage of G-C,N,/CdS increased
from 0.2 g/L to 0.7 g/L over 60 min. This indicates that
a higher photocatalyst dosage enhances the reaction rate
and, consequently, the removal efficiency. However,
while increasing the dosage to 0.7 g/L improved
efficiency, further increases in dosage led to a decline
in performance. This reduction can be attributed to the
increased suspended matter in the solution, which raises
turbidity and leads to agglomeration of the photocatalyst
particles.™ As turbidity increases, the absorption of light
by the particles diminishes, reducing the penetration
of light and subsequently decreasing the production of
free radicals and overall efficiency.® A similar trend was
reported by Khataee et al, where the degradation efficiency
increased from 14 to 57% as the catalyst dosage rose from
0.25 to 1 g/L but decreased to 50% when the dosage was
raised to2 L.** These observations are consistent with the
results of the present study.

Impact of Initial SMX Concentration

The initial concentration of the pollutant is an important
parameter due to its impact on the optimal dosage of
catalyst required for photocatalytic degradation.*® In this
study, we investigated the effect of initial SMX antibiotic
concentrations (5, 10, and 20 mg/L) on removal efficiency
using the G-C,N,/CdS photocatalyst. As shown in Figure 5,
the removal efficiency of SMX varied with different initial

100
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Figure 4. Effect of G-C,N,-CdS Dosage on SMX Removal Efficiency

Photocatalytic removal of sulfamethoxazole

concentrations. The lowest removal efficiency (44%) was
observed at a concentration of 20 mg/L after 60 minutes.
In contrast, the removal efficiency increased as the initial
concentration decreased, with the highest efficiency
(92%) noted at a concentration of 5 mg/L. This indicates
that SMX degradation decreased with increasing initial
concentration. Moreover, while the concentration of
the nanocatalyst—and therefore the number of active
sites for the production of reactive radicals—remained
constant, a higher number of contaminants absorbed by
the nanocatalyst can reduce the availability of reactive
sites, subsequently lowering removal efficiency.>>* At
higher initial concentrations, the absorption of SMX onto
the photocatalyst has an inhibitory effect on the reaction
of SMX molecules with the photogenerated holes and
hydroxyl radicals.’ Also, increasing the concentration of
SMX can scatter and absorb optical photons, preventing
them from reaching the photocatalyst surface, which
reduces the production of reactive radicals and diminishes
degradation efficiency.* Another possible reason for the
reduced efficiency at higher antibiotic concentrations is
the increased presence of by-products and intermediates,
which compete with antibiotic molecules for the limited
active sites on the photocatalytic surface, further
decreasing SMX removal efficiency.*"*

Impact of Reaction Time

Reaction time is one of the most important parameters
affecting pollutant removal; as time increases, the
photocatalyst has more opportunities to eliminate
pollutants, resulting in a direct relationship between time
and removal efficiency. As illustrated in Figure 6, the
SMX removal efficiency increased from 46% to 92% when
the reaction time was extended from 10 to 60 min, with 60
min identified as the optimal reaction time. In addition,
as the reaction time increased, the rate of improvement
in removal efficiency began to level off, indicating a
lower slope in the efficiency increase.* The initial rise in
removal efficiency can be attributed to the formation of
more active sites and reactive radicals, which enhances
the overall removal efficiency.”*>* Longer reaction times
allow for greater exposure of the photocatalyst to light,
leading to increased catalyst activation and, consequently,

QN
o O O
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Figure 5. Effect of Initial SMX Concentration on Removal Efficiency

J Adv Environ Health Res. 2025;13(3) | 187



Esrafily et al

100 O
90
80
70
60
50
40
30
20
10

0

Removal Efficiency (%)

0 10 20 30 60 90 120
Contact time (min)

Figure 6. Effect of Contact Time on Photocatalytic Removal of SMX

improved removal efficiency. It is important to note that
SMX is known to be a recalcitrant compound, meaning
that efficient removal requires more time. Extended
reaction times enhance oxidation-reduction potentials,
producing more active hydroxyl radicals and providing
sufficient opportunities for these radicals to react with the
antibiotic.”

SMX photocatalytic Removal Kinetic

Kinetics play a crucial role in selecting and designing
processes, as they influence reaction speed and the
control of stoichiometric conditions.>"” The correct
application of kinetic models to interpret experimental
data is essential for designing and optimizing a system
with adequate capacity and minimal non-radiant volume
in the reactor. The rate of a reaction is generally affected
by the initial concentration of the pollutant or product
over time.* In this study, we first determined the degree
of SMX removal efficiency (Figure S3). The results
indicated that the SMX removal efficiency followed first-
order kinetics (R*=0.99), suggesting a linear relationship
between the concentration of the reactants and the rate of
reaction. The first-order reaction rate constant for SMX
(K,) was calculated to be 0.042/min. In this context, Co
represents the pollutant concentration at time zero, Ct
is the pollutant concentration at time t, K is the reaction
rate constant, and t (in minutes) is the reaction time.
Kinetic studies conducted by Zulfiqar et al revealed that
the pseudo-first-order reaction model provided the most
accurate description of antibiotic degradation behavior."”
Rapti et al investigated the photocatalytic degradation of
pharmaceutical compounds in actual hospital WWTP
effluents using a g-C,N, catalyst.* Their findings indicated
that the degradation process adhered to pseudo-first-
order kinetics.

Photocatalytic Degradation of SMX From a Real
Hospital Wastewater

To evaluate the applicability of the photocatalytic process
for SMX removal in real-world conditions, hospital
wastewater known to contain SMX was examined.

The physicochemical characteristics of the hospital
wastewater were as follows: COD =365 mg/L, BOD =172
mg/L, pH=7.3, and turbidity=101.5 NTU. Moreover,
SMX was spiked into the samples at a concentration
of 5 mg/L to facilitate further analysis. Photocatalytic
degradation experiments were conducted under optimal
conditions determined from previous trials. The results
showed that 78% of SMX was removed from the hospital
wastewater. This slightly lower efficiency, compared to
laboratory conditions, may be attributed to two main
factors. First, the presence of suspended and dissolved
solids in hospital wastewater can reduce light penetration
and photon absorption by the photocatalyst, thereby
hindering the generation of reactive oxidative species.
Second, the presence of competing organic compounds
in the wastewater may lead to the consumption of these
oxidizing species, reducing their availability for SMX
degradation. Consequently, the overall degradation rate
of SMX is decreased in real wastewater matrices.

Conclusion

In this study, G-C,N,-CdS was successfully synthesized,
and the doping of CdS nanoparticles onto G-C,N, was
confirmed using various characterization techniques,
including XRD and FE-SEM. These analyses verified
the crystalline structure and morphology of the
synthesized nanocomposite. Photocatalytic experiments
demonstrated that the degradation of SMX followed a
first-order kinetic model (R*=0.995). Optimal removal
conditions were identified as pH 5, a nanocatalyst dosage
0f 0.7 g/L, a contact time of 60 minutes, and an initial SMX
concentration of 5 mg/L. The results indicated enhanced
removal efficiency under acidic conditions. Overall,
this study highlights that the CdS-modified g-C\N,
photocatalyst offers a promising and effective strategy
for the treatment of antibiotic-contaminated wastewater,
particularly for the removal of SMX.
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