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Abstract
Photocatalysis is considered a useful technique employed for the dye degradation through solar light, visible or UV light 
irradiation. In this study, TiO2, g-C3N4, and TiO2-g-C3N4 nanocomposites were successfully synthesized and studied for 
their ability to degrade Rhodamine B (RhB) and Reactive Orange 16 (RO-16), when exposed to visible light. The analytical 
techniques including XRD, TEM, SEM, DRS, BET, XPS, and fluorescence spectroscopy were used to explore the charac-
teristics of all the prepared semiconductors. The photocatalytic performance of synthesized materials has been tested against 
both the selected dyes, and various experimental parameters were studied. The experimental results demonstrate that, in 
comparison to other fabricated composites, the TiO2-g-C3N4 composite with the optimal weight ratio of g-C3N4 (15 wt%) to 
TiO2 has shown outstanding degrading efficiency against RhB (89.62%) and RO-16 (97.20%). The degradation experiments 
were carried out at optimal conditions such as a catalyst load of 0.07 g, a dye concentration of 50 ppm, and a temperature of 
50 ℃ at neutral pH in 90 min. In comparison to pure TiO2 and g-C3N4, the TiO2-g-C3N4, a semiconductor, has shown higher 
degradation efficiency due to its large surface area and decreased electron–hole recombination. The scavenger study gave 
an idea about the primary active species (−OH radicals), responsible for dye degradation. The reusability of TiO2-g-C3N4 
was also examined in order to assess the composite sustainability.
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Introduction

Water pollution is now considered a major concern globally. 
A large number of pollutants of different natures and com-
positions from various sources such as industries including 

pharmaceutical, leather, textile, dyeing, and paper dis-
charged untreated into the water system (Ayub et al. 2022). 
The improvement in textile industries has demanded more 
production of chemical dyes for dyeing purposes, resulting 
in major environmental threats, particularly in third-world 
countries. These dyes are chemically stable compounds and 

Responsible Editor: Sami Rtimi

 *	 Asif Ayub 
	 asif.chemist45@gmail.com

1	 Department of Chemistry, College of Science, King Saud 
University, Riyadh 11451, Saudi Arabia

2	 Institute of Chemistry, The Islamia University of Bahawalpur, 
Bahawalpur 63100, Pakistan

3	 Medical Laboratory Techniques Department, Al-Farahidi 
University, Baghdad, Iraq

4	 Engineering Department, Mazaya University College, 
Nasiriyah, Dhi Qar, Iraq

5	 Department of Chemistry, Government College University 
Faisalabad, Faisalabad 38000, Pakistan

6	 Optics Techniques Department, Al-Mustaqbal University 
College, Hillah, Iraq

7	 Al-Nisour University College, Baghdad, Iraq
8	 The University of Mashreq, Baghdad, Iraq
9	 Technical Engineering College, Al-Ayen University, 

Nasiriyah, Thi‑Qar, Iraq
10	 Department of Biological and Chemical Engineering, Aarhus 

University, Norrebrogade 44, 8000 Aarhus C, Denmark

/ Published online: 26 December 2022

Environmental Science and Pollution Research (2023) 30:37332–37343

1 3

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-022-24839-z&domain=pdf
http://orcid.org/0000-0003-0590-3906


non-biodegradable pollutants. Organic dyes are carcinogenic 
and may cause harmful effects on human health. So, these 
pollutants must be eradicated from aqueous systems before 
use (de Assis et al. 2021)(Ayub and Raza 2021).

Several techniques such as physical (sedimentation, fil-
tration, and adsorption), biological (aerobic and anaerobic 
treatments), acoustical (radiation and electric processes), 
and chemical methods (electrochemical oxidations, oxida-
tion, coagulation, and advanced oxidation processes) have 
been employed for treatment of polluted water (Ayub et al. 
2020). Nowadays, advanced oxidation processes (AOPs) are 
becoming popular for the treatment of dye-contaminated 
water and the degradation and disinfection of various pol-
lutants. These processes are very efficient for the eradication 
of industrial organic pollutants (Saeed et al. 2022).

In recent years, the photocatalytic technique via semicon-
ductors is becoming popular among researchers, due to its 
low cost, high efficiency, and reusability, for the degradation 
of organic contaminants. In the past few years, there has 
been a lot of research on the use of photocatalysis for waste-
water treatment. It is thought to be an advanced, ecologi-
cally acceptable alternative technology for the degradation 
of organic contaminants. Compared to other conventional 
physical and biological methods, it has low-cost and simple 
operational properties (Moustafa et al. 2022).

In the photocatalytic process, electron–hole pairs generate 
in CB and VB of the photocatalysts under light irradiation. 
These photogenerated excitons help in the degradation of 
dyes and industrial pollutants. ZnO, CdS, CuO, V2O5, TiO2, 
and many other semiconductor photocatalysts are now being 
tested for dye degradation (Yu et al. 2022). Among different 
semiconductor photocatalysts, TiO2 has been proven an effec-
tive catalyst due to its positive features like higher oxidizing 
power, photocatalytic performance, cost-effectiveness, low 
toxicity, and chemical stability (Pattanayak et al. 2022). A 
large band gap of TiO2 of 3.20 eV decreases its photocata-
lytic activity under solar light, but it is a very effective pho-
tocatalyst under UV light (Camposeco and Zanella 2022).

The g-C3N4 has gained the attention of the researcher 
because of its merits like facile synthesis, low toxicity, and 
cost efficiency which make it a good candidate for the deg-
radation of some natural organic dyes. It is chemically sta-
ble under strongly acidic and basic conditions (Waghchaure 
et al. 2022). However, a low band gap and fast recombination 
of holes and electrons limit its performance for photocata-
lytic activity. Various techniques such as doping with metal 
oxides, coupling with semiconductors, and non-metallic 
elements have been applied to increase its catalytic ability. 
Coupling of g-C3N4 with inorganic semiconductors such 
as metal oxide is a useful method that retards the above-
mentioned drawback and improves the catalytic activity of 
g-C3N4. The combination of g-C3N4 with TiO2 develops 
a heterojunction which helps in reducing the band gap of 

metal oxides effectively and separating the charge carriers 
(Pattanayak et al. 2022).

In the current study, series of TiO2-g-C3N4 nanocompos-
ites have been fabricated and their dye degrading efficiency 
was investigated against two organic dyes i.e., RhB and 
RO-16. The purpose of this study was to fabricate environ-
ment friendly as well as cost-effective nanocomposites for 
the photodegrading of both dyes. The mechanism of photo-
chemical degradation of dyes has been discussed in detail. 
BET surface area and fluorescence analyses were used to 
provide a potential reason for higher photocatalytic effi-
ciency. To evaluate the sustainability of the semiconductor, 
the reusability of the composite has also been investigated 
for five cycles.

Experimental section

Reagents

All chemicals used in this study including tetrabutyl titan-
ate Ti(OBu)4, methanol (CH3OH), ethanol (CH3CH2OH), 
melanine, nitric acid (HNO3), sulfuric acid (H2SO4), iso-
propyl alcohol (IPA), p-benzoquinone (p-BQ), silver nitrate 
(AgNO3), and ammonium oxalate (AO); RhB and RO-16 
were purchased from Merk Ltd. Double-distilled water was 
used throughout the study.

Synthesis of photocatalysts

Synthesis of TiO2 nanoparticles

The TiO2 NPs were prepared by hydrothermal process (Zada 
et al. 2018). Briefly, 10 mL of Ti(OBu)4 was mixed in 10 mL 
of ethanol while the mixture was stirred continuously. This 
mixture was poured into another solution mixture, having 
ethanol (40 mL), water (10 mL), and HNO3 (2 mL) under 
stirring conditions. The resultant solution mixture under-
went a hydrothermal reaction by transferring to an autoclave 
and heating it at 160 °C for 6 h. After that, the autoclave was 
cooled to room temperature.

The product was washed with deionized water (DW) for 
10 times and then dried at 80 °C; the dried material was then 
calcined at 450 °C for 2 h to fabricate TiO2 NPs.

Synthesis of g‑C3N4 nanosheets

By using a chemical exfoliation process, the g-C3N4 
nanosheets were fabricated (Raziq et al. 2015). A desired 
dose of the C3N4 was calcined at 500 °C in a muffle furnace 
for 4 h. Then, 3 g of the calcined C3N4 was dissolved in 
sulfuric acid (40 mL) under vigorous conditions for 48 h. 
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This solution mixture was added to a flask with 400 mL 
of distilled water and subjected to ultrasonic treatment for 
12 h. The solution’s dark color was changed to pale yellow. 
After centrifuging the resulting suspension, any leftover acid 
was thoroughly removed using DW and then dried at 80 °C. 
For the removal of structural defects, the synthesized, dried 
power of C3N4 was added to 500 mL of methanol and heated 
at 65 °C for 12 h. In the final step, the suspension was cen-
trifuged and dried at 100 ℃, yielding g-C3N4 nanosheets.

Synthesis of TiO2‑g‑C3N4 nanocomposite

To synthesize different TiO2-g-C3N4 nanocomposites, 15 mg 
ground powder of prepared g-C3N4 was added to 50 mL of 
methanol and 10 mL of water. 100 mg of TiO2 NPs was dis-
persed into the above-prepared solution mixture and stirred 
overnight. The residual methanol was evaporated by heat-
ing in a water bath and a grey solid material was obtained 
and dried under a vacuum condition at 70 °C. Finally, the 
material was calcined at 500 °C for 2 h in a muffle furnace 
(Ma et al. 2018). Based on the above-described method, 
several TiO2-g-C3N4 nanocomposites were synthesized. 
The mass ratio of g-C3N4 to TiO2 was 0.00, 0.03, 0.10, 
and 0.15, and resultant composites were labeled as TCN-0 
(pure TiO2),TCN-03, TCN-10, and TCN-15, respectively.

Characterization

The XRD technique was used to evaluate the crystalline 
phase of the prepared catalysts. The XRD spectra were 
recorded on an X-ray diffractometer (Bruker D8, Germany) 
with Cu kα radiation and operated at 40 kV. Fluorescence 
spectra of photocatalysts were obtained by a fluorescence 
spectrometer (PerkinElmer LS55). The TEM and SEM 
images of prepared samples were captured with a JEOL 
JEM-2100 electrons microscope and a Hitachi S-4800 scan-
ning electrons microscope, respectively. A spectrophotometer 
(Shimadzu, UV-2450) was used to obtain the DRS spectra of 
the samples. XPS spectra of the samples were recorded on a 
Perkin Emmer Phi 5000G ESGA system at 250 W. All bind-
ing energies were referenced to the C 1 s peak at 284.6 eV.

Photocatalytic degradation experiments

The photocatalytic efficiency of TiO2, g-C3N4, and all TCN 
nanocomposites was tested by photodegradation of RhB and 
RO-16 dyes under visible light irradiations. In a typical pro-
cedure, 50 mL solution (50 ppm) of target dyes (RhB and 
RO-16) was poured into separate beakers and the desired 
amount of photocatalyst was added to the dye solutions. 
Reaction mixtures were placed on a hot plate to maintain 

a temperature of 40 ℃ and were stirred for 90 min under 
visible light irradiations. To achieve equilibrium, the reac-
tion mixture was stirred for 30 min under dark conditions. 
A small amount of samples were taken out of the reaction 
mixture at regular intervals of 15, 30, 45, 60, 75, and 90 min 
and were analyzed with a UV–visible spectrophotometer 
(JASCOV-570 spectrophotometer). The absorbance of every 
sample was noted. The percentage degradation of RhB and 
RO-16 was calculated using Eq. (1):

where [A]0 is the absorbance at zero minute and [A]t is the 
absorbance at various time intervals.

The above experiments were also carried out in the pres-
ence of scavengers to better understand the mechanism and 
recognize the reactive species in the photocatalytic pro-
cesses. IPA, p-BQ, AgNO3, and AO were specifically used 
as ﮲OH, O2﮲−, e−, and h+ quenchers, respectively. Addition-
ally, 5 cycles of repetition were carried out to evaluate the 
stability and reusability of the photocatalyst.

Results and discussion

X‑ray diffraction

The pure g-C3N4, TiO2, TCN-03, TCN-10, and TCN-15 
composites have been analyzed by XRD as shown in Fig. 1, 
to evaluate the phase composition and any change in the 
crystal structure of the composite material. For pure g-C3N4, 
two prominent peaks at 2θ of 13.2° and 27.4° were detected, 

(1)Degradation % =
[A]o − [A]t

[A]o
× 100
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Fig. 1   X-ray diffraction patterns of g-C3N4, TCN-0, TCN-03, TCN-
10, and TCN-15

37334 Environmental Science and Pollution Research  (2023) 30:37332–37343

1 3



which were indexed to (100) and (002) plane diffractions of 
g-C3N4. For TiO2, peaks appearing at 25.4°, 37.7°, 48.2°, 
and 54.1° were indexed to (101), (004), (200), and (105) 
indicating the anatase phase TiO2 (Gao et al. 2020).

Compared with pristine g-C3N4, all composite samples 
(TCN-03, TCN-10, and TCN-15) showed four additional 
peaks of TiO2 appearing at 25.4°, 37.7°, 48.2°, and 54.1° 
which confirm the formation of composites. After g-C3N4 
loading on TiO2, no peak of g-C3N4 was seen at 13.2° in 
sample TCN-03 which may be due to the low content of 
g-C3N4 and low crystallinity of the composite. But when the 
concentration of g-C3N4 was increased in the composites, 
both the characteristic peaks of g-C3N4 at angles 13.2° and 
27.4° were observed in the other two composites (i.e., TCN-
10 and TCN-15); this confirms the successful fabrication of 
composites. Careful observation reveals that the intensity 
of the main peaks of anatase titania slightly decreased by 
increasing the g-C3N4 content in the composites. The results 
of this study agree with the findings of Wang et al. (2022) 
in which they observed that the peaks for TiO2 at 25.2°, 
37.8°, 47.9°, 53.8°, 55.6°, and 62.7° correspond to (101), 
(004), (200), (105), (211), and (204), respectively, for the 
anatase TiO2.

Morphology

The morphology of g-C3N4, TiO2, and TCN-15 compos-
ites was analyzed by SEM and TEM studies. TEM analy-
sis verified the formation of the TCN-15 composite. The 
prepared g-C3N4 shows a lamellar structure with wrinkles 
on the surface as shown in Fig. 2a (Wang et al. 2018). 
Figure 2b shows the TEM image of prepared TiO2 which 
depicts the elongated spherical morphology. In the TEM 
image of TCN-15 (Fig. 2c), two different morphologies 
were observed, a grey sheet of g-C3N4 having a dark area 
because of TiO2 particles and also showing a random 
covering of g-C3N4 layers with TiO2 NPs. The TiO2 NPs 
are incorporated on g-C3N4. Figure 2d shows the SEM 
image of the prepared TCN-15 composite. Nanosheets 
of g-C3N4 containing clusters of TiO2 are obvious 
from SEM images. Agglomeration of particles of TiO2 
introduced roughness in the nanosheets of g-C3N4 and 
increased the degrading capacity of the composite. SEM 
analysis may also refer to the formation of heterojunction 
among the components of the prepared composite that 
increases the degradation efficiency of the composite 
(Kholikov et al. 2021).

Fig. 2   TEM images of a pure 
g-C3N4, b TCN-0, and c TCN-
15. SEM image of d TCN-15
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DRS analysis

Figure 3 shows the absorbance spectra of pure g-C3N4, 
TiO2, TCN-03, TCN-10, and TCN-15 composites to study 
their optical properties. Absorbance spectra of g-C3N4 
as shown in Fig. 3a revealed that g-C3N4 photocatalyst 
show an absorbance edge at a higher wavelength of 
465 nm, whereas TiO2 at a shorter wavelength of 385 nm 
(Mehregan et al. 2022). All prepared composites such 
as TCN-03, TCN-10, and TCN-15 have shown absorb-
ance at a higher wavelength of 413, 436, and 449 nm, 
respectively, when compared with pure TiO2. This shift 
in absorption edge toward higher wavelength was due to 
an increase in g-C3N4 contents in the composite series. 
So, the band gap of all the prepared composites decreased 
as compared to pure TiO2. Therefore, TiO2-g-C3N4 shows 
better catalytic performance under visible light irradiation 

(Zhang et al. 2021). The Kubelka–Munk formula was used 
to calculate the band gap energy (Eg) of all the synthe-
sized semiconductors. Plotting the square of the modified 
Kubelka–Munk function vs photon energy (hv) gives the 
optical band gap energy (Eg) of pure g-C3N4 (2.63 eV), 
TiO2 (3.21 eV), TCN-03 (2.97 eV), TCN-10 (2.87 eV), 
and TCN-15 (2.78 eV) as shown in Fig. 3b.

Fluorescence spectroscopy

The amount of OH radicals generated was measured 
using the coumarin fluorescence technique since the 
generation of OH radicals is essential for photocatalysis. 
Because it readily generates luminous 7-hydroxy cou-
marin by interaction with OH radicals, coumarin is used 
in this technique. The signal intensity in the fluorescence 
spectrum will typically increase, as the quantity of OH 
radicals increases (Kotkar et al. 2022).

The fluorescence spectra of pure g-C3N4 and its com-
posites with TiO2 are shown in Fig. 4 in relation to the 
generated OH radicals. It is evident that when the quan-
tity of g-C3N4 coupling increases, the OH radical fluo-
rescence intensity of TiO2-g-C3N4 becomes greater than 
that of pure g-C3N4, particularly in the case of a TCN-15 
sample. Consequently, TCN-15 is regarded as a powerful 
photocatalyst for the elimination of contaminants (Adeel 
et al. 2021). Fluorescence spectra confirm the existence 
of ﮲OH radicals which on the other hand confirms the 
successful synthesis of TiO2-g-C3N4 composites.
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Fig. 3   a UV–vis absorbance spectra of g-C3N4, TCN-0, TCN-03, 
TCN-10, and TCN-15 and b Kubelka–Munk plot for the band gap 
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BET analysis

The BET analysis of prepared g-C3N4 and TCN-15 compos-
ite was performed to estimate the surface area and pore size 
distribution. In general, photocatalysts often having higher 
surface area and more reaction sites, exhibit higher adsorp-
tion capacity. Nitrogen adsorption/desorption isotherm was 
employed along with BET measurement to evaluate the 
porous structures of pure g-C3N4 and TCN-15 composite as 
shown in Fig. 5. The g-C3N4 and TCN-15 composites have 
type IV-H3 hysteresis loops which represent the slit-shaped 
mesoporous (Ma et al. 2018). The BET surface area of the 
TCN-15 composite (26.3 m2/g) was larger than the pure 
g-C3N4 (4.2 m2/g). TCN-15 exhibit higher dye degrading 
efficiency compared to pure g-C3N4 which may be due to 
two possible reasons. First, the g-C3N4 has a smaller particle 
size and lower density; second, the g-C3N4 had high disper-
sion on the surface of microporous TiO2 due to its ultrasonic 

treatment. Thus, the TCN-15 composite was utilized in the 
following study (Girish et al. 2022).

XPS analysis

The XPS spectrum of g-C3N4 and TCN-15 composite is 
shown in Fig. 6a, with the peak locations adjusted using 
C 1 s at 284.8 eV. The XPS survey spectra of g-C3N4 and 
TCN-15 composite show the presence of C, O, N, and Ti 
components which is consistent with their chemical formu-
lae. The Ti 2p spectra of TCN-15 can be seen in Fig. 6b, 
and they exhibit two peaks having 458.7 (Ti 2p 3/2) and 
463.7 eV, binding energies, respectively. The binding ener-
gies of Ti 2p in TCN-15 show the heterojunction structure 
among the precursors of the composite (Alsalme et al. 2022). 
The high-resolution spectra of C 1 s, N 1 s, and O 1 s, of 
TCN-15, have been shown in Fig. 6c–e. TCN-15 composites 
displayed an additional peak above 288.2 eV in addition to 
the C 1 s peak. A closer look revealed that the aromatic ring 
N─C ═ N2 peak for TCN-15 was at 287.7 eV. The peaks 
at 398.2, 398.4, and 400.5 eV can be found in the N 1 s 
high-resolution spectra. The lattice Ti–O bond was thought 
to be responsible for the major peak at around 529.08 eV, 
while the hydroxyl (O─H) group was thought to be respon-
sible for the minor peak at 531.27 eV (Liu et al. 2022). In 
general, the samples’ photocatalytic capabilities are signifi-
cantly influenced by the surface OH groups. The hydroxyl 
content was higher in TCN-15 as depicted in fluorescence 
spectra. The presence of additional hydroxyl groups on the 
catalysts’ surfaces may help to capture holes before they 
reach the surface, improving charge-transfer efficiency and 
photocatalytic activity.

Photocatalytic performance

The dye-degrading properties of synthesized semicon-
ductors were tested against RhB and RO-16 dyes under 
visible light irradiations. Figure 7 shows the different 
trends of the photocatalytic activities against both dyes. 
The g-C3N4 has shown 31.59% and 38.46% degradation 
efficiency for RhB and RO-16 respectively, while the 
degradation efficiency of TiO2 against RhB and RO-16 
was observed only 37.81% and 44.05% after 90 min. It 
was observed that all the prepared composites have 
shown higher photocatalytic performance compared with 
pure TiO2 and g-C3N4 within 90 min under visible light. 
Among all the synthesized TiO2-g-C3N4 composites, 
TCN-15 has shown the better photocatalytic degradation 
performance of 85.8% and 88.56% for RhB and RO-16 
dyes respectively, in 90 min, while TCN-03 has shown 
the lowest degradation efficiency of 67.20% and 58.04% 
among all composites. TiO2 absorbs in the UV region of 
light and high TiO2 content in composite reduce the 
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catalytic ability of photocatalyst by blocking the visible 
light at the surface of g-C3N4. This may lower the rate of 
formation of photogenerated positive holes and electrons 
(Jeyaraja et al. 2022). Lesser formation of excitons in 
TCN-03 and TCN-10 composites having the highest 
amount of TiO2 and less amount of g-C3N4 causes a 
decrease in photocatalytic performance (Kumar et al. 
2022). Hence, the TCN-15 composite has shown better 
catalytic activity than pure TiO2, g-C3N4, and other nano-
composites. The ﮲OH radicals are responsible for the bet-
ter catalytic activity of the TCN-15 composite as shown 
by the fluorescence study. 

Effect of dosage

The photocatalytic performance of the TCN-15 compos-
ite was tested by degradation of RhB and RO-16 dye 
using different amounts of TCN-15 catalyst from 0.01 to 
0.09 g/L in 50 mL (50 ppm) dye solution and conditions 
were maintained as  temperature 40 ℃, at natural pH, 
under visible light irradiation for 90-min. It was observed 
that by a gradual increase in the quantity of TCN-15 com-
posite from 0.01 g to 0.07 g/L the increase in the RhB 
degradation was observed from 79.2 to 87.10% as shown 
in Fig. 8a while 70.8% to 94.40% RO-16 degradation was 

Fig. 6   XPS survey spectra of a 
g-C3N4 and TCN-15. High-res-
olution XPS spectra of TCN-15: 
b Ti 2p, c C 1 s, d N 1 s, and 
e O 1 s
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noticed at the same change in dose, shown in Fig. 8b. The 
percentage degradation increased by increasing the dos-
age of catalyst. After a certain limit, further increases in 
the dosage of the catalyst did not affect the catalytic effi-
ciency. For both dyes, 0.07 g photocatalyst showed maxi-
mum degradation efficiency. The number of active sites 
increases with an increase in the dosage of the catalyst. 
However, the reaction mixture cannot be homogenized 
properly at a higher dosage of catalyst and high agita-
tion, in this situation, the active sites of the composite 
were not fully available at a high dose concentration. The 
increase in the catalyst dose from 0.07 to 0.09 g results 
in a decrease in the photocatalytic activity from 87.10 
to 83.3% and 94.40 to 85.3% for RhB and RO-16 dyes, 
respectively. Furthermore, the higher dose also blocks 
the penetration of light and may also affect the catalytic 
efficiency (Tara et al. 2021).

Effect of temperature

As temperature also affects the reaction rate, the dependence of 
dye degradation on temperature was investigated by performing 
photodegradation experiments with 0.07 g of TCN-15 in 50 mL 
of (50 ppm) RhB and RO-16 dye solution at 30, 40, and 50 °C 
separately, at natural pH under visible light irradiation for 90 
min. Figure 9a and b show that the percentage degradation of 
both dyes increased with an increase in temperature. 80.08%, 
87.10%, and 89.62% degradation was recorded for RhB, while 
for RO-16 dye, 78.8%, 94.4%, and 97.2% degradation was 
observed at 30, 40, and 50 °C, respectively. The enhanced cata-
lytic activity of the TCN-15 composite at a higher temperature 
may be due to the higher kinetic energy of the substrate which 
increases the collision frequency. As a result, recombination of 
charge carriers is reduced which increases the catalytic activity 
of the TCN-15 composite (Adeel et al. 2021).
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Effect of concentration

The effect of dye concentrations on the degradation effi-
ciency of the photocatalyst was measured, and three degra-
dation experiments were performed separately with 0.07 g 
of TCN-15 in 50 mL of (50 ppm) RhB and RO-16 dye solu-
tion by changing the concentration of dye solution from 50 
to 150 ppm for the regular time interval from 0 to 90 min 
under visible light irradiation at natural pH and optimal 
conditions, the results have been presented in Fig. 10. The 
percentage degradation data showed that photocatalysts 
degraded 89.6, 83, and 75% of RhB dye, while 97.2, 85, 
and 66% of RO-16 dye in 50, 100, and 150 ppm dye solution 
in 90 min, respectively. It can be observed that the catalytic 
activity of TCN-15 composite decreases with an increase 
in dye concentration because more active sites of TCN-15 
composite are covered and the light penetration is decreased 
(Sanakousar et al. 2022b). Furthermore, as all other factors 

are constant, the relative concentration of OH radicals 
decreases. As a result, catalytic efficiency is decreased at 
higher concentrations.

Photocatalyst stability

The stability of the TCN-15 composite was evaluated by five 
degradation experiments. The concentration of RO-16 dyes 
and percentage degradation gave an insight into the degrad-
ing efficiency of the prepared composite. After each degrad-
ing experiment, the composite was washed with deionized 
water to remove the RO-16 dye adsorb on the surface and 
dried. Figure 11a shows that the TCN-15 composite was 
stable even after five cycles of regeneration and could retain 
85.9% degrading efficiency. The decrease in the degrading 
efficiency may be due to the loss of composite due to wash-
ing (Sun et al. 2022). After five recycling experiments, the 
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remarkable photocatalytic stability of the TCN-15 composite 
catalyst was confirmed by the XRD pattern of the TCN-15 
composite’s fresh and reused samples indicating that the 
crystallinity and morphological properties remained the 
same (Fig. 11b).

Scavenger study

To find out the species responsible for the photodegrada-
tion of selected dyes such as RO-16, essential to clarify 
the degrading mechanism of TCN-15 composite, radical 
trapping experiments were performed. The system’s ﮲OH, 
O2﮲−, e−, and h+ were all trapped by IPA, p-BQ, AgNO3, 
and AO, respectively. As shown in Fig. 12, the degrada-
tion rate of RO-16 reduced when any radical scavenger 
was added, showing that each of the four active species 
had a particular effect on the photodegradation. AgNO3 

and p-BQ additions had less impact on the photocatalytic 
degradation of RO-16, suggesting that e− and O2﮲− played 
only minor involvement in the system (Sanakousar et al. 
2022a). However, the rate of degradation of RO-16 sig-
nificantly lowered when the h+ and −﮲OH in the system 
were captured by AO and IPA, respectively. The degrada-
tion rate of RO-16 decreased to 78.8% and 87.5%, respec-
tively, after trapping −﮲OH and h+, suggesting that −﮲OH 
and h+ were the primary reactive species for the RO-16 
degradation in the TCN-15 composite. Figure 12 repre-
sents the role of various active species in photodegrada-
tion (Guo et al. 2020).

Mechanism of photocatalytic degradation

The mechanism for the degradation of dyes by the TCN-15 
composite has been presented in Fig. 13. When the TCN-
15 composite is irradiated with visible light, photoinduced 
electrons in the conduction band of g-C3N4 transfer to the 
conduction band of TiO2  while the holes migrate to the 
valence band of g-C3N4. Resultantly, the recombination of 
photoinduced charge carriers is prevented. The photoelec-
trons in the conduction band of TiO2 undergo a reaction with 
the molecular O2 to yield O2

●− which oxidizes the dyes. 
The O2

●− undergoes a reaction with water and produces 
HO●− radicals. At the same time, the photoinduced holes 
(h+) in the valence band of g-C3N4 undergo a reaction with 
the H2O yield HO● radicals. The HO● and O2

●− radicals 
being strong oxidizing agents degrade the dye molecules into 
nontoxic end products such as H2O and CO2. Furthermore, 
the degradation efficiency depends on the absorption ability 
of visible light, the partition of the charge carriers, and the 
surface area of the photocatalyst (Sanakousar et al. 2021).
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Conclusion

In this study, different TCN semiconductors were success-
fully synthesized and analyzed by advanced techniques. The 
degrading efficiency of pure g-C3N4, TiO2, and all TCN 
semiconductors was studied against RhB and RO-16 degra-
dation in aqueous media. The TCN-15 composite has shown 
higher degrading efficiency for both RhB and RO-16 dyes 
under visible light. The characterization results revealed that 
the TCN-15 has a large BET surface area and wider vis-
ible light response range compared with other composites. 
The purity of the synthesized composite was analyzed by 
XRD analysis. The photocatalytic degradation efficiencies 
were 89.62% and 97.20% for RhB and RO-16, respectively, 
at optimal conditions such as a catalyst dose (0.07 g), dye 
concentration (50 ppm), and temperature (50 ℃) at neutral 
pH in 90 min under visible light irradiation. The mechanism 
for the higher degrading efficiency of the TCN-15 composite 
has also been proposed. The TCN-15 composite has shown 
excellent reusability even after five cycles for the degrada-
tion of RO-16 dye under exposure to visible light which 
makes it a promising candidate for commercial-scale envi-
ronmental applications.
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