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ABSTRACT

In this study, g-C;N, was decorated with Graphene Quantum Dots (GQDs) by using a thermal treatment method.
Longer hydrothermal treatment time resulted in larger GQDs, with an average diameter of about 22 nm. This study
investigated the effects of the size of GQDs on the photocatalytic performance of malachite green (MG), an organic
compound used in aquaculture to prevent parasites, fungi, and bacteria. The incorporation of GQDs resulted in a
decrease in the band gaps of the GQDs-loaded g-C;N, samples and minimized the weight loss of materials during
synthesis. The g-C;N, sample loaded with smaller sizes of GQDs showed a lower MG removal efficiency at the
beginning of the light irradiation than that loaded with larger sizes of GQDs, but their MG removal efficiency almost
reached an equal efficiency later. The study introduced an innovative approach for examining the size-dependent
effects of GQDs on the structural and photocatalytic characteristics of g-C;N,-based photocatalysts, utilizing both
comprehensive experimental and statistical analyses. The findings demonstrated that GQD size influenced the structure
and photocatalytic activity of photocatalysts. GQDs-loaded g-C;N, photocatalysts showed their ability to remove MG in
wastewater from snakehead fish (Channa striata) in a zero-emission system for dragon fruit cultivation. The study also
highlighted the potential application for reducing antimicrobial contamination in wastewater from aquaculture.
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1. Introduction

Climate change has been intensifying recently, caus-
ing detrimental effects on our environment. Some parts of
the world have experienced unexpected floods driven by
heavy rains, which destroyed crops, infrastructure, and hu-
man and animal lives. Meanwhile, other areas are facing
severe droughts due to prolonged dry seasons, which are
unfavorable for cultivating crops, raising animals, and pro-
tecting human health. Although three-fourths of the Earth's
surface is covered by water, less than 3% of it is fresh and
drinkable. Climate change has exacerbated the insecurity
and insufficiency of our freshwater supplies. In addition,
water pollution has posed a significant threat to water sys-
tems, such as lakes, rivers, and seas. In recent years, the
growth of many industries and human activities has had a
greater impact on the global economy, but it has also led to
several harmful side effects on the environment. Pollutants
such as dyes, pharmaceuticals, heavy metals, and persistent
organic pollutants have been found in wastewater dis-
charged from industrial and human activities. The demand
for clean water has become more urgent due to the grow-
ing global population and industrialization. Dyes released
from industries such as plastic, leather, textiles, printing,
paper, and food are colored compounds containing chro-
mophores and auxochromes. More than 30,000 t of dyes
have been released into water systems, causing detrimental
effects on aquatic life due to their high toxicity, stemming
from their carcinogenic and mutagenic nature.

Malachite green (MG), an organic dye known by its
IUPAC designation N-methyl-di-amino-tri-phenyl-meth-
ane, has been employed in the coloration of textiles, in-
cluding jute, silk, cotton, wool, and leather '"'. Additionally,
it was found that MG was used in aquaculture to prevent
parasites, fungi, and bacteria * . In 2012, Khodabakhshi
and Amin, using liquid chromatography-mass spectrome-
try (LC-MS), determined the concentration of MG in the
effluents of a fish farm to be in the range of 0.0057 to 384
ug-L™" P The report by Kwan et al. also revealed the pres-
ence of MG in fish tissue . More recently, Kwan et al.
employed potentiometry with ion-selective electrodes (ISE)
to detect MG in aquaculture wastewater from a fish farm.
They reported that the concentration of MG ranged from
4.90 x 10 to 4.97 x 10° mol-L™" ", Although MG has

been used in aquaculture due to its low cost and high avail-
ability, it has never been approved as a veterinary medicine
for food-producing animals because it causes detrimental
effects on humans, such as eye irritation, headaches, and
illnesses affecting the heart, liver, and brain . Thus, the
presence of MG in effluents discharged from aquaculture
systems is a cause for concern . Therefore, there is an ur-
gent need to treat wastewater containing dyes using mod-
ern technologies. These techno-management practices are
particularly crucial for the integrated farming zero-emis-
sion systems where wastewater from aquacultural ponds is
used for agricultural production """,

Several methods have been employed to treat dyes
and pharmaceuticals in aqueous effluents, such as adsorp-
tion, electrochemistry, ozonization, flocculation, coagu-
lation, biological methods, ion exchange, sonochemical

> Among these, ac-

degradation, and photocatalysis '
tive-radical-based photocatalysis is regarded as an effec-
tive method for the degradation of organic pollutants, as
it minimizes serious secondary pollution emissions. This
approach is quite effective, requiring simple procedures
and low operational costs. Photocatalysts are key compo-
nents of photolysis. Numerous photocatalysts have been
used for environmental applications, such as Bi,WZnTiO,,
CulnS,, p-CuAl,0,/n-YVO, heterojunction, Ag,WO,/ZIF-
8, etc. ' Over the past decade, graphitic carbon nitride
(g-C;N,), a non-metallic semiconductor, has demonstrated
its potential for environmental applications """, It can be
fabricated from low-cost carbon and nitrogen sources and
possesses various properties, such as thermal stability (up
to 600 °C), super-hardness, and high resistance to water

[20.21

and chemicals I As a photocatalyst, g-C;N, extends its
light absorption into the visible light range due to its band-
gap energy (~2.8 eV). However, its low surface area, low
porosity, and limited absorption of solar light hinder its
photocatalytic performance. To improve the photocatalyt-
ic activity of g-C;N,, the decoration of g-C,N, with other
materials has been explored > Graphene quantum dots
(GQDs) are carbon-based nanomaterials less than 100 nm
in size ***"). They exhibit low toxicity, good photolumines-
cence, chemical stability, and an effective quantum con-
finement effect ***”. As a result, GQDs have been applied
in biological, energy, optoelectronic, and environmental

fields °*. As carbon derivatives, GQDs accumulate elec-
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trons on their surfaces **. They are also chemically and
physically stable and have a high surface-to-mass ratio due

12 1t is noteworthy

to functional groups at their edges '
that scientists can tune the optical properties of GQDs by
altering their morphologies. For these reasons, decorating
2-C;N, with GQDs can improve its optical properties.
Although scientists have paid attention to the dec-
oration of g-C;N, with quantum-dot materials, there are
concerns related to the effects of GQD size on the photo-
catalytic performance of g-C;N, in the photodegradation of
MG. Therefore, in this study, we conducted the decoration
of g-C;N, with GQDs and investigated the effects of their
sizes on structural properties and photocatalytic activity of
g-C;N, in the degradation of MG under UV light irradia-
tion. We also studied the impact of the pH of the solution,
the factor that determined the surface charge properties
of materials, on its degradation. Furthermore, this study
evaluated the effectiveness of a GQDs-loaded g-C;N, pho-
tocatalyst for the removal of MG from simulated effluent
sourced from a snakehead fishpond within a zero-emis-
sion system used in dragon fruit cultivation, under UV
light irradiation. To our knowledge, there are a few studies
focusing on mild fabrication methods for GQDs-loaded
g-C;N, photocatalysts that preserve the porosity of g-C;N,
templates to boost MG photodegradation in wastewater
originating from snakehead fishponds. Additionally, this
work introduces an innovative approach for examining
the size-dependent effects of GQDs on the structural and
photocatalytic properties of g-C;N,-based photocatalysts,

VAR

utilizing both comprehensive experimental and statistical

analyses.

2. Experimental Section

2.1. Synthesis of GQDs

We synthesized GQDs via a hydrothermal treatment
of 1 g of glucose dissolved in 100 mL of distilled (DI) wa-
ter. The solution was stored in a Teflon-lined autoclave.
The GQDs solution was obtained by subjecting the mix-
ture to heat treatment at 160 °C for varying durations (4 h,
6 h, and 8 h), followed by purification using a dialysis tube
(molecular weight cut-off (MWCO) ~ 10,000 Da, Milli-
pore). The obtained GQDs were denoted as GQD-4, GQD-
6 and GQD-8.

2.2.Synthesis of g-C,;N, and Its Decoration
with GQDs

We synthesized g-C;N, through the heat treatment of
dicyanamide in a furnace at 550 °C + 1 °C with a heating
rate of 1 °C/min. For the decoration of g-C;N, with GQDs,
dicyanamide was separately mixed with different 5 mL
GQDs solutions. The mixtures were placed in a covered
crucible and calcined at 1 °C/min to yield GQD-loaded
g-C;N, samples, labeled as GQD-4@g-C;N,, GQD-6@
g-C;N,, and GQD-8@g-C;N,. Figure 1 illustrates the syn-
thesis of GQDs-loaded g-C;N, samples.

FURNACE
g-CN, e o
-— ) 'Qir’.’ ) o mp e 0%
— — GQDs@g-C;N,

GQDs

Calcination

Figure 1. The decoration of g-C,N, with GQDs.

2.3. Characterization of Photocatalysts

We employed a Transmission electron microscope
(TEM) to study the morphologies of the photocatalysts.

Additionally, we analyzed their crystal structures using

X-ray diffraction (XRD), performed with an X-ray dif-
fractometer equipped with Cu Ka radiation (A = 0.154056
nm). The optical properties of the samples were elucidated
through Diffuse reflectance spectra (DRS) recorded in the
wavelength range of 200-800 nm. Photoluminescence (PL)
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spectra were measured on a luminescence spectrometer
(F-7000, Hitachi) with a solid accessory at room tempera-
ture and an excitation wavelength of 375 nm. The thermal
stability of the samples was studied on a thermogravimet-
ric analysis (TGA) instrument. The specific Brunauer—
Emmett-Teller (BET) surface area and pore size mea-
surements of samples were conducted on a Quantachrome
apparatus at 77.3 K under nitrogen gas. Before the BET
measurement, the samples were degassed in a flow of N2
at 300 °C for 5 h. The specific surface area was determined
by the Brunauer—-Emmett—Teller method. The pore size
distribution was calculated using Barrett—Joyner—Halenda

(BJH) desorption branches of the isotherms.

2.4.The Study of the Photocatalytic Reaction
of MG

To study the photocatalytic activity of the synthe-
sized materials, 80 mg of photocatalysts were added to
a beaker containing 50 mL of a solution of MG with a
certain concentration to make a suspended solution. Af-
ter stirring the solution in the dark for 90 min to achieve
the adsorption-desorption equilibrium, we turned on the
UV-LED (lightemitting diode) lamp (365 nm, 95 mW/
cm’, 1.75 x 10" photons/cm’-s) to illuminate the solution
for 120 min under stirring to observe the degradation
of MG. To adjust the pH of the solution, 0.1 M NaOH
or HCI was added to the solution of MG. After 30 min
of the photocatalytic reaction, we took 3.0 mL of the
MG solution out of the beaker for centrifugation at a
rate of 3,000 rpm for 3 min before determining the MG
remaining concentration, using a UV-Vis spectrometer .
The photocatalytic degradation efficiency (R, %) of MG
was calculated using Equation (1):

R (%) = (C, —C)) x 100/C, (1)

Where, C, represents the initial concentration of MG
(mg/L), while C,denotes the concentration of MG at time ¢

(min). All experiments were conducted in triplicate.

2.5. Application of Photocatalytic Degradation
of MG in the Wastewater from Snakehead
Fishpond

To study the photodegradation of MG in fish-farming

wastewater over the photocatalysts, 11.4 mg-L"' MG was
added to 50 mL of the wastewater taken from a snakehead
fishpond of a local farm (Figure 2). Before the addition of
MG, the wastewater was left 24 h for sedimentation. The
wastewater containing MG was then exposed to UV light
in the presence of 80 mg of photocatalysts for 120 min.
Determination of the remaining MG concentration fol-

lowed the same procedure as Section 2.4.

Figure 2. Snakehead fish wastewater is utilized within a ze-
ro-emission system for the cultivation of dragon fruit.

3. Results and Discussion

3.1. Study of Material Characterization

Figure 3 showed the morphologies and size distribu-
tion of GQDs after the hydrothermal treatment at different
intervals of time. It can be observed that a longer time of
hydrothermal treatment resulted in a larger size of GQDs
with an average diameter of about 22 nm. There was no
significant difference in particle size or size distribution
between GQDs obtained after 6 h and those obtained after
8 h. In contrast, GQDs synthesized in 4 h exhibited much
smaller sizes and a narrower size distribution. The simi-
larity in particle size and size distribution between GQDs
obtained after 6 h and 8 h suggests that glucose molecules
primarily assembled into GQDs. The hydrothermal meth-
od for synthesizing GQDs is a bottom-up approach, where
GQDs are formed by the assembly of smaller glucose mol-
ecules. When a certain amount of glucose is added to the
solution, it takes time for the smaller glucose molecules to
self-assemble into GQDs.
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Figure 3. The structures and size distributions of the GQDs were characterized at various hydrothermal treatment durations: (a,b) 4 h,

(c,d) 6 h, and (e,f) 8 h 33,

The hydrothermal treatment time affected the visi-
ble-light harvesting ability of GQDs as we can see an in-
crease in the visible-light absorbance of GQDs and their
red-shifts of absorption wavelength after a long hydro-
thermal treatment time (Figure 4a). The absorption region

below 300 nm is related to the m—=" transition in aromatic

Absorbance (a.u.)
Intensity (a.u.)

T T T T 1
400 500 600 700 80C !

Wavelength (nm)
@

T
200 300

C=C carbons of GQDs, while the region above 300 nm
corresponds to the n—n_ transition in the C=0 carbon core
and C=0 surface state transition of GQDs **. Both GQD-6
and GQD-8 showed equivalent absorbance, which is high-
er than that of GQDs-4 in visible light, due to their equiva-
lent particle sizes.

—g-CN,

—— GQD-4@g-C N,
—— GQD-6@g-C N,
—— GQD-8@g-C,N,

AN

10 20

A

2 theta

40

(b)

Figure 4. (a) The UV-VIS spectra of GQDs and (b) XRD patterns of g-C,N, and GQDs-loaded g-C,N, samples.

After the decoration of g-C;N, with GQDs, the XRD
patterns of all GQDs-loaded g-C;N, samples showed

all characteristic peaks of g-C;N,, which are located at

around 20 = 27.4° and 12.8° (Joint Committee on Pow-
der Diffraction Standards (JCPDS) No. 87-1526) (Figure

4b and Figure S1) "**°. The former peak is indicative of
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stacking interlayered heptazine (C,H,) units, while the lat-
ter is indicative of in-planar nitrogen pores in the structure
of g-C;N, ¥ When we investigated GQDs-loaded
g2-C;N, samples, their weaker intensities and lower angles
of those peaks showed that the successful incorporation of
GQDs into the g-C,N, lattice broadened the distance be-
tween g-C;N, layers and also between nitrogen pores ),
The incorporation of GQDs resulted in the band gaps of the
GQDs-loaded g-C;N, samples becoming narrower after the
modification. According to the Kubelka—Munck theory, the
bandgap values of those samples were determined as 2.81
eV, 2.79 eV, 2.77 ¢V, 2.74 eV for g-C;N,, GQD-4@g-C;N,,
GQD-6@g-C;N, and GQD-8@g-C;N,, respectively .
The light absorption ability of GQDs-loaded g-C;N,
samples in both the UV and visible regions increased after
the incorporation of GQDs (Figure 5a). Morcover, TGA
analysis indicated that the deposition of GQDs reduced the
weight loss of the dicyanamide precursor during the syn-

—CN,
—— GQD-4@C N,
—— GQD-6@C N,
——GQD-8@C N,

Absorbance (a.u.)

T T 1
400 500 800

Wavelength (nm)
(a)

T T
200 300 500 700

thesis of GQDs-loaded g-C;N, samples, thus increasing
their thermal stability compared to g-C;N, (Figure S2).
Scanning electron microscope (SEM) images in Figure
S3 showed that the morphologies of GQD-6@g-C;N,
and g-C;N, exhibited the presence of clusters of particles.
The loading of GQDs on g-C;N, resulted in an increase
in the surface area and pore volume of the bulk g-C;N,
(Table 1) due to the exfoliation of the bulk g-C,N,, which
is consistent with the report of Jiao et al. ). However,
this study showed that the incorporation of GQDs would
retain the meso-porous structure of the bulk g-C;N, and
its pore diameter (Table 1). The bulk g-C;N, exhibited a
meso-porous structure with cylindrical pores, which were
characterized by the type-1V isotherms of g-C;N, with H3
hysteresis loops in the P/P,range of 0.4—1.0. In addition to
mesopores, macropores were also present in bulk g-C;N,,
which is proved by the adsorption edges of those isotherms
within the P/P, region of 0.8—1.0 (Figure S4).

100

start = UV light irradiation
80
= B0 -
S
(=4
40 4
20 4 —=— Blank
g-c]N4
—&— GQD-4@g-C,N,
° ; v— GQD-6@g-C,N,
=100 -!'JID I EIJ I SICI I IIZIJO I lflnf.]
t (min)
(b)

Figure 5. (a) UV-VIS spectra of GQDs-loaded g-C,N, samples; (b) Degradation of MG by g-C,N, and GQDs-loaded g-C,N, sam-

ples.

Table 1. BET parameters of the photocatalysts 331,

Sample Surface Area (m*-g ") Pore Volume (cm®-g™") Pore Diameter (nm)

2-CN, 14.22 0.066 4.0
GQD-4@g-C;N, 28.51 0.109 4.0
GQD-6@g-C;N, 27.61 0.123 4.0
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3.2. Abatement of MG over the Photocatalysts

3.2.1. Effects of Size of GQDs

The abatement of MG over the photocatalysts was
conducted under UV light irradiation. g-C;N,, GQD-4@
g-C;N,, and GQD-6@g-C,;N, were used as representa-
tive photocatalysts for the photocatalytic abatement of
MG. As shown in Figure 5b, 80% of MG was degrad-
ed by photolysis after 120 min of irradiation without
the addition of the photocatalysts, indicating that the
photolysis of MG occurred under UV light irradiation.
In the presence of g-C;N,, 93% of MG was removed
through adsorption, photocatalysis, and photolysis after
120 min of UV light irradiation. After decorating g-C;N,
with GQDs, both GQD-4@g-C;N, and GQD-6@g-C;N,
showed enhanced adsorption of MG, with 20% of MG
being abated in the dark. This can be attributed to the
higher surface area of the GQD-loaded g-C;N, samples
and the presence of carbonyl groups contributed by the
GQDs “"*I. These functional groups create negative
charges that attract the positively charged parts of MG
molecules through electrostatic interaction on the surface
of the GQD-loaded g-C,;N, samples “'**). Meanwhile, the
photocatalytic degradation of MG over g-C;N,, GQD-
4@g-C;N,, and GQD-6(@g-C;N, exhibited high efficien-
cy, with more than 90% of MG being removed. For the
GQD-loaded g-C;N, samples, GQD-4@g-C;N, showed
lower MG removal efficiency in the first 50 min of light
irradiation compared to GQD-6(@g-C;N,, but its MG re-
moval efficiency later matched that of GQD-6@g-C;N,.
The photocatalytic and adsorption properties of GQD-
6@g-C;N,, as a representative of GQD-loaded g-C;N,
samples, were further investigated by examining the
effects of the solution pH, which influences the surface

charges of materials **.

3.2.2. Effects of pH

The pH of the solution governs the chemical spe-
cies of MG present. Figure 6a presents the UV-VIS
spectra of MG across various pH levels, evaluated both
in darkness and under UV irradiation, in the absence of

photocatalysts. It is reported that the pKa value of MG is

6.9. When pH < pKa, MG molecules exist as anions, but
they become cations when pH > pKa ). The pH-depen-
dent chemical species of MG influenced its UV-VIS ab-
sorption. As seen in Figure 6a, the intensity of the main
peak at 618 nm changes with pH, but there is no shift
in the peak position, indicating a change in the electron
density of the chromophore ring structure of MG due to
alterations in the bond orbital energy of the MG mole-
cules. Moreover, the intensity of the main peak decreases
with an increase in pH under UV light irradiation. This
phenomenon becomes more pronounced as the pH in-
creases from 2 to 10, suggesting that the degradation of
the chromophore ring structure of MG occurs even with-
out the presence of photocatalysts. More than 80% of
MG in the solution underwent photolysis across the en-
tire pH range after 120 min of UV light irradiation (Fig-
ure 6b). In the presence of g-C;N, and under dark con-
ditions, the UV-VIS spectra of the MG solution (pH = 4,
no pH adjustment) showed a decrease in the intensity of
the main peak, due to the accumulation of MG on g-C;N,
(Figure 6e). The decrease was more pronounced at pH
above 6, as positively charged MG molecules were at-
tracted to the negatively charged g-C;N, surface, whose
point of zero charge (PZC) was 2.5 Y. In contrast, the
adsorption efficiency of MG decreased in acidic media
due to the competitive adsorption of H" ions with MG
molecules (Figure 6f). A similar interpretation applies to
the pH-dependent adsorption of GQD-6@g-C;N,. GQD-
6(@g-C;N, exhibited enhanced adsorption compared to
g-C;N,. The presence of GQD-6@g-C;N, also boosted
the degradation of MG, with more than 90% of MG de-
graded within 60 min across the entire pH range (Fig-
ure 6¢,d). The photocatalytic performance of GQD-6@
g-C;N, in the degradation of MG is comparable to that
of other g-C;N,-based photocatalysts (Table 2). The re-
sults indicate that photolysis of MG is more favorable in
alkaline media. Additionally, the decoration of g-C;N,
with GQDs enhances MG abatement from the solution.
Interestingly, there are blue shifts in the main peak of
the UV-VIS spectra of both g-C;N, and GQD-6@g-C;N,
(Figure 6¢,e), which suggest the de-methylation of MG

molecules during their photocatalytic degradation **'.
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Table 2. Photo-degradation efficiency of MG over g-C,N -based photocatalysts.

Photocatalyst

Experimental Conditions

Max. Efficiency (%)/Time

(min)/Rate Constant (min") Ref.

1. C-Ce0,/g-C;N, nanocomposite

Batch mode; sunlight; catalyst dosage: 0.5
g-L™"; MG concentration: 10 mg-L™

2. Carbon-coated tungsten-doped mo- Batch mode; Xe arc lamp; catalyst dosage:
lybdenum oxide nanowires 0.5 g-L™"; MG concentration: 5 mg-L™

3. PSCN/Ag@Agl/WO, Batch mode; Xe arc lamp; catalyst dosage:
0.5 g-L™"; MG concentration: 10 mg-L™

4. BiFeO,/g-C;N, Batch mode; sunlight; catalyst dosage: 0.5
g-L™'; MG concentration: 10 mg-L™"

5. TiO, NP Batch mode; UV; catalyst dosage: 1.0
g-L™"; MG concentration: 20 mg-L™"

6. GQD@g-C;N, Batch mode; LED; catalyst dosage: 1.6

2'L™"; MG concentration: 20 mg-L"™'

92/150/12 x 10° — 15 x 10 Madona et al.

[46]

92/120/9 x 107 Shaheen et al.

[47]

90/60/12 x 107 — 15 x 10~  Hasija et al. ¥

86/50/12 x 107 =15 x 10 Mohanty et al.
[49]
100/180/107°— 107" Salehzadeh et
[50]
al.
93/120/29% 10 — 31 x 10°  This study

3.2.3. Kinetics of the Photodegradation of MG
over the Photocatalysts

Rate constants of the photodegradation of MG over
different photocatalysts are shown in Figure 7a. Those
parameters were calculated by using the following pseu-

do-first-order kinetic models as described by Equation (2) "

@

32

Where, ¢ represents the irradiation time (min); C,
and C (mg-L™") represent the initial and final concentration
of MG, respectively; k (min"") represents the reaction rate
constant.

The photodegradation of MG over g-C;N,, GQD-4@
g-C;N, and GQD-6@g-C;N, photocatalysts had greater
rate constants than their photolysis at pH = 4, indicating
that the photocatalysts boosted the degradation of MG at

the studied pH. Moreover, the rate constants of the photo-

0
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catalysis driven by GQDs loaded g-C;N, samples are ap-
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Figure 7. (a) The rate of MG photodegradation over different photocatalysts. (b) Rate constants for the photodegradation of MG by

GQD-6@g-C,N, in the presence of various quenching agents.

3.2.4. Photocatalytic Mechanism of MG over
Photocatalysts

In this section, we discussed the photocatalytic
mechanism of MG driven by radical species. We per-
formed the photocatalytic degradation of MG under UV
light irradiation in the presence of GQD-6@g-C;N, with
the addition of 1 mL of different quenchers, such as Iso-
propyl Alcohol (IPA), Ethylenediaminetetraacetate (EDTA)
and Benzoquinone (BQ), which acted as the quenchers of
*OH, h" and O, , respectively °'\. As seen in Figure 7b,
the abatement of MG over GQD-6@g-C;N, became slow-
er with a lower rate constant as Benzoquinone (BQ) was
added to the solution. It implies that O, was the dominant
radical that suppressed the photocatalytic degradation of
MG.

To further study the photocatalytic mechanism of
MG over the photocatalysts, we calculated the potentials of
the conduction band (CB) and valence band (VB) of g-C;N,
by using the following Equations (3) and (4):

Eyy =% — E. + 0.5E, 3)
C))

Where, y denotes the semiconductor's electroneg-

Egp=Ew—E

g

ativity (4.72 e), E, is the free electron energy (4.5 eV vs.
normal hydrogen electrode (NHE)), and E, is the band gap
energy at 2.81 eV ¥, Therefore, the conduction band edge
(Ecp) and valence band edge (E,g) of g-C;N, were deter-
mined to be —1.19 eV and 1.62 eV, respectively. Upon light

irradiation, photoexcited electrons (e ) were generated in

the conduction band (CB), while holes (h") were produced
in the valence band (VB) of g-C;N,. The electrons subse-
quently reacted with dissolved O, molecules in the solution
to produce *O, radicals, whereas the holes participated in
the oxidation of MG, as illustrated in Figure S5. The depo-
sition of GQDs, which functioned as a photosensitizer, on
the g-C;N, would enhance the photocatalytic activity of
g-C;N,. The radical-driven photocatalytic degradation of
MG was shown in Equations (5)—(9):

g-C;N, +hv — e (CB) +h' (VB) %)
GQDs +hv — ¢ (CB) +h' (VB) (6)
O,+e — 0, )

*0, + H,0 — *OH + OH" ®)

0, /*OH/ h" + MG — degradation products )

PL measurement is a way to study the separation of
electrons and holes in photocatalysts. A high recombination
rate of electrons and holes would lead to a high intensity of
the strongest emission peaks in PL spectra “”. As shown in
Figure S6, the GQDs-loaded g-C;N, samples showed bet-
ter suppression of photo-induced charge carriers than the
g-C;N,, which contributed to the enhanced photocatalytic
performance of the GQDs-loaded g-C;N,"™”". Moreover, the
redshifts of the strongest emission peaks in the PL spectra
of the GQDs loaded g-C;N, samples from 454 nm to 472
nm may be ascribed to the formation of N-doped graphitic
carbon in the g-C;N, framework, causing the m-electron

delocalization in the conjugated g-C;N, framework %,
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The incorporation of graphitic nitrogen made the color of
g-C;N, change from yellow to brown (Figure S7). The re-
sults indicated that the deposition of GQDs facilitated the
doping of nitrogen heteroatoms into the g-C;N, structure,
driven by the release of NH; during the polycondensation

of the dicyanamide precursor (Figure S2).

3.3.Size-Dependent Effects of GQDs on the
Structure and Photocatalytic Activity of
Photocatalysts

To investigate the size-dependent effects of GQDs
on the structural and photocatalytic properties of photo-
catalysts, Pearson correlation analyses were conducted
between GQD size and various parameters, including

surface area, pore volume, pore diameter, band-gap ener-

gy, MG removal efficiency, and the rate constant for MG
photocatalytic degradation using SPSS 22.0 software. As
summarized in Table 3, all examined parameters exhibit-
ed non-zero Pearson correlation coefficients, suggesting a
dependence of both structure and photocatalytic activity
on GQD size. The analysis indicated a non-linear relation-
ship between these characteristics and GQD size. Surface
area, pore volume, band-gap energy, and the rate constant
for MG degradation demonstrated strong correlations with
GQD size, whereas pore diameter and MG removal effi-
ciency were moderately and weakly correlated, respective-
ly. With the exception of pore diameter and band-gap ener-
gy, all parameters showed positive correlations with GQD
size. These findings demonstrate that GQD size influenced

the structure and photocatalytic activity of photocatalysts.

Table 3. Pearson correlation (7) of studied parameters with the size of GQDs.

Parameter Surface Area  Pore Volume

Pore Diameter

Band-Gap Energy Removal Efficiency Rate Constant

Size of GQDs 0.50° 0.73 -0.35"

—0.89° 0.093° 0.50°

Note: Correlation is significant at the 0.01 level. * Strong correlation ([r| > 0.5); ® Moderate correlation (0.3 < 0.5); © Weak correlation (|r| < 0.3).

3.4. Applications for Snakehead Fish Waste-
water in a Zero-Emission System for
Dragon Fruit Cultivation

The wastewater from the snakehead fishpond was
collected from a zero-emission system for dragon fruit
farming with a total pond area of 3,100 m’, a depth of
1.7 m, and a total pond volume of 5,270 m’. The snake-
head fish cultivation density is 100 fish per square meter,
with a cultivation period of 4 to 5 months. The survival
rate stands at 80%, and each fish weighs approximately
600 g. The average yield is 50 kg per square meter. Water
changes account for 20% of the total pond volume, at one
time in the first month and two times each month from the
second to the fifth month. Before the addition of MG, the
wastewater was left for 24 h for sedimentation. 50 mL of
wastewater was decanted, followed by the addition of MG.
Figure 8a shows the abatement of MG under ultraviolet
(UV) light irradiation after the addition of 80 mg of GQD-
6@g-C;N, to the simulated wastewater. Accordingly, 91%
of MG was abated from wastewater after 120 min of light
irradiation. The UV-VIS spectra exhibited an intensive
decrease in the peak intensity of the main peak of MG at
about 618 nm, and its blue shift after 120 min of the light

irradiation, which is indicative of the process of N-demeth-
ylation during the photodegradation of MG **. Moreover,
a decline in the absorbance of the peaks at 425 and 315 nm
of the UV-VIS spectra is evidence of the destruction of the
chromophore structure of MG. Additionally, a new absor-
bance peak appears at about 360 nm in the spectra of MG,
which illustrates the formation of DLBP as one of the main
products of the decomposition of MG ' (Figure 8b). The
disappearance of this compound in the UV range after 120
min of UV light irradiation is the indicator of the com-
plete decomposition of DLBP. Benzophenone compounds
are potentially to cause carcinogenesis, sensitization,

637 Therefore, the complete

and endocrine disruption |
decomposition of DLBP would reduce the toxicity of MG
solutions. Previous studies showed that the photocatalytic
decomposition of MG was favorable at low concentration
%1 However, according to Figure 8c, the rate constant of
the photodegradation of MG in the wastewater matrix at
lower concentrations of MG was lower than that of MG at
its higher concentration, indicating unfavorable decompo-
sition of MG in the wastewater matrix. Nitrogen, phospho-
rus and organic matters in aquaculture wastewater would

consume reactive species during the photodegradation of
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MG "”. Moreover, according to Figure 8¢, there was no
spectral interference in the matrix of the pristine waste-
water. Thus, although the wastewater matrix hindered the

light-driven oxidation of MG, it caused no spectral inter-

ference in the UV-VIS measurement. The results revealed
the ability of GQDs-loaded g-C,N, photocatalysts to abate
MG in the simulated wastewater and the potential interfer-

ence of the sample matrix in the abatement of MG.
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Figure 8. (a) Photodegradation of MG in simulated wastewater (t = 0) using GQD-6@g-C,N, as a catalyst. (b) UV-VIS spectra of
MG recorded during the photodegradation process; "Blank" corresponds to wastewater without MG addition. (¢) Influence of sample

matrix on the rate constant for MG photodegradation at its respective initial concentrations.

In a fishpond where there is less water exchange, or-
ganic compounds, including antibiotics, tend to accumulate
in the sediment at the bottom of the pond. The persistent
antibiotic residues (e.g., MG) in fishponds may have neg-
ative effects on the environment inside the ponds and their
surrounding environment. Therefore, the presence of the
photocatalysts would boost the abatement of antibiotic res-

idues, which usually take weeks for natural degradation.

4. Conclusion

In this study, we deposited GQDs with varied sizes
on the g-C;N, photocatalyst. The process of incorporation
of GQDs resulted in the band gaps of the GQDs-loaded
g-C;N, samples becoming narrower, which increased the
light absorption ability of GQDs-loaded g-C;N, photocat-
alysts. The results showed that the decoration of g-C;N,
with GQDs resulted in the enhancement of MG abatement
from the solution, in which O, was the dominant radi-
cal. GQD size had a strong influence on the structure and
photocatalytic activity of photocatalysts. While their size
influences the initial kinetics, the final efficiency tends to

converge. GQDs, with an average size of 22 nm, exhibited

favorable structural properties and provided optimal photo-
catalytic performance when incorporated into g-C;N, pho-
tocatalysts. In addition to the photocatalysis, the photolysis
of MG also took place and was favorable at the alkaline
conditions. The study suggested the potential application
of GODs-loaded g-C;N, photocatalysts to abate MG in
fish-farming-wastewater simulated effluent using UV-driv-
en wastewater treatment systems. However, the impact of
ions present in the wastewater matrix on the photocatalytic
process and the overall toxicity of the treated wastewater
have not yet been examined and should be addressed in fu-

ture studies.
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