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A B S T R A C T

Harnessing photocatalysis to degrade recalcitrant organic pollutants is a potent solution to addressing water 
pollution and alleviating energy crisis. Photocatalysts possessing intriguing characteristics such as controllable 
band gap, efficient visible-light absorption and high photocatalytic activity play a pivotal role in this regard. 
Herein, porous g-C3N4 nanosheets were synthesised via pyrocondensation polymerization with melamine and 
NH4HCO3 and their photocatalytic performance was investigated for degradation of tetracycline. Characteriza
tion techniques including XRD, FTIR, SEM, TEM, BET and UV–Vis spectroscopy were employed and revealed that 
porous g-C3N4 nanosheets increased light absorption capacity, provided more reactive sites and suppressed 
recombination of photogenerated electron-hole pairs, thus enhancing the material’s photodegradation efficiency 
in the degradation of tetracycline. Optimization studies showed that 83 % of tetracycline was removed after 2 h 
of visible light irradiation using 1 gL− 1 catalyst loading, an initial concentration of 10 ppm and a solution pH of 
7. The catalyst showed remarkable recyclability, retaining its chemical structure and functional properties, with 
68 % degradation achieved after 5 cycles. Through radical scavenging experiments, superoxide radicals (•O2

− ) 
and photogenerated hole (h+) were identified as the primary active species responsible for TC degradation. A 
plausible photocatalytic mechanism was proposed from these experiments. This study provides a facile, cost 
effective, eco-conscious and effective approach for incorporating porous hierarchical and 2D nanosheets 
morphology on g-C3N4 to enhance its photocatalytic performance under visible light.

1. Introduction

Innovations in human scientific development have led to the pro
duction of pharmaceutical products that are proficient in preventing, 
treating, and curing diseases, improving the quality of life, and 
increasing the life expectancy of humans and animals. As a result of 
these innovations, there is regular consumption of some pharmaceutical 
products [1]. Owing to the blooming consumption and subsequent 
excretion of pharmaceutical products, numerous Pharmaceutically 
Active Compounds (PhACs), recognized as emerging contaminants, have 
been detected in various environmental matrices such as surface water, 
groundwater, soil, and water/wastewater treatment plants worldwide 
[2]. Among the pharmaceutically active compounds detected in water 
bodies, antibiotics have attracted attention as they have short- and long- 
term health implications for humans and aquatic species [3]. The 
increasing detection and transformation of antibiotics in aquatic 

environments and municipal wastewater effluents have become a global 
environmental issue. African-based studies on the occurrence of phar
maceuticals in aquatic systems revealed regular detection of nearly 24 
antibiotics in surface water, and 14 of these antibiotics were reported in 
Europe-based studies [4].

Tetracycline (TC) is recognized as one of the commonly used anti
biotics worldwide. The continual release of this antibiotic into water 
bodies has contributed to their persistent presence in the environment 
[5]. The abundant existence of tetracycline in aquatic systems was re
ported to have adverse effects on the distribution of microbial commu
nities and contributes to the development of bacterial drug resistance, 
posing a risk of ecological imbalance [6]. Tetracycline is partially sus
ceptible to degradation through conventional water treatment methods 
due to its high stability [7]. Human health and environmental concerns 
associated with the presence of antibiotics in aquatic environments have 
necessitated their removal from wastewater. Wastewater treatment 
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plants (WWTPs) are not designed to remove pharmaceutical compounds 
and are unable to degrade these organic contaminants [8]. Physico- 
chemical technologies have been applied in the removal of antibiotics 
and it has been noted that the removal of these compounds using these 
technologies is expensive, requires high-energy input and sometimes 
inefficient and generates toxic sludge [9]. Chemical processes such as 
advanced oxidation processes (AOPs) have been identified as viable 
methods for the degradation and mineralization of organic pollutants in 
wastewater by utilizing highly reactive and oxidizing radicals. Heter
ogenous semiconductor photocatalysis, an AOP has emerged as an 
effective, eco-friendly, cost and energy efficient technique for the 
removal of these antibiotics from wastewater [10].

Semiconductor photocatalysis involves the use of semiconductors 
that are activated by sufficient light irradiation to generate electrons and 
holes. These electrons and holes initiate the oxidation of organic mole
cules by producing reactive radicals like (•OH) and (•O2

− ). These radical 
species are strong oxidizers that make them effective for the degradation 
of diverse organic pollutants [11]. Visible-light-responsive photo
catalysts are preferred because of their capacity to harness solar energy 
to make photocatalysis a green technology. Elmolla and Chaudhuri [12]
study revealed that traditional ZnO semiconductor serves as a low cost 
and environmentally friendly photocatalyst for the degradation of an
tibiotics when exposed to UV light due to its suitable band gap. How
ever, it can suffer from poor visible-light absorption owing to its wide 
band gap. Various Ag-semiconductor photocatalysts, such as Ag2O and 
AgX (X = Cl, Br, I), show promise as visible-light-driven photocatalysts 
because of their strong reactivity; however, they often experience 
chemical stability issues due to photochemical corrosion [13]. There
fore, the exploration of innovative, cost-effective, non-toxic, and stable 
photocatalysts that can be activated by visible light irradiation has 
become key in photocatalysis.

Graphitic carbon nitride (g-C3N4), a fascinating metal-free semi
conductor, is a promising semiconductor owing to its appealing prop
erties such as a moderate band gap to respond to visible light, high 
chemical stability, exceptional electronic structure, and simple and eco- 
friendly synthesis [14]. However, the photocatalytic activity of pristine 
g-C3N4 has drawbacks, such as fast recombination of photo-induced 
charge carriers and low visible light utilization [15]. Various strate
gies have been explored to overcome these shortcomings, such as cata
lyst morphology control, element doping, and constructing 
heterojunctions to improve photocatalytic activity [16]. Tuning the 
morphology and internal structure of g-C3N4 is presumed to have a 
determining effect on the optical and photoelectronic properties [17]. g- 
C3N4 nanosheets have been reported to exhibit distinct physical and 
chemical structures with large specific areas and outstanding electronic 
mobility. This structure provides a larger surface area, shorter transfer 
length of photoinduced charge carriers, and enhanced light absorption, 
which improves the photocatalytic performance of g-C3N4 in the 
degradation of organic pollutants [18]. Porous hierarchical g-C3N4 has 
been reported to enhance catalyst light absorption and suppress charge 
recombination, thereby improving photocatalytic activity [19]. Porous 
g-C3N4 materials are commonly synthesised via hard or soft templating. 
However, both this approaches present challenges such as complexity of 
the process, structural defects and environmental pollution [20]. As a 
result, there is a need for development of efficient and eco-friendly 
methods to synthesis porous g-C3N4 materials.

In recent years, numerous studies have developed porous g-C3N4 
photocatalysts with varying morphologies and modifications to enhance 
their photocatalytic activity. However, many of these designs still face 
limitations, such as rapid recombination of photogenerated electron- 
hole pairs, limited light absorption, or challenges in scalability and 
reproducibility. Our study introduces a novel porous g-C3N4 nanosheet 
structure synthesized via a streamlined, eco-friendly process that im
proves surface area, optimizes pore distribution, and tunes the band gap 
for efficient visible-light absorption. This structure not only enhances 
charge separation but also increases the number of reactive sites, 

making it highly effective for degrading tetracycline (TC). Compared to 
traditional bulk or non-porous g-C3N4 catalysts, our porous nanosheets 
demonstrate superior recyclability and stability across multiple degra
dation cycles, showcasing significant potential for scalable water treat
ment applications. The synthesized material was characterized to 
evaluate its physicochemical and optical properties. The photocatalytic 
efficiency of the material was investigated for the degradation of 
tetracycline. A possible photodegradation mechanism is proposed based 
on scavenger trapping experiments.

2. Material and methods

2.1. Chemicals and reagents

Melamine powder (C3H6N6), ammonium bicarbonate (NH4HCO3). 
These chemicals were used as precursors for the synthesis of g-C3N4 
materials, bulk, nanosheets and porous nanosheets. HPLC grade tetra
cycline (C22H24N2O8⋅xH2O) and HPLC grade methanol (≥99.9 %) 
(CH3OH). Sodium hydroxide (NaOH) and hydrochloric acid (HCl) were 
used for pH adjustments. Radical scavenger tests were conducted using 
p-benzoquinone (BQ), 2-Propanol (IPA), ethylenediaminetetraacetic 
acid (EDTA) and hydrogen peroxide (H2O2). All chemicals and reagents 
were purchased from Sigma Aldrich and were used without further 
purification. Deionised water produced by an Elga Purelab Chorus unit 
purifier.

2.2. Catalyst synthesis

The three g-C3N4 photocatalysts were synthesized through thermal 
polymerization and pyrocondensation polymerization method. For bulk 
g-C3N4, 10 g of melamine powder was added to an alumina crucible with 
cover and heated at 600 ◦C for 4 h, followed by milling, washing with 
ethanol and deionized water, and dying at 80 ◦C overnight. The resulting 
product was named B-CN. g-C3N4 nanosheets were prepared by a similar 
method for bulk g-C3N4 but with a 2-hours heating followed by milling 
and a subsequent reheat at 600 ◦C for 2 h to obtain nanosheets, product 
was named CNN. Porous g-C3N4 nanosheets were synthesized by dis
solving 10 g of each of melamine and ammonium bicarbonate in 
deionized water, followed by drying the mixture at 95 ◦C for approxi
mately 24 h. The resulting material was subjected to the same heating, 
milling and washing procedure used to prepare g-C3N4 nanosheets, it 
was then named as P-CNN, method adopted and modified from Liu et al. 
[21].

2.3. Characterization

The X-ray diffraction (XRD) spectra of the prepared samples were 
analysed using a PANalytical X’Pert Pro powder diffractometer in θ–θ 
configuration with an X’Celerator detector and variable divergence- and 
fixed receiving slits with Fe filtered Co-Kα radiation (λ = 1.789 Å). The 
mineralogy was determined by selecting the best–fitting pattern from 
the ICSD database to the measured diffraction pattern, using X’Pert 
Highscore plus software. A PerkinElmer ATR 4000 Fourier-transform 
infrared (FTIR) spectrophotometer was used determine the chemical 
and functional group present in the synthesised photocatalysts. The 
spectra scan of the samples was detected within a wavelength from 
4000 cm− 1 to 600 cm− 1 with a resolution of 4 cm− 1 and 16 scans. A Zeiss 
Ultra PLUS FEG SEM using the Oxford instruments detector and AZtec 
3.0 software SP1 was used to analyse and capture the images of the 
particle’s morphology. A JOEL JEM 2100F, 200 kV analytical electron 
microscope was used to capture high resolution TEM images of the 
nanoparticles. The specific surface area and porosity of the materials 
was determined using a St 1 on NOVA touch 2LX BET system. The 
samples were degassed overnight with pure nitrogen flow at 27 ◦C to 
remove all the water molecules prior to the analysis of their surface 
areas and pore sizes. The conditions for analysis were N2 analysis 
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adsorptive, with liquid nitrogen bath temperature of 77.35 K at 5 secs 
equilibration interval. The standard multi-point BET measurements 
were followed. The optical absorption spectra of the synthesised parti
cles were determined with a UV–Visible spectrophotometer Hitachi U- 
3900 double-beam single-monochromatic system with a UV-solutions 
software program.

2.4. Photocatalytic activity

The photocatalytic efficiency of the synthesised materials was 
determined by degrading tetracycline under visible light irradiation. 
Tetracycline stock solution of 100 mg/L concentration was prepared by 
dissolving 0.1 g of TC in 5 mL of methanol before being topped with 
deionised water to the 1 L mark, thereafter dilutions were prepared from 
these stock solutions to make desired concentrations. The photocatalytic 
tests were carried out at room temperature using a sealed batch 
photochemical reactor (Lelesil Innovative systems) with the capacity of 
1 L, equipped with a 450 W visible lamp. The typical test solutions 
consisted of 500 mL of TC solution, 0.5 g of the synthesised photo
catalyst and a magnetic stirrer to ensure a homogeneous dispersion of 
the pollutant and catalyst. The test solution was stirred in the dark for 
30 min to reach adsorption/desorption equilibrium. Thereafter, the 
suspension was irradiated, and a 5 mL of aliquots samples were collected 
at certain time interval. These aliquots were centrifuged and filtered 
through 0.45 µm simplepure filters for the removal of photocatalyst 
before analysis. Optimization studies to determine the optimum degra
dation conditions were carried out by varying the catalyst loading and 
initial concentration. The concentration of tetracycline and progressive 
degradation was measured using a Jenway 7205 UV/Visible spectro
photometer at a wavelength of 357 nm. The total degradation of tetra
cycline after 2 h was evaluated using the expression shown in Eq. (1). 

%Degradation =
C0 − Ct

C0
× 100 (1) 

where C0 is the initial tetracycline concentration and Ct is the concen
tration of tetracycline at any given time, t.

Additionally, scavenger tests were performed to determine the 
dominant reacting species. These were conducted by adding 10 mmol of 
p-benzoquinone (BQ for •O2

− radicals), 2-propanol (IPA for •OH radi
cals), ethylenediaminetetraacetic acid (EDTA for h+ VB) and hydrogen 
peroxide (h2O2 for e− CB) separately to the reaction mixture while 
keeping constant the concentration at 10 ppm and 1 g/L catalyst 
loading, at room temperature. The recyclability and stability potential of 
porous g-C3N4 nanosheets was investigated for 5 cycles. After each 

cycle, a sample was taken, and the remaining solution was centrifuged 
and decanted. The catalyst recovered was dried at 80 ◦C for 12 h before 
being re-used in a fresh TC solution for another run.

3. Results and discussion

3.1. Material characterization

3.1.1. XRD analysis
The X-ray diffraction patterns were collected to examine the phases 

and crystal structures of the self-tuned g-C3N4 synthesized to form 
different morphology/intrinsic structure (bulk, ultrathin nanosheets and 
porous ultrathin nanosheets). As shown in Fig. 1, the XRD patterns of the 
samples are analogous to bulk g-C3N4. The appearance of well-defined 
and recognizable diffraction peaks at about 15◦ and 32◦ were perfectly 
indexed to the hexagonal phase of g-C3N4 and following miller indices (1 
0 0) and (0 0 2) are coordinated well with the model data (JCPDS 87- 
1526) [22]. The relatively intense and sharp interlayer-stacking peak 
(0 0 2) at 32◦ indicates that a graphitic structure was formed and sug
gests a high degree of crystallinity in the materials. In addition, the 
minor crystal peak (1 0 0) at 15◦ relates to the in-plane structuring 
packing of nitrogen-linked heptazine unit [23]. The peaks on plane (0 
0 2) were revealed to increase the intensity in the order of B-CN < CNN 
< P-CNN, suggesting an enhancement in the crystallinity of the mate
rials which can be attributed to the increase in the surface area of the 
materials [24]. No additional peaks for other impurities or phases were 
detected, this confirms purity of the as-prepared g-C3N4 samples and 
shows that ammonium bicarbonate has no effect on the formation of g- 
C3N4 and alteration of its lattice structure.

3.1.2. FTIR spectroscopy analysis
The chemical structure of the synthesised material was examined 

using FTIR to investigate the effect of the modifying agents on the 
functional groups present in the materials. As depicted in Fig. 2, the 
spectra display three identical distinctive absorption bands corre
sponding to a typical g-C3N4 in all the photocatalysts: bulk g-C3N4, g- 
C3N4 nanosheets and porous g-C3N4 nanosheets, demonstrating com
parable chemical features and retention of fundamental surface func
tional units even after addition of pore forming NH4HCO3. The broad 
absorption band at 3000–3200 cm− 1 was ascribed to N–H bond of the 
uncondensed amino group and O–H vibration from surface-bound 
water. A strong band observed from 1200 to 1650 cm− 1 

Fig. 1. XRD pattern of bulk g-C3N4 (B-CN), g-C3N4 nanosheets (CNN) and 
porous g-C3N4 nanosheets (P-CNN).

Fig. 2. FTIR spectra of all the synthesized g-C3N4 photocatalysts.

N.A. Phakathi et al.                                                                                                                                                                                                                            Journal of Photochemistry & Photobiology, A: Chemistry 462 (2025) 116252 

3 



corresponding to heptazine ring stretching vibrations associated with 
the aromatic CN heterocycles presented an out-of-planar structure. The 
peak at 800 cm− 1 was attributed to the s-triazine ring vibrations from 
the condensed carbon and nitrogen heterocycles exhibiting a planar 
structure [25]. A distinctive peak around 2300 cm− 1, corresponding to 
carbon dioxide was observed on P-CNN [26].

3.1.3. Catalyst morphology and microstructure
The morphology and microstructure of the three different g-C3N4 

(bulk, nanosheets and porous nanosheets) photocatalysts was analysed 
by SEM and TEM to study the role of NH4HCO3 and the second annealing 
treatment, the captured images are presented in Fig. 3 (a)–(f). Bulk g- 
C3N4 unveiled lamellar and bulky irregular stacked sheets with thick 
structure predominately on its edges ((a) and (d)), this agglomeration is 
primarily caused by high temperature thermal polymerization during 
catalyst synthesis. Remarkably, the grinding and second annealing 
treatment was significant in modifying the bulky structure as shown in 
(b) and (e) CNN exhibited more dispersed and thinner stacked sheets, 
sheet size was shrivelled and maintained the lamellar structure. In 
contrast, the fine-tuned g-C3N4 (PCN) revealed a hierarchical porous 
structure while retaining the ultrathin layering, size, and dispersion of 
the nanosheets (c) and (f)) as anticipated. The formation of pores was 
due to the ongoing release of NH3 and CO2 gases from NH4HCO3 during 
pyrocondensation [27]. Certainly, the released gases had a notable role 
in the thermal polymerization at high temperature by improving heat 
transfer during reaction and acted as a template for bubbles thereby 

enabling the fabrication of a decentralized porous layered structure.

3.1.4. Surface area and pore size analysis
The Brunauer-Emmett-Teller specific surface area and porosity of the 

three samples was determined by using Nitrogen adsorption–desorption 
measurements and the results are summarized in Table 1. Compared to 
BCN (surface area = 13.28 m2/g, total pore volume = 3.87 cm3/g) and 
CNN (surface area = 38.39 m2/g, total pore volume = 7.90 cm3/g), PCN 
(surface area = 47.47 m2/g, total pore volume = 8.96 cm3/g) revealed a 
higher surface area and pore volume. These results were consistent with 
the SEM and TEM images inserts in Fig. 3, signifying that surface defects 
on g-C3N4 material facilitated the enhancement of surface area. Increase 
in pore volume and surface area is deemed beneficial for efficient pho
tocatalytic degradation of pollutants by boosting optical adsorption 
capacity of the material and offers more reactive sites for effective 
degradation of pollutants [28,29].

Fig. 3. SEM images of (a) B-CN, (b) CNN, (c) P-CNN and TEM images of (d) B-CN, (e) CNN, (f) P-CNN.

Table 1 
Surface area and pore size distribution.

g-C3N4 material Surface area 
(m2/g)

Total Pore 
Volume (cm3/g)

Average particle 
diameter (nm)

Bulk (B-CN) 13.28 3.87 2.05
Nanosheets (CNN) 38.39 7.90 7.10
Porous nanosheets 

(P-CNN)
47.47 8.96 5.75
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The N2 adsorption–desorption isotherms measurements were con
ducted for the as-synthesised g-C3N4 materials, BCN, CNN and PCN. The 
results are depicted in Fig. 4, the isotherm patterns of all the samples 
exhibited characteristics of Type IV isotherm according to the Interna
tional Union of Pure and Applied Chemistry (IUPAC) classification [30]. 
Notably, the hysteresis loop of PCN and CNN took on an H3 type shape 
in the relative pressure range of 0.7–0.9, suggesting that the material 
consist of mesoporous structure, and this further agrees with the 
porosity/textural properties of the materials. BCN displayed a lower N2 
absorption probably due to lack of porosity, and a remarkable increase 
was observed between CNN and PCN.

3.1.5. Photo-absorption and band gap analysis
The effect of morphology on the optical properties of the as-prepared 

g-C3N4 samples was studied by conducting a UV–vis diffuse reflectance 
spectroscopy (DRS) analysis. As depicted in Fig. 5 (a) the light absorp
tion of all the samples effectively increased in the visible region when 
compared to B-CN. The light absorption edge of CNN and P-CNN 
exhibited a slight red shift compared to B-CN, with band edge positions 
at 400 nm for B-CN, 403 nm for CNN and 407 nm for P-CNN. The 
redshift can be ascribed to the smaller particles size and porous 
morphology of the catalysts, which expands the optical absorbance 
range of the materials. This confirms that changes on morphology in
fluence the optical absorption of g-C3N4. The corresponding band gap 
energies were determined by Tauc model as defined by Eq. (2). 

Fig. 4. N2 adsorption–desorption isotherms of all the synthesized 
photocatalysts.

Fig. 5. (a) UV–vis absorption spectra of synthesized g-C3N4 materials. Tauc plot and estimated band gap for (b) Bulk g-C3N4, (c) g-C3N4 nanosheets and (d) porous g- 
C3N4 nanosheets.
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(αhv)n
= A

(
hv − Eg

)
(2) 

where α is the absorption coefficient, h is Planck’s constant, v is the 
photon’s frequency, A is a proportionality constant,Eg is the band gap 
energy and n denote the nature of the electron transition, where n is 
assumed to be 2 or 1/2 for direct and indirect transition, respectively.

The band gap energy for each sample was estimated by pinpointing 
the horizontal axis intercept of tangents drawn on the plots of (αhv)2 

against band energy, since they all displayed direct band gaps. The op
tical band gap energy of B-CN, CNN and P-CNN were estimated to be 
2.75 eV, 2.63 eV and 2.50 eV, respectively as presented in Fig. 5 (b), (c) 
and (d). Implying that there is a significant alteration in the electronic 
structure of g-C3N4. After the second annealing, the band gap of B-CN 
was narrowed from 2.75 eV to 2.63 eV for CNN. A previous study by 
Yang et al. [31] had also noted band gap energy reduction by a similar 
factor to the one observed in this study, with 2.5 eV for bulk g-C3N4 and 
2.4 eV for g-C3N4 nanosheets. The incorporation of the hierarchical 
porous structure and the 2D layering of the g-C3N4 further narrowed the 
band gap energy to 2.50 eV. The reduction of the band gap serves not 
only to decrease the energy necessary for electron transition between the 
conduction and valence bands but also to enhance absorption of visible 
light [32]. This results to an increase generation of photogenerated 
carriers because of the 2D layering, and improved separation of photo
generated charge carriers achieved through multiple reflections facili
tated by the porous structure of g-C3N4 [33]. Consequently, an improved 
photocatalytic performance can be anticipated.

3.2. Photocatalytic degradation activity

3.2.1. Effect of catalyst morphology
The photocatalytic performance of the as-prepared B-CN, CNN and P- 

CNN photocatalysts was evaluated using 10 ppm tetracycline solution 
under visible light irradiation and 1 gL− 1 catalyst loading. The solution 
was stirred in the dark for 30 min until adsorption–desorption equilib
rium was reached and then the solution was irradiated for 120 min. 
Control experiments were conducted to elucidate the individual con
tributions of photolysis and adsorption to tetracycline degradation. As 
presented in Fig. 6, The removal of TC in photolysis control experiments 
resulted in 22 % degradation, indicating that TC has a low susceptibility 
to degradation by light alone. For Adsorption experiments, 19 % of TC 
was adsorbed on P-CNN after 2 h while 12 % TC was adsorbed on CNN 
and 9 % was adsorbed on B-CN, these results can be associated with the 
surface area of the materials and adsorption–desorption equilibrium of 
TC to the surface of the catalysts in the dark. Fig. 6 (a) present the 
degradation efficiency of the as-prepared B-CN, CNN and P-CNN. After 
visible light irradiation, the photodegradation efficiency of TC was 68 % 
with B-CN whereas CNN exhibited 77 % and higher degradation of 83 % 
was observed with P-CNN. Compared to B-CN and CNN, the degradation 

efficiency of P-CNN was significantly improved. These results align with 
the BET, Photo-absorption and band gap analysis results. The improved 
photocatalytic performance can be attributed to the dual effect of porous 
and nanosheets morphology resulting in an increased surface area, 
which offers an abundance of active sites for reactions, heightened light 
absorption leading to more efficient reaction, and enhanced charge 
separation that minimizes electron-hole re-combination, an essential 
factor for efficient photocatalysis. In a study by Hao et al. [34] it was 
observed that the degradation of TC (10 ppm) reached 58.07 % with 
bulk g-C3N4 and 72.01 % with porous g-C3N4 nanosheets after 120 min 
of visible light irradiation. These degradation rates were found to be 
lower compared to those achieved with the as-synthesized B-CN and P- 
CNN materials in this study. Notably, the photoactivity phenomenon is 
consistent in both studies. The variation in degradation rates could 
potentially be ascribed to the different synthetic methods used in pre
paring the catalysts, which in turn influence the catalysts textural and 
optical properties [35].

3.2.2. Effect of catalyst loading
Numerous studies reported the existence of optimal catalyst dosage 

for effective photodegradation of organic contaminants and indicated 
that the specific optimal dosage is influenced by nature of the photo
catalyst [36]. To test the influence of catalyst loading on the degradation 
of TC, different masses of porous g-C3N4 nanosheets were loaded in TC 
solution (10 ppm). As demonstrated in Fig. 7, the degradation efficiency 
of TC increased with increasing catalyst concentration from 0.2 to 1 g/L 
by degradation of 65 %–83 %. However, a decrease in degradation ef
ficiency by 21 % was observed at 2 g/L. The increase in the efficiency 
can be attributed to enhanced light absorption and the increase of the 

Fig. 6. Photocatalytic performance of each g-C3N4 photocatalyst, (a) Controlled experiment and (b) degradation experiment under visible light irradiation.

Fig. 7. Effect of catalyst loading on photocatalytic degradation of Tetracycline 
and the rate constant, 10 ppm tetracycline concentration.
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number of active sites on the catalyst surface which eventually cause the 
generation of more reactive species (•O2

− , •OH) that will participate in 
the degradation of TC as a result of the increasing catalyst loading [37]. 
The decrease in degradation efficiency at 2 g/L loading can be ascribed 
to turbidity and agglomeration because of the increased catalyst dosage 
[38]. The turbidity increases with the increasing quantity of photo
catalyst, and subsequently lead to light scattering, caused by the colli
sion of optical rays with the scattered catalyst particles in the solution. 
As a result, numerous light photons lose their energy resulting to a 
decreased efficiency of photocatalytic degradation performance. On the 
other hand, agglomeration can be due particle size. Based on the results, 
the optimum catalyst concentration for the degradation of tetracycline 
in an aqueous solution was found to be 1 g/L.

The degradation kinetics at different catalyst loading were analysed, 
using the Langmuir-Hinshelwood kinetics model expressed in equation 
(3). 

In
(

C0

Ct

)

= Kappt (3) 

where C0 and Ct represents the concentration of TC before degradation 
and at different times during photodegradation respectively. Kapp is the 
pseudo-first-order rate constant.

The rate constant of a photocatalytic reaction is closely influenced by 
the structural characteristics of the catalyst, including surface area, pore 
size and morphology. The rate constants as shown in Fig. 7 revealed a 
parallel pattern with the degradation. A steady increase in the Kapp was 
apparent as the catalyst loading increased. The rate constant showed an 
increase, elevating from 0.0084 min− 1 at loading of 0.2 gL− 1 to 0.013 
min− 1 at 1 gL− 1. This can be ascribed to the catalyst’s surface area, 
whereby increasing the catalyst concentration increases its surface area, 
providing more active sites for tetracycline to adsorb and react, which 
enhances the rate reaction and results in higher rate constant. However, 
the hypothesized combined effect of turbidity and particle agglomera
tion decreased the catalyst’s effective surface area and led to a notable 
decline, reducing the rate constant to 0.0077 min− 1 when the catalyst 
loading was doubled to 2 gL− 1 [39]. Remarkably, the Langmuir- 
Hinshelwood kinetic model provided the best fit for the results at 2 
gL− 1 boasting a high R2 value of 0.97, and 1 gL− 1, 0.8 gL− 1 and 0.4 gL− 1 

yielded R2 value at 0.93, 0.91 and 0.91 respectively.

3.2.3. Effect of initial pH
The initial pH of a solution plays a crucial role in photocatalytic 

processes by affecting the stability and surface charge of the catalyst and 
the target organic compound speciation. The speciation of TC molecules 
exists as positively charged TCH3

+ at pH below 3.3, as neutral zwitterions 
TCH2

0 between pH 3.3 and 7.7, as negatively charged TCH− ions between 

pH 7.7 and 9.0 and as negative charged TC2− at pH above 9.0 [40]. The 
surface charge of g-C3N4 synthesised from melamine exhibit a pH 
dependent behaviour. At pH values below 5, the particles are positive 
due to protonated amino group. Conversely, above pH value of 5, the 
surface is negatively charged as amino group lose a proton [41]. The 
effect of pH on tetracycline photodegradation by porous g-C3N4 nano
sheets was explored in the pH range of 3–11. As illustrated in Fig. 8, the 
degradation efficiency of TC increased from 38 % to 83 % with the in
crease of pH from 3 to 7, then decreased to 62 % and 55 % with further 
increase of pH to 9 and 11. The optimum pH for porous g-C3N4 nano
sheets photocatalytic degradation of TC was obtained at a pH of 7. The 
observed variations in degradation efficiency at different pH levels can 
be explained by interplay of charge interaction between the surface of P- 
CNN and TC molecules. As the pH increases from 3 to 7, TC undergoes a 
transition from positively charged to neutral, while the surface of P-CNN 
changes from positive to negative. This shift in charges may result in 
electrostatic attraction that enhances TC adsorption onto P-CNN and 
facilitates further degradation. However, as the pH further increases 
from 7 to 11, TC becomes negatively charged and P-CNN remain 
negative. Consequently, the resulting electrostatic repulsion weakens 
the adsorption capacity, leading to a decrease in photodegradation ef
ficiency. The findings from this study aligns with previous observation in 
the photocatalytic degradation of tetracycline [42,43].

3.2.4. Effect of initial TC concentration
To investigate the effect of initial TC concentrations on the photo

catalytic degradation of TC, varying concentrations of 10, 20, 30 and 50 
ppm were studied. This was done under optimum condition (1) g/L 
catalyst loading and a pH of 7. As depicted in Fig. 9, the removal effi
ciency decreased from 83 % to 42 % with the increasing TC concen
trations from 10 ppm to 50 ppm. A similar trend was reported by Huo 
et al. [44] It is presumed that during the photodegradation the active 
sites of the catalyst and the photogenerated species formed on the sur
face of the catalyst were constant throughout the experiments. Increased 
TC concentration cause adsorption of excess TC molecules onto the 
catalyst surface thereby saturates the active sites and reduce the gen
eration of active species (•O2

− and •OH) necessary for the photo
degradation reaction, which subsequently decrease the removal 
efficiency due to insufficient reactants. Additionally, this can be ratio
nalized on the basis that TC is a coloured compound in solution and this 
colour increases in intensity with concentration. Therefore, with 
increasing concentrations of TC, the solution becomes highly saturated 
with TC ions thereby diminish light penetration. Accordingly, a signif
icant fraction of emitted photons is absorbed by the solution which 
consequently lowers photon adsorption to initiate electron hole sepa
ration on the catalyst particles and results to low photocatalytic 

Fig. 8. Effect of initial pH on tetracycline photodegradation. Fig. 9. Effect of initial concentration and kinetics on photocatalytic degrada
tion of TC, at 1 gL-1 catalyst loading.
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efficiency. Chen et al. [45] explained that the gradual decrease in TC 
removal efficiency with increasing concentrations can also be due to the 
competition of the as-generated intermediates with the parent TC mol
ecules for limited adsorption and interaction with radical species on the 
catalyst surface at high TC concentration, this deteriorates the photo
degradation efficiency. The optimum concentration of TC was 10 ppm in 
these experimental conditions. The most significant degradation rate 
was observed when the initial concentration was 10 ppm. The rate 
constants exhibited decreasing trend with the increasing concentration. 
In specific, 10 ppm solution had a constant rate of 0.0112 min− 1 in 
contrast to 50 ppm solution which displayed a lower constant rate of 
0.0036 min− 1. At low initial pollutant concentration, the reaction rate 
increase because there are sufficient active sites for efficient interaction. 
However, with increasing pollutant concentration, the surface area be
comes limited, saturating active sites and increasing activation energy, 
resulting to a decline in reaction rate and lower rate constant [46].

3.2.5. Radical scavenging test
It is widely recognized that radical species are crucial determinants 

for photodegradation reactions. Herein, quenching experiments were 
performed to probe the role of reactive species in the photocatalytic 
degradation of TC using the synthesised catalyst. For this purpose, 10 
mmol of p-Benzoquinone (BQ) as a superoxide (•O2

–) radical scavenger, 
2-propanol (IPA) as a hydroxyl radical (•OH) scavenger, Hydrogen 
peroxide (H202) as an electron (e− ) scavenger and ethyl
enediaminetetraacetic acid (EDTA) as a hole (h+) scavenger were added 
separately to the reaction mixture while keep constant the concentration 
of 10 ppm and 1 g/L catalyst loading. Fig. 10, reveals the effects of the 
different scavengers and no scavenger on photodegradation of TC. The 

incorporation of BQ drastically suppressed the degradation process as 
compared to the other scavenger reactions with a removal efficiency of 
44 %, this suggests that superoxide radicals were the major reactive 
species for degradation of TC. However, the addition of IPA and H2O2 
had an insignificant effect on the photodegradation efficiency with 
removal efficiency of 77 % and 78 % respectively, and the addition of 
EDTA had a noticeable quenching effect with 64 % removal efficiency. 
According to these results, it can be deduced that superoxide radical and 
the species generated via hole carriers are the most reactive species 
involved in the degradation of tetracycline.

3.2.6. Proposed mechanism
Based on the radical scavenging experiments, a schematic of the 

possible mechanism for the photocatalytic degradation of tetracycline 
by porous g-C3N4 nanosheets (PCNN) under visible light irradiation is 
proposed in Fig. 11. In photocatalysis, effective separation of electron 
and hole pairs is widely recognized as a crucial factor for ensuring a high 
reactivity of photocatalysts [47]. Bulk g-C3N4 photocatalytic activity is 
restricted by fast recombination of the photogenerated e− & h+ which 
consequently affects the efficient degradation of the pollutants. As 
verified by the UV–vis reflectance spectra, the band gap of PCNNs was 
reduced to 2.50 eV. The tuned band gap is due the structural modifi
cation (porous and 2D nanosheets) of g-C3N4 which improve the pho
tocatalytic activity of the material by enhancing the materials optical 
properties such as light absorption and promoting charge separation. 
The photocatalytic reaction begins with light exposure and absorption of 
photons with sufficient energy by porous g-C3N4 nanosheets. When the 
photons are absorbed by the PCNN, they excite electrons (e− ) within the 
valence band (VB), causing them to transition to the conduction band 
(CB), thus generating pairs of electron-hole (e− /h+) Eq. (4). The elec
trons (e− ) generated in the CB and holes (h+) formed in the VB possess 
opposing charges and tend to move toward the surface of the photo
catalyst. Subsequently, adsorbed oxygen from the system reacts with the 
electrons to form highly reactive superoxide radicals as confirmed by 
quenching experiments equation (5). These radicals, owing to their 
potent oxidative capacity, directly oxidized tetracycline equation (6). 
Moreover, the photogenerated holes (h+) in the VB as powerful oxidants, 
directly initiate the oxidation of tetracycline adhering to the photo
catalyst’s surface equation (7). The combined oxidation action of pho
togenerated holes (h+) and superoxide radicals (•O2

− ) leads to the 
decomposition of tetracycline adhering to the photocatalyst’s surface. 
This process can continue until the organic molecules are completely 
converted into harmless substances, such as CO2, H2O, and mineral ions. 
Panneri et al. [48] have also proposed a similar photocatalytic mecha
nism on the photocatalytic degradation of tetracycline using g-C3N4-Ag/ 
ZnO as a catalyst. 

g-C3N4 + hv → g-C3N4 (h+
VB + e−CB)                                                 (4)

e−CB + O2 → •O2
− (5)

•O2
− + TC → (intermediates) → CO2 + H2O                                    (6)

h+
VB + TC → (intermediates) → CO2 + H2O                                     (7)

To provide a further elucidation of the above mechanism, the con
duction band (ECB) and valence band (EVB) potentials relative to normal 
hydrogen electrode (NHE) of the photocatalyst (P-CNN) were determine 
using the following equations: 

EVB = X – Ee + 0.5Eg                                                                     (8)

ECB = EVB – Eg                                                                               (9)

where X denotes the absolute electronegativity of the semiconductor. 
For g-C3N4, this value is 4.73 eV. Ee is the energy of free electrons on the 
hydrogen scale, which has a value of 4.5 eV and Eg is the bandgap 
energy.

The efficiency of interfacial charge transfer in heterogeneous 

Fig. 10. Effect of different scavengers on Tetracycline degradation with porous 
g-C3N4 photocatalyst.

Fig. 11. Proposed degradation mechanism of porous g-C3N4 nanosheets in the 
photocatalytic degradation of Tetracycline.
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photocatalyst depends on the optimal alignment of the conduction and 
valence band energies within the photocatalyst. The valence band and 
conduction band potential of P-CNN were 1.48 eV and – 1,02 eV 
respectively. When exposure to visible light, g-C3N4 generates electrons 
in the conduction band and holes in the valence band. The conduction 
band of P-CNN (− 1.02 eV vs. NHE) is more negative than the value of 
O2/•O2

− (0.33 eV vs. NHE), hence photogenerated electrons on the CB 
can react with oxygen molecules absorbed on the P-CNN surface, leading 
to their reduction into superoxide radicals (•O2

− ). These superoxide 
radicals actively participate in the degradation of TC, resulting in the 
formation of CO2 and H2O. Conversely, the valence band (+1.48 eV vs. 
NHE) has a lower standard redox potential than that of H20/OH (+2.38 
eV vs NHE). This suggests that holes cannot oxide H20 into OH radical 
species. However, they directly facilitate the degradation of TC.

3.2.7. Catalyst recyclability
The practical application of photocatalysts is significantly influenced 

by their recyclability and stability. To explore the recyclability and 
stability of the prepared porous g-C3N4 nanosheets for fresh TC degra
dation under same process conditions, five cyclic photocatalytic tests 
were conducted. Following each consecutive run, the catalyst particles 
were recovered by centrifugation followed by washing with ethanol and 
water before being dried at 80 ◦C for 12 h. The results as illustrated in 
Fig. 12, the catalyst exhibited a good stability after five cycle runs, with 
a slight decrease in degradation efficiency after four successive runs and 
a modest decrease at the fifth run by 16 % compared to first run. The 
decline in degradation efficiency can be attributed to the reduction of 
active sites, this reduction occurs as TC molecules and intermediates 
adsorb on the surface catalyst which then limits availability of active site 
to accommodate more of TC molecules and therefore decrease degra
dation efficiency [49]. The results reveal that the catalyst possess an 
excellent reusability and attests its practical application.

Fig. 13 displays XRD patterns and the FTIR spectra of P-CNN pre- 

treatment and after five cycles (post-treatment). The XRD patterns 
after the treatment exhibited two characteristics peaks similar to those 
observed before the initial treatment, specifically, peaks located at 15 
and 32 corresponding to (100) and (002) miller indices. The peak in
tensity decreased following the five cycles and this can be ascribed to the 
agglomeration of catalyst particles. There is no significant change in the 
FTIR spectra of P-CNN before and after 5 cycles, the material retained its 
functional groups post treatment. Based on these results, it can be 
deduced that the synthesized P-CNN photocatalyst remains stable and 
can be utilized repeatedly for up to four cycles with no significant loss in 
its photocatalytic activity.

4. Conclusions

A facile one step method was utilized for the synthesis of g-C3N4 
photocatalyst with distinct morphology including bulk, nanosheets and 
porous nanosheets. Characterization using diverse techniques confirmed 
the formation of the desired materials. Among these, porous g-C3N4 
nanosheets exhibited a larger surface area and its band gap was reduced 
from 2.75 eV to 2.50 eV to compared to bulk g-C3N4. Notably, porous g- 
C3N4 showed an exceptional photocatalytic performance toward TC 
degradation compared to the other two catalysts. This enhanced per
formance was attributed to the abundant active sites, suppressed 
recombination and extended visible-light absorption. Radical scav
enging experiments indicated that superoxide radicals and photo
generated holes were the dominant radical species responsible for TC 
removal in the P-CNN system. Furthermore, tests evaluating the pho
tocatalytic stability and recyclability of porous g-C3N4 demonstrated 
that the photocatalyst can be reused for five consecutive cycles without 
undergoing significant phase changes. This study underlines a simple, 
feasible and green strategy of combining porous and 2D nanosheets 
structure on g-C3N4 for an enhanced and efficient visible-light-driven 
photocatalytic removal of antibiotics in an aqueous system, exempli
fied by TC.
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electrooxidation on a Magnéli phase Ti4O7 anode, Chem. Eng. J. 407 (2021) 
127134, https://doi.org/10.1016/j.cej.2020.127134.

[10] B. Lin, S. Li, Y. Peng, Z. Chen, X. Wang, MOF-derived core/shell C-TiO2/CoTiO3 
type II heterojunction for efficient photocatalytic removal of antibiotics, J. Hazard. 
Mater. 406 (2021) 124675, https://doi.org/10.1016/j.jhazmat.2020.124675.

[11] Y. Li, F. Chen, R. He, Y. Wang, N. Tang, Chapter 24 - semiconductor photocatalysis 
for water purification, in: S. Thomas, D. Pasquini, S. Leu, D.A. Gopakumar (Eds.), 
Nanoscale Materials in Water Purification, Elsevier, 2019, pp. 689–705, https:// 
doi.org/10.1016/B978-0-12-813926-4.00030-6.

[12] E.S. Elmolla, M. Chaudhuri, Degradation of amoxicillin, ampicillin and cloxacillin 
antibiotics in aqueous solution by the UV/ZnO photocatalytic process, J. Hazrd. 
Mater. 173 (2010) 445–449, https://doi.org/10.1016/j.jhazmat.2009.08.104.

[13] M. Moja, A. Mapossa, E. Chirwa, S. Tichapondwa, Photocatalytic degradation of 
2,4–dichlorophenol using nanomaterials silver halide catalysts, Environ. Sci. 
Pollut. Res. 31 (2024) 16, https://doi.org/10.1007/s11356-024-31921-1.

[14] Q. Zheng, D.P. Durkin, J.E. Elenewski, Y. Sun, N.A. Banek, L. Hua, H. Chen, M. 
J. Wagner, W. Zhang, D. Shuai, Visible-light-responsive graphitic carbon nitride: 
rational design and photocatalytic applications for water treatment, Environ. Sci. 
Technol. 50 (2016) 12938–12948, https://doi.org/10.1021/acs.est.6b02579.

[15] W.-J. Ong, L.-L. Tan, Y.H. Ng, S.-T. Yong, S.-P. Chai, Graphitic carbon nitride (g- 
C3N4)-based photocatalysts for artificial photosynthesis and environmental 
remediation: are we a step closer to achieving sustainability? Chem. Rev. 116 
(2016) 7159–7329, https://doi.org/10.1021/acs.chemrev.6b00075.

[16] J. Liang, X. Yang, Y. Wang, P. He, H. Fu, Y. Zhao, Q. Zou, X. An, A review on g- 
C3N4 incorporated with organics for enhanced photocatalytic water splitting, 
J. Mater. Chem. 9 (2021) 12898–12922, https://doi.org/10.1039/D1TA00890K.

[17] S. Patnaik, S. Martha, K.M. Parida, An overview of the structural, textural and 
morphological modulations of g-C3N4 towards photocatalytic hydrogen 
production, RSC Adv. 6 (2016) 46929–46951, https://doi.org/10.1039/ 
C5RA26702A.

[18] H. He, L. Huang, Z. Zhong, S. Tan, Constructing three-dimensional porous 
graphene-carbon quantum dots/g-C3N4 nanosheet aerogel metal-free photocatalyst 
with enhanced photocatalytic activity, Appl. Surf. Sci. 441 (2018) 285–294, 
https://doi.org/10.1016/j.apsusc.2018.01.298.

[19] J. Fu, B. Zhu, C. Jiang, B. Cheng, W. You, J. Yu, Hierarchical porous O-doped g- 
C3N4 with enhanced photocatalytic CO2 reduction activity, Small 13 (2017), 
https://doi.org/10.1002/smll.201603938.

[20] S. Obregón, A. Vázquez, M.A. Ruíz-Gómez, V. Rodríguez-González, SBA-15 assisted 
preparation of mesoporous g-C3N4 for photocatalytic H2 production and Au3+

fluorescence sensing 488 (2019) 205–212. <https://doi.org/10.1016/j. 
apsusc.2019.05.231>.

[21] G. Liu, Z. Zhang, M. Lv, H. Wang, D. Chen, Y. Feng, Photodegradation performance 
and transformation mechanisms of sulfamethoxazole by porous g-C3N4 modified 
with ammonia bicarbonate, Sep. Purif. Technol. 235 (2019), https://doi.org/ 
10.1016/j.seppur.2019.116172.
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