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Abstract

|n response to the urgent global issue of environmental pollution, particularly
water contamination by high-chroma organic pollutants, there has been a growing
focus within the scientific community on developing advanced materials for
efficient pollutant removal. One such promising material is graphene-like carbon
nitride (g-CsN,), which possesses excellent chemical stability, high surface area,
and photocatalytic properties. This essay delves into the facile synthesis of
0-C3Ny4 for effectively removing high-chroma organic pollutants from water,
exploring its potential applications, advantages, and prospects. Additionally, a g-
CsN4 photocatalyst has been synthesized in this study by introducing nitrogen
vacancies through a one-step reduction process. The optimized g-C3N,. catalyst
exhibited a superior MB and TC vyield of 73% and 83.6%, respectively, under
visible light, representing a 4.5-fold increase compared to the bulk g-CsNy4
catalyst. This advancement is attributed to the synergistic effects of nitrogen
vacancies defects, which enhance light absorption, facilitate electron-hole pair
separation, and increase the number of active sites on the catalyst surface. In our
research, we successfully created a g-CsN,, photocatalyst by incorporating
nitrogen vacancies using a one-step reduction technique. The optimized g-C3N4.
catalyst displayed an impressive 73% MB and 83.6% yield for TC under visible
light, 4.5 times higher than the standard g-Cs;N, catalyst. This improvement is
attributed to the synergistic effects of nitrogen vacancies defects, which enhance
light absorption, aid in separating electron-hole pairs, and increase the number of
active sites on the catalyst's surface.
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1. Introduction

In recent years, environmental pollution has become a
pressing global issue, with water contamination by high-
chroma organic pollutants posing a significant threat to
human health and ecosystem integrity. As a response to
this challenge, the development of advanced materials
for efficient removal of such pollutants has gained
increasing attention in the scientific community (Wang
et al., 2018a; Wang et al., 2018b).

Traditional methods to remove organic pollutants
from water include adsorption, ultrafiltration, reverse
osmosis, chemical coagulation, and biodegradation.
While effective, these methods are often costly and
difficult to reuse on a large scale. A better solution is the
Advanced Oxidation Process’ using photocatalysis,
which uses light to break down harmful chemicals. This
method, especially with semiconductor materials, shows
promise for degrading contaminants using solar energy.
One promising candidate semiconductor is graphene-like
carbon nitride (g-CsN,), with excellent chemical
stability, high surface area, and photocatalytic properties
(Dong et al., 2014).

Although g-CsN, has advantages, it suffers from a
limited surface area and poor separation efficiency. To
further enhance the photocatalytic activity, the synthesis
of g-C3N, involves a straightforward and cost-effective
approach that allows for rapid adsorption of pollutants
onto its surface, enhancing the overall removal
efficiency. Typically, g-CsN,x can be synthesized by
thermally treating precursors such as melamine at
elevated temperatures in the presence of a suitable
catalyst or template. This process yields a porous
structure with a high surface area, facilitating the
adsorption of organic pollutants and promoting their
degradation through photocatalytic reactions (Niu et al.
2012).

One of the key advantages of g-CsN,. is its efficient
removal of high-chroma organic pollutants from water.
The unique structural and electronic properties of g-
C3N,4 enable it to generate reactive oxygen species
under light irradiation, which can effectively oxidize and
degrade a wide range of organic pollutants, including
dyes, pesticides, and pharmaceuticals. Moreover, the
high surface area of g-C3N,4 allows for rapid adsorption
of pollutants onto its surface, enhancing the overall
removal efficiency. In addition to its high removal
efficiency, g-CsN,, exhibits excellent stability and
reusability, making it a sustainable and cost-effective
solution for water treatment. Unlike traditional
adsorbents or photocatalysts, g-CsN4, can be easily
regenerated by simple washing or thermal treatment,
allowing for multiple cycles of pollutant removal
without significant loss of performance. This reduces the
operational costs of water treatment and minimizes the

! Advanced Oxidation Process (AOP)
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environmental impact of the disposal of used materials.
Furthermore, the simple synthesis of g-CsN, opens up
new possibilities for designing and engineering advanced
materials with tailored properties for specific pollutant
removal applications. By adjusting the synthetic
conditions, such as precursor composition, temperature,
and duration of thermal treatment, researchers can fine-
tune the structure and morphology of g-C3N4, to
enhance its photocatalytic activity, adsorption capacity,
and selectivity towards target pollutants (Feng et al.,
2020; Antonietti and Fratzl, 2010).

This level of control over material properties allows
for customized solutions for different water treatment
scenarios, from industrial wastewater remediation to
municipal water purification. In conclusion, the simple
synthesis of g-C3sN,. offers great potential for efficiently
removing high-chroma organic pollutants from water,
providing a sustainable and cost-effective solution to the
pressing environmental challenge of  water
contamination. By harnessing the unique properties of g-
CsN4, researchers can develop innovative materials
with enhanced performance and versatility for various
pollutant removal applications. With continued research
and development in this field, g-CsN, is poised to
make a significant impact on water treatment
technologies, paving the way toward a cleaner and
healthier environment for future generations (Lotsch et
al., 2007; Ouyang et al., 2020).

2. Experimental detail

2.1. Catalyst synthesis

2.1.1. Preparation of g-CsN,4

The ¢g-C3N, nanosheets were prepared by Melamine
calcination. This involved pouring 10 g of Melamine
into a crucible and then heating it in a muffle furnace.
The temperature was increased to 300 °C at a rate of
15 °C per minute, and then further increased to 550 °C
for 4 hours to obtain a fine yellowish powder.

2.1.2. Preparation of g-C3Ny4.

The N-deficient g-C3N, was synthesized through the
following procedure: 10 g of Melamine were thoroughly
mixed with a specific quantity of NaOH and
subsequently placed into a covered ceramic crucible. The
mixture was then heated to 550 °C as same as g-C3N,.
The resulting products were denoted g-CsN,,(N). The
preparation of pristine g-C3N, followed the same
procedural steps but omitted the addition of NaOH. Post-
synthesis, all samples underwent extensive washing with
deionized water and alcohol to eliminate any residual
NaOH.
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3. Result and discussion

3.1. Characterization

Fig. 1 shows the XRD patterns of pristine g-C3N, and
modified g-C3N4. The two materials exhibit a similar
crystalline structure. The main diffraction peaks occur at
around 13.0 and 27.3, representing the in-plane structural
repeating motifs of aromatic systems and the interlayer
reflection of the graphitic structure, respectively. When
comparing g-CsN, to g-CsNy., a slight shift in the latter
peak is observed, from 27.15 to 27.35, indicating a
decrease in the interlayer stacking distance from 3.28 nm
to 3.24 nm. have also observed a similar shift when
nitrogen defects were present in g-CsN4. This might be
attributed to the removal of nitrogen-containing species
from the g-CsN, skeleton, leading to a decrease in
interlayer repulsion and an increase in interlayer stacking
density (Niu et al., 2012).

The FTIR spectra of g-CsN; and g-CsN, were
displayed in Fig. 2.

The strong peak at around 3200 cm™ is caused by the
stretching of N-H bonds. The characteristic peaks
between 1200 and 1600 cm™, including bands at 1238,
1319, 1407, 1458 and 1541 cm™, correspond to the
stretching vibration of C-N heterocycles. Additionally,
the peak at 807 cm™ is attributed to the vibrations of
triazine units (Montigaud et al., 2000; Li et al., 2004).

Fig. 3 shows the FESEM images of two structures: a)
pristine g-C3sN, and b) modified g-C3sN4,. Upon closer
examination of the latter structure, it is evident that there
has been a significant decrease in particle size and an
increase in the number of pores, as well as the depth to
which they extend.
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Fig. 1. The XRD spectra of g-C3N,4 and g-C3Ny4.«
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Fig. 2. The FTIR spectra of g-C3N4 and g-C3sN,

Fig. 3. Shows the FESEM of two structures of a) pristine g-CsN,4 and b) modified g-C3Ny.«
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Fig. 4. a) Demonstrates the optical absorption properties of synthesized g-CsN4 and g-CsN,. via UV-visible
spectroscopy RT and b) presents the band gap values of g-C3sN,4 and g-C3Ny.«

Fig. 4a) demonstrates the optical absorption
properties of synthesized g-C3N4 and g-CsN4 via UV-
visible spectroscopy at room temperature’, spanning
250-700 nm. The red line for g-C3N4 shows a notable
absorption peak at 460 nm. Fig. 4b) presents the band
gap values of g-CsN, and g-CsN,.,, determined by the
Tauc plot, which are 2.78 eV and 2.75 eV, respectively,
highlighting their potential in various applications (Arya
etal., 2018).

The specific surface area of the g-CsN; sample,
calculated from N, isotherms, was found to be 6.11 m?#/g.
Following modification, there are only slight differences
in the N, isotherms and pore size distributions between
g-CsN, and g-CsNy4. Notably, the BET surface areas of
g-C3Ng4 have improved, increasing to 12.3 + 0.1 m#/(g,
demonstrating the effectiveness of the modification
process.

3.2. Photocatalytic activity

The wastewater from dyes is known for its high chroma
and resistance to degradation, posing a significant threat
to the environment. Typical dyes found in wastewater
include MB, rhodamine B, and methyl orange, which
contaminate water and can harm human health. In our
experiment, MB is used as a model to assess the
adsorption-photocatalysis performance of the samples.
Fig. 5 presents the adsorption-photocatalysis removal of
MB by g-CsN, and g-CsN,, Before 0 minutes, the
samples underwent dark adsorption, reaching adsorption-
desorption equilibrium at 0 minutes, and then proceeded
to the photocatalytic degradation of MB. This
experiment was also done for TC, whose result is shown
in Fig. 6a and 6b. As seen, g-CsN,, demonstrated
excellent adsorption performance (>73%) due to the
large specific surface area and electronic properties of
g-C3N4, enabling the generation of reactive oxygen

! Room Temperature (RT)
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species under light irradiation to effectively oxidize and
degrade a wide range of MB and TC. Additionally, the
high surface area of g-C3N,4 allows for rapid adsorption
of contaminants onto its surface, enhancing the overall
removal efficiency. Effective adsorption not only traps
pollutants on the sample surface but also reduces the
concentration and chromaticity of the wastewater,
thereby facilitating the subsequent photocatalytic
degradation of pollutants.

Under visible light irradiation, graphitic carbon
nitride (g-CsN4.4) absorbs photons to generate electron—
hole pairs, where the photogenerated electrons reduce
molecular oxygen to form superoxide radicals (*O,’) and
the holes oxidize water or hydroxide ions to produce
hydroxyl radicals (*OH); these reactive oxygen species
then attack and degrade tetracycline molecules through
oxidative reactions, ultimately breaking them down into
smaller, less toxic intermediates or mineralizing them
into CO, and H,0.
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Fig. 5. In order a) adsorption-photocatalysis removal of
high-chroma MB solution (25 ppm) by g-CsN4.
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Fig. 6. a) Adsorption-photocatalysis removal of high-chroma TC solution (25 ppm) by g-CsN,.
b) Photocatalytic degradation performance of g-CsN4 and g-CsN,.x

Summary Mechanism Diagram

1. Photon absorption — e/h* generation

2. Charge separation — Surface migration

3. ROS generation: «O,’, *OH

4. TC degradation — Intermediates — Mineralization

Also, a reusability test was performed by MB. Fig. 7
shows the cycle of g-C3N4 photocatalytic degradation,
revealing a gradual decrease in degradation percentage
from 84% in the first cycle to 75% in the fourth.

The absorbance changes of MB at 664 nm over time
were recorded to assess the photocatalytic degradation
kinetics of the organic pollutant. The data using pseudo-
first-order and pseudo-second-order models were
analyzed assuming that absorbance directly correlates
with dye concentration. The pseudo-first-order kinetic
model is expressed as follows

dp

kyt = In (—) (1)

ag

and the pseudo-second-order model as

1 1
Kt =~ a 2

Table 1. Results of the photocatalytic degradation
kinetics

Rate

. = 2
Kinetic model Pollutant R constant (K)

RMSE

Pseudo-first- oo 9875 0.0574 0.05446 min™

order
Pse‘é‘zgé‘?“t' Tetracycline 0.9948 0.0348 0.06496 min™
Pseudo- 0.22255
second-order Dye 0.9839 03121 (L/A)/min
Pseudo- . 0.28517
second-order Tetracycline 0.9863 0.2482 (L/AY/min
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The results of the photocatalytic degradation Kinetics
for MB and TC are presented in Table 1.

These results indicate that the photocatalytic
degradation follows a pseudo-first-order kinetic
behavior, suggesting that a single molecular process or
surface reaction likely governs the rate-limiting step.

86 1 Cycle 1
84 4
82 1
80
78 1
76 1
74 A
72 A
70 1
68

Cycle 2 Cycle 3 Cycle 4

Degradartion percentage(%o)

Cycle 1 Cycle 2
Cycle

Fig. 7. Cycle of g-C3N,4 photocatalytic degradation

Cycle 3 Cycle 4

4. Conclusions
In summary, nitrogen defects were introduced into g-
C3N, through a hydrothermal method that utilized
sodium hydroxide as an oxidizing agent. The resulting
nitrogen-deficient g-CsN, catalyst retains a crystalline
phase composition and specific surface area that closely
resembles those of pristine g-CsN,. However, this
modified catalyst notably improves visible-light
absorption and charge separation efficiency.
Incorporating nitrogen defects significantly enhances
the photocatalytic degradation rate of pollutants,
reaching an impressive rate of 83.6, approximately four
times greater than that of the original g-CsN, catalyst.
Furthermore, the deficiency of amino species within the
g-C3N, framework benefits its overall properties. The
newly introduced interband levels resulting from these
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nitrogen defects are crucial for the observed
improvements in photocatalytic performance, allowing
the catalyst to excel in various applications involving
pollutant degradation. The nitrogen-deficient g-CsN,
catalyst has a crystalline phase composition and specific
surface area similar to that of pristine g-CsN,, but it
shows improved visible-light absorption and charge
separation efficiency. The introduction of nitrogen
defects leads to a stable increase in the photocatalytic
pollutant degradation rate, reaching up to 73.6 for MB
and 83.6 for TC, about 4 times higher than that of g-
C3Ng.  Also the reusability test evealing 75%
photocatalytic degradation of MB after four cycles. The

interband levels are responsible for the enhanced
photocatalytic performance.
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deficiency of amino species on g-C3;N, is found to have a
positive impact on its properties, and the newly induced
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