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A B S T R A C T   

Photocatalytic degradation of organic pollutants in water using graphitic carbon nitride and 
persulfate under visible light (g-C3N4/PS system) has been studied. Here, we demonstrate 
augmentation of photocatalytic degradation of Acetaminophen (AAP) using hydrothermally 
treated g-C3N4 and PS under 400 nm LED irradiation (HT-g-C3N4/PS system). A pseudo-first-order 
rate constant (kobs, 0.328 min− 1) for degradation of AAP using HT-g-C3N4/PS system was 
determined to be 15 times higher compared to g-C3N4/PS system (kobs, 0.022 min− 1). HT-g-C3N4 
showed a higher surface area (81 m2/g) than g-C3N4 (21 m2/g). Photocurrent response for HT-g- 
C3N4 was higher (1.5 times) than g-C3N4. Moreover, Nyquist plot semicircle for HT-g-C3N4 was 
smaller compared to g-C3N4. These results confirm effective photoelectron-hole separation and 
charge-transfer in HT-g-C3N4 compared to g-C3N4. AAP degradation using HT-g-C3N4/PS system 
was significantly inhibited with O.−

2 and h+ scavengers compared to 1O2, SO.−
4 and HO. scaven-

gers. ESR results revealed O.−
2 formation in HT-g-C3N4/PS system. Moreover, photocurrent 

measurements reveal AAP oxidation by h+ of HT-g-C3N4 was effective than g-C3N4. HT-g-C3N4 
was reused for five cycles in HT-g-C3N4/PS system. Augmented photocatalytic degradation of 
AAP by HT-g-C3N4/PS system compared to g-C3N4/PS is attributed to effective photoelectron hole 
separation of HT-g-C3N4 that generates O.−

2 and h+ for oxidation of pollutant. Importantly, 
electrical energy per order (EEO) was 7.2 kWh m− 3 order− 1. kobs for degradation of AAP in 
simulated groundwater and tap water were determined as 0.029 and 0.035 min− 1, respectively. 
Degradation intermediates of AAP were proposed. AAP ecotoxicity against marine bacteria Alii-
vibrio fischeri was completely removed after treatment by HT-g-C3N4/PS system.   

1. Introduction 

Pharmaceuticals and personal care products (PPCPs) are one of the classes of emerging contaminants found in water resources [1]. 
Acetaminophen (AAP) is an emerging contaminant belonging to the PPCPs class. AAP is highly consumed pharmaceutical, and it is a 
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constituent in commonly available over-the-counter non-prescribed as well as prescribed drugs [2–4]. AAP is useful in treating patients 
with high fever and pain [5]. It is estimated about 1.4 × 105 tons/year of AAP is consumed throughout the world [4]. AAP absorption 
in the body is estimated to be in the range of 5–15% [6]. Therefore, a large amount of AAP is excreted from the body [2]. AAP has a 
high solubility of 12.78 g/L in aqueous media [7]. Thus, these facts reveal that AAP has a potential to enter the environment and cause 
pollution. 

Importantly, AAP in treated water, surface water and groundwater have been reported (ng/L - μg/L range) [2,3,8]. Kim et al. 
reported a hazard quotient of 1.8 for AAP, which indicates AAP may cause an adverse impact on ecological systems [9]. Chlorination of 
water in presence of AAP is known to yield toxic by-products like 1,4-benzoquinone and N-acetyl-p-benzoquinone imine [10]. All the 
above facts emphasize the need for effective removal of AAP from water. 

Photocatalysis is an important method for degradation of organic pollutants from water. Interestingly, graphitic carbon nitride (g- 
C3N4) is emerging as a visible-light photocatalysts for degradation of organic pollutants in water [11]. g-C3N4 is a two-dimensional 
polymer having a highly delocalized conjugated electronic system consisting of carbon and nitrogen, and acts as a metal-free 
visible light-absorbing photocatalyst [12]. Notably, g-C3N4 is both thermally and chemically stable, with the ability to withstand 
high temperatures up to 600 ◦C [11]. Additionally, g-C3N4 is reported to be non-toxic toward bacteria [13] and HaCaT cells within 
g-C3N4 doses of 1–10 g/L [14]. 

Tan et al. [15] reviewed several modification methods of g-C3N4, such as nanostructure design, heterostructure construction, metal 
ion doping, metallic compound coupling, non-metal doping, and carbon material compounding that are useful to enhance the g-C3N4 
photocatalysis. However, these methods require expensive chemicals, careful synthesis, and g-C3N4 modified with metal ions have a 
potential risk of metal ion leaching and loss of activity [15]. 

Earlier, alkaline hydrothermal treatment of g-C3N4 was reported to be useful for effective photocatalytic oxidation of nitrogen 
oxides (NOx) compared to g-C3N4 [16]. The enhancement in surface area resulting from hydrothermal treatment was proposed to be 
responsible for the improved photocatalytic activity. Notably, simple hydrothermal treatment of g-C3N4 at near neutral pH and its 
effect on surface area, photo and electrochemical properties, and the photocatalysis performance were not explored. Interestingly, to 
enhance the photocatalytic activity of g-C3N4, persulfate (PS), an effective oxidant was used in g-C3N4 photocatalysis (g-C3N4/PS 
system) [17]. In g-C3N4/PS system, PS scavenges excited electron in the conduction band to yield reactive radical (O.−

2 ). As a result, PS 
retards the electron-hole recombination, thereby also aid in enhancing the available holes for effective photocatalytic degradation by 
g-C3N4/PS system [17]. 

Additionally, earlier g–C3N4 based photocatalysis was mainly studied using a conventional light source (Xenon lamp) with visible 
light filters for photoexcitation [12,18]. Interestingly, light-emitting diodes (LEDs) are energy-efficient light sources that have gained 
significant attention in the field of photocatalysis [19,20]. Mainly, LEDs with an emission wavelength around 400 nm is effective for 
photocatalytic degradation using g-C3N4. This is because there is a strong overlap between the 400 nm emission light and the ab-
sorption band of g-C3N4 that is important for effective photoexcitation [19,21]. 

The above facts indicate that the HT-g-C3N4/PS system that comprises of HT-g-C3N4, PS and 400 nm LED irradiation source, may be 
more effective for photocatalytic removal of emerging contaminants in comparison to g-C3N4/PS system. Thus, in this study, we 
investigated the photocatalytic degradation of AAP using HT-g-C3N4/PS system. Characterisation of HT-g-C3N4, the rate constant 
(kobs) for photocatalytic degradation, effect of reactive species scavengers on the kobs values, electron spin resonance, photocurrent, 
electrochemical measurements results are presented. The degradation pathway of AAP was also analyzed using liquid 
chromatography-mass spectrometry (LC-MS). Additionally, the electrical energy per order (EEO) values, and the ecotoxicity evaluation 
of AAP before and after treatment with the HT-g-C3N4/PS system using the bioluminescent bacterium Aliivibrio fischeri (A. fischeri) 
were conducted. 

2. Materials and methods 

2.1. Chemicals 

Melamine 99% was purchased from Alfa Aesar, UK. Potassium persulfate (99%) was obtained from SD fine chemicals, India. AAP 
(98%), tert-Butanol (99%), and 1,4-Benzoquinone (98%) were purchased from Loba Chemie Pvt. Ltd, India. Ethylenediamine tetra-
acetic acid disodium hydrate (99%) was purchased from Himedia, India. Sodium azide 99% was obtained from s d fine chemicals. 
Buffer solutions (pH 4.00, 7.00, and 10.01) were procured from Thermo Fischer Scientific, India. Methanol, Acetonitrile and Formic 
acid, were of HPLC grade and purchased from FINAR chemicals, India. Sodium sulfate (99.5%) is used as an electrolyte for photo-
current measurement and was bought from Qualigens, India. Dimethyl-1-pyrroline-N-oxide (DMPO) and 2,2,6,6-tetramethylpiperi-
dine (TEMP) were purchased from Tokyo Chemical Industry Co., Ltd. (TCI), India. All the solutions were prepared using RO water 
(conductivity 4.0–5.4 μS/cm). 

2.2. Preparation of photocatalyst 

The g-C3N4 photocatalyst was synthesized by thermally decomposing melamine, following reported literature [12]. The prepa-
ration of g-C3N4 involved taking 15.3 g of melamine powder and placing it in a cylindrical alumina crucible with a lid. The crucible was 
then placed in a muffle furnace and heated to 575 ◦C at a heating rate of 5 ◦C/min. The temperature was maintained at 575 ◦C for 1.5 h. 
After calcination the sample was subsequently cooled to room temperature while still inside the furnace. The final product was a 
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pale-yellow colored material with a yield of 51% (7.827 g of g-C3N4 obtained from 15.3 g of melamine), which was then ground into a 
fine powder and stored as g-C3N4 for further use. This material was later characterized and utilized in degradation reactions. 

HT-g-C3N4 photocatalyst was synthesized by slightly modifying the reported method [16]. The detailed procedure is as follows: The 
g-C3N4 (1 g) was added to 50 ml of RO water, and the suspension was stirred for 30 min followed by 30 min sonication. The sonicated 
mixture was transferred into a teflon-lined stainless-steel autoclave with a 100 ml capacity and kept in an oven, and heated at 180 ◦C 
for 12 h. The resulting product was separated by centrifugation and washed with distilled water and ethanol, respectively. Finally, the 
product was dried in an oven at 70 ◦C for 8 h. The whitish-yellow color product was obtained with a yield of 64% and was labeled as 
HT-g-C3N4 (0.640 g of HT-g-C3N4 obtained from 1 g of g-C3N4). Additionally, HT-g-C3N4 was synthesized at 140 ◦C and 160 ◦C hy-
drothermal temperatures following a similar process. However, the degradation activity of AAP by HT-g-C3N4 at 180 ◦C was found to 
be efficient compared to HT-g-C3N4 synthesized at 140 ◦C and 160 ◦C. 

2.3. Characterization 

The surface morphology and elemental composition of the material was analyzed using a Quanta FEG 250 field emission scanning 
electron microscope (FE-SEM) equipped with area mapping energy dispersive X-ray spectrometer (EDS). The Brunauer-Emmett-Teller 
(BET) surface area, pore size distribution and pore volume were determined through nitrogen adsorption-desorption method using 
quanta chrome NOVA 1000e at a temperature of − 196 ◦C. In order to study the structural properties of the material, room temperature 
powder X-ray diffraction (XRD) was performed utilizing a Mini Flex II powder X-ray diffractometer from Rigaku, Japan. The instru-
ment was equipped with Cu Kα radiation (λ = 1.5405 Å) which was used to scan the material in the range of 2θ = 5-80◦ with a scanning 
speed of 3◦/min. A PerkinElmer Spectrum FT-IR spectrometer was used to record the FT-IR spectra. X-ray photoelectron spectroscopy 
(XPS) was conducted using a K-Alpha instrument from Thermo Fisher Scientific (UK). A CHNS Vario MICRO Cube elemental analyzer 
was used to perform elemental analysis. Zeta potentials were measured using a Malvern Zetasizer-V 7.11 [22]. Scavenging experiment 
was performed using methanol (MeOH), tert-butyl alcohol (TBA), sodium azide (NaN3), ethylenediamine tetra acetic acid (EDTA), and 
1,4-benzoquinone (BQ) as radical quenching agents. 

For TOC measurements, each time fresh 25 ml of 10 ppm AAP solution was taken and PS and HT-g-C3N4 was added and reaction 
was carried out at different time intervals. The reaction was stopped at different time intervals (0, 1, 2 and 3 h), the entire 25 ml 
solution was centrifuged to separate the catalyst and was further taken for TOC measurements. 

Electron spin resonance (ESR) was recorded using JEOL, ESR Spectrometer. DMPO (60 mM) and TEMP (60 mM) were used for spin- 
trap. HT-g-C3N4 (0.4 g/L) and PS (0.6 mM) were stirred in water and irradiated at 400 nm LED. Samples were withdrawn after 5 or 10 
min, filtered through a 0.2 μm filter, and the sample solutions were analyzed for ESR. Microwave frequency, microwave power, and 
magnetic field were 9.440 GHz, 0.995 mW, and 336 mT, respectively. 

The photocurrent response of the synthesized g-C3N4 and HT-g-C3N4 materials was measured using a three-electrode electro-
chemical cell system. The working electrodes, g-C3N4 and HT-g-C3N4, were coated on Indium Tin oxide slides using alcoholic Nafion 
and a photocatalyst slurry, and were dried in an oven at 120 ◦C. Ag/AgCl (saturated KCl) electrode and a carbon electrode were used as 
the reference and counter electrodes, respectively. The photocurrent response was measured using a 10 ml solution of 0.1 M Na2SO4 
electrolyte and a 400 nm LED light source. The voltage was set at 0.6 V vs. Ag/AgCl, and the photocurrent response was measured 
using the IVIUMSTAT electrochemical workstation [23–25]. 

Fluorescence spectrophotometer (JASCO FP-8500) was employed to acquire photoluminescence (PL) spectra of the photocatalysts 
by using an excitation wavelength at 335 nm. UV–visible diffuse reflectance spectra (UV-DRS) were measured using a Shimadzu UV- 
2450 spectrometer, with BaSO4 as a reference. The spectra were measured over a range of 200–800 nm. The Tauc’s plot were obtained 
from UV-DRS spectra [69]. The flat band potential (Efb) of a semiconductor was determined by the Mott-Schottky curve [26,27]. The 
Mott-Schottky experiment was performed in a potential range of 0–1.0 V (vs. Ag/AgCl) at selected frequencies of 1.0, 1.2 and 1.5 kHz. 
The Efb values of the g-C3N4 and HT-g-C3N4 photocatalysts were determined using the Mott-Schottky plot method, with Ag/AgCl as the 
reference electrode. Specifically, the x-intercept at the tangents of the Mott-Schottky plot was used to calculate the Efb (vs. Ag/AgCl) 
values. The measured Efb (vs. Ag/AgCl) was converted to a reversible hydrogen electrode (RHE) scale according to Eq. (1) [28]: 

ERHE =EAg/AgCl + Eo
Ag/AgCl + 0.0592 pH (1)  

Where ERHE is the reverse hydrogen electrode potential (vs. RHE), EAg/AgCl is the experimentally measured potential against Ag/AgCl 
reference, and Eo

Ag/AgCl = 0.198 V at 25 ◦C (reference electrode potential in saturated KCl solution) at pH 6.8 (0.1 M Na2SO4). The 
energy difference (Ed) between Efb (vs. RHE) and valence band (VB) was measured by XPS VB spectrum. The valence band potential 
(EVB) and conduction band potential (ECB) can be obtained by following Eqs. (2) and (3) [29]. 

EVB =Ed + Efb (2)  

ECB =EVB − Eg (3) 

The electrochemical impedance spectroscopy (EIS)-Nyquist plot was obtained by applying a sine wave with an amplitude of 10.0 
mV across a range of frequencies from 0.01 Hz to 5 MHz. 

The solution pH was measured with a EUTECH pH 700 m, India. The pH meter was calibrated using the standard buffer solutions 
(pH 4.00, 7.00, and 10.01). The initial pH of the AAP solution was adjusted using 0.1 M H2SO4 or 0.1 M NaOH. 
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2.4. Photocatalytic degradation experiments 

25 ml of 10 ppm AAP solution was taken in a 50 ml quartz tube. An LED array that emits 400 nm light was used for the irradiance of 
solution in a quartz tube (3 LED chips in the array with light focused on the 25 ml solution). The irradiance delivered on the quartz 
vessel was determined to be 35.85 mW/cm2. The distance between LED lamp and quartz wall is 0.95 cm (Fig. S1). To the 25 ml of AAP 
solution, HT-g-C3N4 (0.4 g/L) was added. Then the mixture was stirred, and PS was added to the desired concentration. After addition 
of PS, immediately the degradation reaction was initiated by switching on the 400 nm LED light. The solution was kept for stirring 
during the photocatalytic reaction. At appropriate time intervals, 0.5 ml of solution was withdrawn into 2 ml centrifuge tubes con-
taining 5 μL methanol (as a quencher) and centrifuged at 10,000 rpm for 10 min in order to separate the photocatalyst from the 
solution. The supernatant solution was used for monitoring the AAP concentrations. AAP concentration was analyzed using high- 
performance liquid chromatography (HPLC Agilent technologies). The calibration curve was made with AAP concentration in the 
range 1–100 ppb and the Limit of detection and limit of quantification values of HPLC chromatographic method was determined to be 
2.62 and 7.95 ng/L respectively (Fig. S7). The column used for HPLC was Phenomenex Kinetex® 2.6 μm EVO C18 100 Å 100 × 4.6 mm. 
The mobile phase was 15% acetonitrile and 85% water at flow rate of 0.8 ml/min. Intermediates formed during the degradation of AAP 
were identified by LC-MS (Text S1). In order to check the adsorption-desorption equilibrium is reached reactions were performed in 
dark conditions, wherein the setup was covered with aluminium foil, and the 400 nm LED light was switched off. 

The degradation of AAP in RO water, simulated groundwater, and real tap water was performed, and their EEO values were 
calculated (Text S2, Table S4). Simulated groundwater was prepared according to an earlier report [30] by addition of the following 
components to RO water: NaHCO3 (1.2 mM), Na2HPO4 (0.28 mM), Na2SO4 (0.34 mM), NaCl (0.86 mM), Fe (NO3)3⋅9H2O (0.24 μM), 
and Resorcinol (9.0 μM). The tap water characteristics are provided in Table S3. For photocatalyst recycling experiments, the pho-
tocatalyst was washed and separated by centrifugation and used for next batch without any treatment. All the experiments were 
performed in triplicates and their standard deviation was determined. All the analyses and graphs were plotted using Origin software 
version 8. 

2.5. Evaluation of the ecotoxicity 

The Aliivibrio fischeri (A. fischeri) (ATCC 7744), a bioluminescent marine bacteria was used to assess the ecotoxicity of the AAP 
solution both before and after degradation [31]. The bioluminescence exhibited by the A. fischeri bacteria is linked to their cellular 
respiration activity. Toxic compounds can interfere with bacterial cellular activity, leading to a reduction in bioluminescence. The 
bioluminescence was measured using a fluorescence spectrophotometer with an excitation lamp switched off (JASCO FP 8500). Before 
measuring bioluminescence, the pH of all solutions was adjusted to pH ~7 using 0.1 N NaOH. The bioluminescence inhibition was 

Fig. 1. SEM and EDS of g-C3N4 (a and b); SEM and EDS of HT-g-C3N4 (c and d).  
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calculated according to Eq. (4), where bioluminescence of control refers to the luminescence of A. fischeri in 2% NaCl or persulfate. 

Bioluminescence inhibition (%)=
bioluminescence of control − bioluminescence of sample

bioluminescence of control
× 100 (4)  

3. Results and discussion 

3.1. Characterization of HT-g-C3N4 

SEM images reveal HT-g-C3N4 have irregular solid agglomerate morphology, whereas g-C3N4 has bulk layered structure (Fig. 1a 
and c) [32,33]. The EDS spectra of g-C3N4 and HT-g-C3N4 are provided in Fig. 1b and d. The results reveal that both g-C3N4 and 
HT-g-C3N4 consists of C (atomic weight 32%) and N (atomic weight ~67%) elements with additional O elements (atomic weight 1.1%) 
in HT-g-C3N4. Additionally, SEM images for hydrothermally treated g-C3N4 at 140 ◦C and 160 ◦C temperatures (HT-g–C3N4–140 ◦C and 
HT-g–C3N4–160 ◦C) along with their EDS spectra are provided in Fig. S3. 

The specific surface area and pore size distribution of g-C3N4 and HT-g-C3N4 were analyzed using BET surface area with N2 
adsorption desorption isotherms (Fig. 2a and b). The specific surface area of HT-g-C3N4 photocatalyst was measured to be 81 m2/g, 
while the specific surface area of g-C3N4 was found to be 21 m2/g. The specific surface area of HT-g-C3N4 was 3.8 times higher than that 
of g-C3N4 (Table S1) [34]. The N2 adsorption desorption isotherms pore size distribution and pore size distribution for 
HT-g–C3N4–140 ◦C and HT-g–C3N4–160 ◦C was also analyzed (Fig. S4, Table S1). The results reveal that HT-g-C3N4 (180 ◦C) shows 
better surface area, higher adsorption-desorption isotherm curve and higher pore volume compared to g-C3N4 and its other modifi-
cations which may improve the photocatalytic activity of HT-g-C3N4 photocatalyst. 

The XRD pattern of HT-g-C3N4 shows two distinct peaks at 2θ = 13.0◦ and 27.7◦, Fig. 3a [35]. The strong peak at 27.7◦ was related 
to interlayer stacking of the (002) melem planes or conjugated aromatic planes. The peak at 13.0◦ was attributed to the (100) planes 
corresponding to the in-plane ordering of the repeating nitrogen-linked heptazine units [35]. The XRD pattern of HT-g-C3N4 is similar 
to g-C3N4 (Fig. 3a) and its other modifications (Fig. S5). These results reveal there is no change in the interlayer distance between 
carbon nitrides in HT-g-C3N4 compared to g-C3N4. Similar results have been reported for alkaline hydrothermal treatment of g-C3N4 
[16]. 

The FT-IR spectra of HT-g-C3N4 and g-C3N4 shows a sharp peak at 808 cm− 1, which is attributed to the heptazine/tri-s-triazine ring 
(Fig. 3b) [36]. Additionally, six sharp peaks in the range of 1200–1700 cm− 1 corresponding to stretching modes of C–N heterocycles of 
tri-s-triazine skeleton ring were observed [37]. A broad peak ranging from 3000 to 3500 cm− 1 is attributed to –OH (adsorbed H2O 
molecules) and N–H vibrations [36]. The FT-IR spectra of HT-g-C3N4 and g-C3N4 photocatalysts did not show any significant differ-
ences, according to the obtained results (Fig. 3b). 

The blue shift of UV–vis spectra and PL of HT-g-C3N4 (Fig. 3c and d) compared to g-C3N4 is attributed to quantum confinement 
effect of nano porous structure caused by hydrothermal treatment [38]. Additionally, HT-g-C3N4 showed weaker PL intensity 
compared to g-C3N4 revealing effective inhibition of photoelectron-hole recombination compared to g-C3N4 [38]. 

Fig. 4a, shows the XPS survey spectrum and spectra corresponding to core levels, namely C1s, N1s, and O1s of HT-g-C3N4 and g- 
C3N4 [39]. The two C1s peaks appeared at 281.6 eV (C–N) and 284.8 eV (N––C–N2) (Fig. 4b). The peak at 281.6 eV is indexed to the sp2 

C–N. The peak at 284.8 eV is typically attributed to N––C–N2 of the tri-s-triazine unit (Fig. 4b). In N1s, three different peaks were 
observed at 395.3 eV, 396.9 eV, and 401.5 eV (Fig. 4c). The peaks observed at 396.9 eV and 401.5 eV in the XPS spectra correspond to 
the sp2 C––N–C bond of the aromatic triazine ring and the tertiary N atom in the form of N–(C)3, respectively [19]. The peaks in the O1s 
spectra (Fig. 4d) at about 529.0 eV correspond to C––O [40], and 530.6 eV corresponds to the –OH from hydroxyl on the surface, 
respectively [41]. Thus, these results reveal no significant difference in the elemental composition of HT-g-C3N4 and g-C3N4. Further, 

Fig. 2. (a) Nitrogen adsorption and desorption curve (b) BJH pore size distribution plot for g-C3N4, and HT-g-C3N4.  
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the CHN analysis results confirm no significant difference in CHN composition with C/N ratio as 0.56 in HT-g-C3N4 and g-C3N4 
(Table S2). 

The photocurrent response of HT-g-C3N4 photocatalyst was compared to that of g-C3N4, as shown in Fig. 5a. Photocurrent response 
of HT-g-C3N4 showed 1.5 times higher photocurrent response compared to g-C3N4 (Fig. 5a). This result reveals effective separation of 
photoelectron and hole in HT-g-C3N4. The spectral irradiance profile of 400 nm LED is shown in Fig. S1. HT-g-C3N4 shows a strong 
absorption band around 400 nm (Fig. 3c) and hence effective for photoexcitation and photocatalytic degradation of AAP [19,21]. 

Tauc’s plot reveals the band gap (Eg) values of HT-g-C3N4 and g-C3N4 to be 2.65 eV and 2.61 eV, respectively (Fig. 6a and b). Both 
HT-g-C3N4 and g-C3N4 shows a positive slope in their Mott-Schottky curves revealing these as n type semiconductors (Fig. 6c and d) 
[42]. The Efb (vs. Ag/AgCl) of HT-g-C3N4 and g-C3N4 photocatalysts were − 1.53 V and − 1.28 V (Fig. 6c and d), and their corresponding 
Efb (vs. RHE) were determined to be − 0.929 V and − 0.679 V, respectively (Eq. (1)). The Ed values of HT-g-C3N4 and g-C3N4 were 
measured to be 2.22 V and 2.11 V respectively (Fig. 6e). The VB potentials of HT-g-C3N4 and g-C3N4 calculated according to Eq. (2) is 
1.291 V and 1.431 V respectively. Hence, the CB potentials of HT-g-C3N4 and g-C3N4 calculated to be − 1.359 and − 1.179 V 
respectively (Eq. (3)) (Fig. 6f) [29]. The EIS-Nyquist plot of HT-g-C3N4 showed smaller arc radius compared to g-C3N4. This result 
reveals faster interface charge transfer of HT-g-C3N4 than g-C3N4 (Fig. 7) [43]. 

Relatively higher surface area (Table S1), better photocurrent response (Fig. 5) and smaller semicircle (arc radius) in EIS-Nyquist 
plot (Fig. 7) of HT-g-C3N4 compared to g-C3N4 indicates that HT-g-C3N4 may show a better photocatalytic activity. 

3.2. Degradation of AAP by HT-g-C3N4/PS and g-C3N4/PS systems 

Fig. 8a represents the plot of degradation efficiency of AAP vs. time. A complete degradation of AAP occurred within 18 min using 
HT-g-C3N4/PS system, and the kobs for the degradation of AAP was determined to be 0.328 min− 1 (Table S4). In contrast, the 
degradation efficiency of AAP was observed to be only 41.0% (kobs = 0.026 min− 1) by HT-g-C3N4 under 400 nm LED irradiation 
without PS (Fig. 8a). Importantly, the g-C3N4/PS and only g-C3N4 without PS under 400 nm LED irradiation showed the AAP 
degradation efficiency as 40.0% (kobs = 0.022 min− 1), and 8.79% (kobs = 0.005 min− 1), respectively. Additionally, AAP degradation 

Fig. 3. (a) XRD of g-C3N4 and HT-g-C3N4 (b) FT-IR of g-C3N4 and HT-g-C3N4 (c) UV-DRS spectra of g-C3N4 and HT-g-C3N4 (d) Photoluminescence 
(PL) emission spectra of g-C3N4 and HT-g-C3N4. 
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was negligible under 400 nm LED irradiation in the absence (0.55%, 0.0002 min− 1) and presence of PS (4.08%, 0.0024 min− 1), as 
shown in Fig. 8a (light controls). 

AAP removal efficiency by (i) dark without PS (0.89%, 0.0003 min− 1), ii) dark with PS (2.73%, 0.0011 min− 1), iii) dark with g- 
C3N4 (1.10%, 0.0004 min− 1), iv) dark with HT-g-C3N4 (2.20%, 0.0013 min− 1), v) dark with g-C3N4 and PS (2.57%, 0.0015 min− 1), vi) 
dark with HT-g-C3N4 and PS (5.21%,0.0029 min− 1) were determined to be incomplete Fig. 8b (dark controls). At the optimized 
condition, EEO for the photocatalytic degradation of AAP by HT-g-C3N4/PS system was found to be significantly lower (7.2 kW h m− 3 

order− 1) than g-C3N4/PS system (105.6 kW h m− 3 order− 1) respectively (Text S2, Table S4). Additionally, the performance of HT-g- 
C3N4 synthesized at hydrothermal temperatures of 140 ◦C and 160 ◦C to degrade AAP was investigated (Fig. S2). However, HT-g-C3N4 
synthesized at a hydrothermal temperature of 180 ◦C showed effective degradation of AAP, Fig. 8a and Fig. S2. 

Thus, all the above results reveal that the combination of HT-g-C3N4/PS system is an effective system for the degradation of AAP 
(Fig. 8a) compared to all the control experiments. 

3.3. Effect of initial concentration of PS, AAP, and HT-g-C3N4 

Fig. 9a shows the effect of initial PS concentrations (0.3–1.2 mM) on degradation of AAP using HT-g-C3N4/PS system. The increase 
in the initial PS concentration leads to a corresponding increase in the kobs values, Fig. 9b, Table S4. The presence of sulfate radical 
anion (SO.−

4 ) can be inhibited by PS at higher PS concentrations, as shown in Eq. (5) [44]. Importantly, kobs values increased upon 
increasing the PS concentration in the range of 0.3–1.2 mM, indicating that Eq. (5) is insignificant within the studied range, Fig. 9b. A 
similar result was reported for other photocatalytic activation of PS [45]. 

S2O2−
8 +SO.−

4 → S2O.−
8 + SO2−

4 k= 6.1 × 105 M− 1 s− 1 (5) 

Fig. 10a shows that the degradation efficiency of AAP decreases with an increase in the initial concentration of AAP (5–25 ppm) 

Fig. 4. XPS spectra of g-C3N4 and HT-g-C3N4 (a) XPS survey (b) C 1s (c) N 1s (d) O 1s.  

Fig. 5. Photocurrent-time dependence curve of (a) g-C3N4 and HT-g-C3N4 (b) g-C3N4 and HT-g-C3N4 in presence of AAP (c) g-C3N4 in presence of 
AAP and PS (d) HT-g-C3N4 in presence of AAP and PS in 0.1 M Na2SO4 solution with a light on/off interval of 20 s at 0.6 V potential. 
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using HT-g-C3N4/PS system [46]. The plot kobs vs. AAP concentration (Fig. 10b) clearly shows that the kobs values decreases with an 
increase in AAP concentration and obeyed a power function (kobs = 3.911[AAP]0

− 1.06, R2 = 0.997) [47]. Importantly, as PS to 
HT-g-C3N4 ratio remains constant, the amount of reactive species generated in the solution stays the same, even if the initial con-
centration of AAP is increased. Therefore, at higher concentrations of AAP, there is a lower amount of reactive species available for the 
degradation of AAP, leading to a reduction in the kobs values, Fig. 10b [17,47]. 

A plot of degradation efficiency vs. time at various initial concentration of HT-g-C3N4 photocatalyst (0.2–0.8 g/L) is shown in 
Fig. 11a. A plot of kobs vs. HT-g-C3N4 concentration is represented in Fig. 11b. The kobs values exhibit a linear increase with increasing 

Fig. 6. Tauc’s plot of (a) g-C3N4 (b) HT-g-C3N4; Mott-Schottky of (c) g-C3N4 (d) HT-g-C3N4; (e) XPS valence band spectra (f) Band alignments.  
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concentrations of HT-g-C3N4 up to 0.4 g/L, but beyond this concentration, the kobs values remain relatively stable (Fig. 11b, Table S4). 
The increase in HT-g-C3N4 concentration increases the available active sites and enhances the degradation efficiency of AAP. However, 
at a relatively higher concentration, the solution becomes more turbid, which may affect the availability of light for effective 
photolysis, leading to a saturation of the kobs values [17]. Under the present experimental conditions, the optimized HT-g-C3N4 
concentration was determined to be 0.4 g/L (Fig. 11b). 

3.4. Effect of initial pH 

The photocatalytic degradation of AAP at different initial pH (3-10) values is shown in Fig. 12a. The isoelectronic point of HT-g- 
C3N4 was determined to be 4.6 (Fig. S6). Hence, above pH 4.6, the surface charge of HT-g-C3N4 is negatively charged. At pH above 
9.38, the AAP exists in negatively charged phenoxide form due to deprotonation of the OH group of phenol (pKa 9.38) [48]. Therefore, 
under alkaline conditions, at pH 9.38, the kobs values are expected to slightly retard compared to acidic conditions (Fig. 12b) due to the 
electrostatic repulsion between AAP and HT-g-C3N4 [49]. Notably, the HT-g-C3N4/PS system for degradation of AAP is applicable in 
the wide pH range Fig. 12a. 

Fig. 7. EIS-Nyquist plot of HT-g-C3N4 and g-C3N4 obtained by applying a sine wave amplitude of 10.0 mV over the frequency range from 0.01 Hz to 
5 MHz. 

Fig. 8. Degradation efficiency of AAP vs. time plot under different conditions (a) under 400 nm LED condition (b) under dark conditions. [AAP] =
10 ppm, [g-C3N4] = [HT-g-C3N4]* = 0.4 g/L, [PS] = 0.6 mM, Irradiance = 35.85 mW/cm2 *synthesized at 180 ◦C. 

S. Gupta et al.                                                                                                                                                                                                          



Heliyon 9 (2023) e16450

11

3.5. Identification of reactive oxidizing species 

Under 400 nm LED irradiation, HT-g-C3N4 generates photoexcited electrons (e− ) and holes (h+) in its CB and VB, respectively (Eq. 
(6)). Notably, the presence of BQ, a known quencher of the superoxide radical anion (O.−

2 ), resulted in a significant inhibition of AAP 
degradation, as shown in Fig. 13. This suggests that the O.−

2 is likely involved in the degradation of AAP. The CB potential of HT-g-C3N4 
was determined to be more negative (− 1.359 V vs. RHE) than the redox potential of Eo (O2/ O.−

2 ) (− 0.33 V vs NHE) [50,51] (Fig. 6f). 
Thus, the photoelectron generated on the CB of HT-g-C3N4 can easily convert adsorbed oxygen to O.−

2 according to Eq. (7). Addi-
tionally, the ESR spectrum of DMPO-O.−

2 adduct further confirms the presence of O.−
2 in the HT-g-C3N4/PS system (Fig. 14a). 

The inhibition of the degradation of AAP by the HT-g-C3N4/PS system was observed to be insignificant in the presence of SO.−
4 

scavenger viz., methanol (Fig. 13). Moreover, in ESR, only very weak signals corresponding to SO.−
4 was observed under light and dark 

conditions (Fig. 14b). Thus, these results reveal O.−
2 is dominant (Eq. (9)) in the HT-g-C3N4/PS system compared to the SO.−

4 (Eq. (10)). 
A similar result was earlier reported for the photocatalytic activity of g-C3N4 in the presence of PS [17]. S2O2−

8 can scavenge the 
photoexcited e− in the CB and decompose to produce SO.−

4 (Eq. (10)) [52]. However, as discussed above, SO.−
4 formation is insig-

nificant, and PS activation to SO.−
4 (Eq. (10)) is not the major reaction in HT-g-C3N4/PS system. It is known that PS acts as an e−

mediator and promotes the generation of O.−
2 without significant formation of SO.−

4 (Eqs. (8) and (9)) [17,52]. 

Fig. 9. (a) Effect of initial concentration of PS (b) A plot of kobs vs. initial PS concentration. [AAP] = 10 ppm, [PS] = 0–1.2 mM, [HT-g-C3N4] = 0.4 
g/L, Irradiance = 35.85 mW/cm2. 

Fig. 10. (a) Effect of initial concentration of AAP (b) A plot of kobs vs. initial concentration of AAP. [AAP] = 5–25 ppm, [HT-g-C3N4] = 0.4 g/L, [PS] 
= 0.6 mM, Irradiance = 35.85 mW/cm2. 
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Hydroxyl radical (HO.) is hardly generated via the direct oxidation of HO− ion or H2O molecules by h+ generated at VB of HT-g- 
C3N4, as the VB edge potential of HT-g-C3N4 (+1.291 V vs. RHE) was determined to be less positive than the redox potential of 
HO./HO− or HO./H2O (+2.40 and +2.72 V vs. NHE) [50] (Fig. 6f). Importantly, the degradation of AAP was not effectively quenched 
in the presence of TBA, a HO. quencher that further emphasizes the formation of HO. due to the oxidation of HO./H2O by h+, as well as 
by the secondary reaction of SO.−

4 (Eqs. (11) and (12)) are not the major reactions in HT-g-C3N4/PS system. ESR spectral results also 
reveal very weak signals that may be due to HO. or due to the rapid conversion of DMPO-SO.−

4 adduct to DMPO-HO. adduct [53] 
(Fig. 14b). 

ESR spectra shows the presence of TEMP-1O2 adduct (Fig. 14c) that reveals HT-g-C3N4/PS under dark condition generates singlet 
oxygen (1O2). It is known that carbonaceous materials have the potential to activate PS to produce 1O2. The carbonyl functional groups 
present on the surface of the photocatalyst were proposed to convert the PS into 1O2 (via a non-radical pathway) [54]. The ESR signal 
corresponding to TEMP-1O2 adduct in the HT-g-C3N4/PS under 400 nm LED irradiation was almost similar to HT-g-C3N4/PS under 
dark condition (Fig. 14c). Notably, the degradation of AAP was not effectively quenched in presence of NaN3, a 1O2 scavenger, in 
comparison to the quenching due to the O.−

2 scavenger (Fig. 13). These results reveal that 1O2 generation via a non-radical pathway is 
not significant and degradation mainly occurs via electron transfer mediated mechanism. 

Moreover, the photocatalytic degradation of AAP was effectively quenched in presence of excess EDTA, a h+ scavenger (Fig. 13). 
This result clearly reveals the h+ are also involved in the oxidation of AAP. Interestingly, the photocurrent was enormously increased in 

Fig. 11. (a) Effect of initial concentration of HT-g-C3N4 photocatalyst (b) A plot of kobs vs. initial HT-g-C3N4 photocatalyst concentration. [AAP] =
10 ppm, [HT-g-C3N4] = 0.4 g/L, [PS] = 0.6 mM, Irradiance = 35.85 mW/cm2. 

Fig. 12. (a) Effect of initial pH on degradation of AAP (b) A plot of kobs vs. initial pH. [AAP] = 10 ppm, [PS] = 0.6 mM, [HT-g-C3N4] = 0.4 g/L, pH 
= 3–10, Irradiance = 35.85 mW/cm2. 
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the presence of AAP (Fig. 5b–d), revealing that AAP reacts with h+, i.e., it is oxidized by holes that cause an increase in the photo-
current response (Fig. 5b–d). 

Thus, based on all the above results, h+, and O.−
2 were identified as the reactive species generated concomitantly in HT-g-C3N4/PS 

system that caused effective degradation of AAP (Eq. (13)). 
Proposed mechanism: 

HT − g − C3N4 →
hv VB (h+) + CB (e− ) (6)  

O2 +CB (e− )→ O.−
2 (7)  

S2O8
2− +CB (e− ) →

[
S2O8

2− ]− (8) 

Fig. 13. Reactive species quenching experiments on degradation of AAP [MeOH] = [TBA] = [EDTA] = [BQ] = [NaN3] = 100 mM, [AAP] = 10 
ppm, [PS] = 0.6 mM, [HT-g-C3N4] = 0.4 g/L, Irradiance = 35.85 mW/cm2. 

Fig. 14. ESR spectra of (a) DMPO-O.−
2 adduct (b) DMPO-HO. and DMPO-SO.−

4 adduct (c) TEMP-1O2 adduct. [AAP] = 10 ppm, [PS] = 0.6 mM, [HT- 
g-C3N4] = 0.4 g/L, [DMPO] = [TEMP] = 60 mM, Irradiance = 35.85 mW/cm2. 
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[
S2O8

2− ]− +O2 → S2O8
2− + O.−

2 (9)  

S2O2−
8 +CB (e− )→ SO2−

4 + SO.−
4 (10)  

SO.−
4 +H2O → HO. +SO2−

4 + H+ (11)  

SO.−
4 +HO− → HO. + SO2−

4 (12)  

O.−
2 , h+ +AAP → Intermediates+CO2 + H2O (13)  

3.6. Recyclability of HT-g-C3N4 photocatalyst 

HT-g-C3N4 was reused five times (Fig. 15). The reused photocatalyst showed a slight decrease in the degradation efficiency of AAP 
(~10%) after the second cycle. The slight decrease in efficiency is attributed to the loss of photocatalyst during the centrifugal sep-
aration, and washing of the photocatalyst before reuse [55]. The above results reveal that HT-g-C3N4 photocatalyst possesses good 
stability and reusability (Fig. 15b–d). 

3.7. Degradation of AAP using HT-g-C3N4/PS system in the different water matrix 

Degradation of AAP in RO water may significantly differ from that in real waters, which contain significant concentrations of 
inorganic ions and organic compounds. Fig. 16a illustrates that the HT-g-C3N4/PS system achieved complete degradation of AAP in 
both simulated groundwater and real tap water. However, the kobs values obtained for simulated groundwater and real tap water were 
lower than the kobs value observed in RO water, namely 0.029 min− 1 and 0.035 min− 1 for simulated groundwater and real tap water, 
respectively, compared to 0.328 min− 1 in RO water. This result is attributed to the presence of richly found inorganic anions and 
organic compounds in real tap waters as well as simulated groundwater [56,57]. 

The degradation efficiency of AAP in the presence of different inorganic anions are presented in Fig. 16b. The degradation effi-
ciency follows the order (Cl− > NO−

3 > SO2−
4 > PO3−

4 > HCO−
3 > Resorcinol). The slight decrease in the degradation efficiency of 

AAP in the presence of Cl− , may be attributed to the hole-scavenging property of Cl− [58]. The nitrates, sulphates and phosphate 
anions react with reactive radicals to generate a less reactive radicals with low-rate constants as reported earlier [59]. Hence, these 
anions have inhibition effect of AAP degradation [59]. However, the presence of HCO−

3 has a detrimental effect on the degradation of 
AAP. HCO−

3 was reported to be a well-known hole and radical scavenger [60,61]. The effect of resorcinol (a model for natural organic 
matter) [57,62] was found to adversely affect AAP degradation efficiency Fig. 16b. This fact can be attributed to the decrease in the 
solution transparency by resorcinol, thereby inhibiting the light penetration in the reaction solution [63]. Additionally, resorcinol is 
known to scavenge O.−

2 in hypoxanthine (HPX)-Xanthine oxidase system, as reported earlier [64]. Hence, the presence of resorcinol 
had a negative impact on the degradation efficiency of AAP. 

3.8. Identification of intermediate product 

The degradation pathway of AAP and their possible intermediate products were analyzed by LC-MS and is proposed in Fig. 17 [45, 
65]. Around 40% total organic carbon (TOC) reduction is achieved within 3 h in HT-g-C3N4/PS system. The result indicates the slow 
mineralization and presence of possible degraded intermediates. This slow mineralization may be attributed to the stable dimer 
formation [45,66]. 

3.9. Evaluation of the ecotoxicity 

Due to the possibility of by-products produced during pollutant degradation being more toxic than the original pollutants, it is 
important to investigate the ecotoxicity change of the pollutants and their degraded solutions. The Initial toxicity of AAP showed 37% 
bioluminescence inhibition towards aquatic bacteria A. fischeri (ATCC 7744) (Fig. 18). This result reveals that AAP was found to be 
toxic to A. fischeri. When AAP was degraded for 18 min by the HT-g-C3N4/PS system there was no bioluminescence inhibition, 
indicating the toxicity was completely removed after the photodegradation reaction. The removal of AAP toxicity towards A. fischeri 
after degradation has also been reported earlier [45]. 

3.10. Comparison of AAP degradation by previously reported photocatalyst/PS/light systems 

Earlier reports on degradation of AAP by various photocatalyst/PS/light systems were summarized in Table S5 [3,45,67,68]. The 
modification of g-C3N4 performed in the present study involves simple hydrothermal treatment at neutral pH without use of additional 
chemicals. The kobs value for degradation of AAP by the proposed HT-g-C3N4/PS system was higher than g-C3N4/PS system. Overall, 
the kobs value indicates HT-g-C3N4/PS is a promising system for degradation of AAP. 
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Fig. 15. (a) Recyclability of HT-g-C3N4 photocatalyst for AAP degradation; [AAP] = 10 ppm, [PS] = 0.6 mM, [HT-g-C3N4] = 0.4 g/L, Irradiance =
35.85 mW/cm2 (b) FT-IR (c) UV-DRS, and (d) Tauc’s plot of fresh HT-g-C3N4 and used HT-g-C3N4 (after 5 cycles). 

Fig. 16. (a) Influence of water matrix on AAP degradation; (b) Effects of inorganic anions on AAP degradation [AAP] = 10 ppm, [PS] = 0.6 mM, 
[HT-g-C3N4] = 0.4 g/L, [Cl− ] = [NO−

3 ] = [SO2−
4 ] [PO3−

4 ] = [HCO−
3 ] = [Resorcinol] = 1 mM, Irradiance = 35.85 mW/cm2. 
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4. Conclusion 

The HT-g-C3N4/PS system demonstrated a kobs value for the photocatalytic degradation of AAP that was 15 times higher than that 
of the g-C3N4/PS system. Radical scavenging experiment and ESR results reveals O.−

2 and h+ reactive species are significant compared 
to 1O2, SO.−

4 and HO. reactive species in HT-g-C3N4/PS system for degradation of AAP. The electron-hole pair recombination in HT-g- 
C3N4 is retarded compared to g-C3N4, which favors the HT-g-C3N4 photocatalysis. PS acts as a redox mediator and promote O.−

2 for-
mation. HT-g-C3N4 photocatalyst showed a high photocurrent response in the presence of AAP, revealing that h+ has the ability to 
oxidize AAP. Moreover, the HT-g-C3N4 showed recyclability and stability for five cycles. The possible degradation pathway of AAP is 
proposed. The degraded AAP solution showed no toxicity towards marine bacteria A. fischeri. Overall, the present findings highlight a 
new HT-g-C3N4/PS system, with potential to emerge as a sustainable and effective photocatalytic technology for water treatment. 
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