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ARTICLE INFO ABSTRACT

Keywords: In this study, we investigated the possibility of a photocatalytic system that uses graphene-
Antibiotic quantum-dot (GQD)-deposited graphitic carbon nitride (g-C3N4) to treat tetracycline (TC) and
Shrimp

other organic compounds generated from an in-situ-recirculatory-aquaculture-system (RAS)-like
shrimp farming pond. GQDs were successfully deposited on the exfoliated g-C3N4 base through a
hydrothermal treatment. The results showed that the incorporation of GQDs into the g-C3N4
enhanced its porosity without aggregating its mesoporous structure. The GQDs-deposited g-C3N4
photocatalysts revealed sheet-like structures with nanopores on their surface that facilitate
photocatalysis. More than 90% of the TC was removed by the photocatalysts under UV-LED
irradiation. Low loadings of GQDs over g-C3N4 resulted in a faster and more effective photo-
catalysis of TC, mainly driven by.O2- radicals. The photocatalysts were also applicable in the
degradation of organic compounds with 27% of the total organic compounds (TOC) being
removed from the wastewater of a RAS-like shrimp farming pond.

Photocatalyst

Recirculatory aquaculture system
Quantum dot

Carbon nitride

1. Introduction

Carbon quantum dots (CQDs), a new class of fluorescent carbon nanomaterial, have gained attention due to having features such as
unique optical properties, high catalytic activity, and good biocompatibility at a low cost. With these properties, CQDs have been
assembled with various porous materials such as zeolites, carbonaceous porous materials, mesoporous silica, porous metallic com-
pounds, metal-organic frameworks (MOFs), and porous g-C3N4 for use in a wide range of applications such as biomedicine, sensing,
electrochemistry, optics and photocatalysis [1]. When CQDs are incorporated with porous media, it not only compensates for the
shortcomings of the CQDs in these applications but also produces new functionalities through synergetic interactions to extend to new
applications [1,2].
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Compared to CQDs that are quasi-spherical carbon nanoparticles at sizes below 10 nm, graphene quantum dots (GQDs) are small
fragments of single- or few-layers of graphene with sizes of a few nm up to 100 nm [3]. GQDs also exhibit extraordinary opto-electronic
properties. The application of GQDs has been reported in many studies [4-6]. Despite extensive research, reports on the facile coupling
of g-CsN4 with GQDs are not discernible for the application in treatment of discharged wastewater from a shrimp pond [7].

With tremendous achievements obtained since the third industrial revolution, society has been facing increasing concerns related
to the energy crisis and environmental pollution due to the large consumption of fossil fuels (natural gas, coal and petroleum), which
are being depleted rapidly [8]. Therefore, it is essential to seek out advanced technologies to minimize environmental pollution and
solve the energy crisis. Recently, scientists have come up with an artificial route that utilizes solar energy [9], developing photo-
catalytic semiconductors capable of harvesting solar light with the ability to degrade environmental pollutants. Since the pioneering
work on water photolysis using the TiO, photocatalyst, research in this field using UV-responsive and visible-light-responsive pho-
tocatalysts, including titania-based and non titania based materials (ZnO, Fe;03, CdS, Bi;WOg, BiVOy4, Taz0s, TagNs, TaON, etc.), has
been carried out [10-15]. Due to the intrinsically large band gap energy of semiconductors, it is essential to discover robust semi-
conductors with narrow band gap energy, leading to a growing interest in the development of a polymeric semiconductor, namely
graphitic carbon nitride (g-C3N4). This has a low cost, high physicochemical stability and unique electronic band structure [16-21].
However, its high recombination of photo-generated electrons and holes, low surface area and insufficient light absorption has led to
unfavorable photocatalytic activity in g-C3N4 [22]. Consequently, it is important to develop strategies to improve the photocatalytic
performance of g-C3Ny4 [23].

In order to overcome the shortcomings of g-C3Ny, coupling g-CsN4 with other semiconductors has been applied recently. For
example, Wang et al. (2019) reported the enhanced separation and migration of photo-induced charges after the introduction of a Z-
scheme configuration of g-C3N4 and TiO5 microflowers [24]. Another study led by He et al. (2018) demonstrated the remarkable
combination of photo-degradation and the air-oxidation of phenol over direct Z-scheme BiyO3/g-C3N4 photocatalysts [25].
Razavi-Esfali et al. (2022) constructed a novel ultrathin g-C3N4 coupled with WO3, which had a superior photocatalytic performance
towards the alleviation of organic compounds [26]. In addition to constructing heterojunctions in g-C3Ny, elemental doping is another
approach to improving its photocatalytic activity [27,28]. For instance, Bui et al. (2020) fabricated Ba-doped g-C3N4 with a remarkable
photocatalytic efficiency for tetracycline (91.94 %) [29]. Chen et al. (2021) successfully synthesized Co-doped g-C3N4 nanosheets to
act as photocatalysts involving a highly photocatalytic production of Hy (808.92 mmol g~! h™1) and the degradation of MB (96 %)
[30]. Although positive results have been obtained by these two approaches, chemical modifications of g-C3Ny4 are costly and not
benign to the environment. Hence, searching for another cheaper and greener modifier is of interest.

Shrimp farming is an important sector of the aquaculture industry that contributed 114.5 million tons of product to the global
aquaculture product total in 2018 [31]. According to FAO, 64% of shrimp production comes from shrimp farming [31]. There are two
shrimp species dominant in shrimp farming, the white leg shrimp (Litopenaeus vannamei) and the black tiger shrimp (Penaeus
monodon). They have been popularly traded in Asia and America, particularly in top-of-the-world aquaculture producers like
Bangladesh, China, India, Vietnam, and Indonesia, where the replacement of extensive shrimp farming by intensive farming with high
productivity has occurred [32,33]. However, the occurrence of epidemics and pandemics caused by viruses, bacteria, and other
pathogens has significantly affected global shrimp productivity in recent years [34]. As a part of global shrimp production, the pro-
ductivity of shrimp farming in Vietnam has also been greatly affected by diseases. It has been noted that shrimp farming has been a
major source of income for many Vietnamese households over the decades. Therefore, the livelihoods of these households are insecure
due in part to these unexpected events. To prevent the aggressiveness of the diseases causing mortalities to shrimp, the application of a
variety of antibiotics to shrimp farming is inevitable, although recirculatory aquaculture systems (RAS) have been known to be an
effective system to manage the biosecurity of shrimp farming [35-37]. This has caused the discharge of wastewater from shrimp farms
to be contaminated by residual pharmaceuticals. Other than that, a high content of other organic compounds generated during shrimp
breeding was also found in the discharged wastewater from shrimp ponds. These compounds resulted in high risks to the surrounding
ecosystem and human health [38]. Therefore, it is necessary to minimize the presence of these compounds in the discharged
aqueous solutions of shrimp ponds, which is a challenging task.

Although various physical and biological adsorption technologies are applicable for use in the treatment of such pollutants, they are
not appropriate for the degradation of antibiotics and other specific organic compounds [29,39]. Photocatalysis driven by photo-
catalysts has drawn considerable attention for use in the amelioration of antibiotics due to its potential to degrade antibiotics into small
molecules like CO, and Hy0 [40-43]. To the best of our knowledge, a comprehensive investigation of the photocatalytic activities of
GQDs-deposited g-C3sNy4 photocatalysts for the degradation of TC and their possible application in the degradation of organic pollutants
discharged from the wastewater of shrimp ponds has not yet been conducted. Inspired by the aforementioned studies, in this study, we
developed metal-free g-C3N4 photocatalysts modified with GQDs through thermal polymerization and hydrothermal treatments so as
to overcome the drawbacks of g-C3Ny for the enhancement of its photocatalytic activity. The experimental parameters that affected the
efficiency of TC alleviation over the prepared photocatalysts through adsorption, photolysis, and photocatalysis will also be studied.
The kinetics and mechanisms of the processes were also discussed in detail. Moreover, we aimed to apply the g-CsN4 photocatalysts
with an improved photocatalytic performance to the photocatalytic degradation of tetracycline (TC), a broad-spectrum antibiotic
commonly used in shrimp farms in Vietnam (21%), and the organic content of discharged wastewater from a local RAS-like shrimp
pond [29,44,45].
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2. Experimental section
2.1. Preparation of GQDs

Typically, 1 g of glucose (Sigma-Aldrich, USA) was dissolved in 100 mL of distilled (DI) water under mild ultrasonication (JAC 4020
model) for 15 min. The mixture was then transferred to a Teflon-lined autoclave and heated in an oven for 4 h. After cooling to room
temperature, the resultant dark-brown solutions were then used for dialysis through a dialysis tube (MWCO ~ 10,000 Da, Millipore).
Afterwards, the yellow GQD solutions were dried at 60 °C in a vacuum oven to obtain solids.

2.2. Preparation of the g-CsN4 and the GQDs-deposited g-C3N4 photocatalysts

Typically, dicyanamide (Sigma-Aldrich) was put into a crucible with a cover and then placed in a muffle furnace for calcination at
550 °C with a heating increment of 1 'C/min in 4h. g-C3N4 was obtained after the thermal polymerization, and then ground into
powder by using a mortar. For the synthesis of the GQDs — C3N4 composites, dicyanamide was separately mixed with certain aliquots (5
and 10 mL) of the GQDs solution. The mixtures were then transferred to a crucible with a cover for further calcination at 550 °C with a
heating rate of 1 °C/min in 4h. The obtained powder was washed with DI water, collected by centrifugation, and finally dried in the
oven at 60 °C to get the GQDs-deposited g-CsN4 photocatalysts denoted as 5CD@g-C3N4 and 10CD@g-C3N4. The synthesis method is
illustrated in Scheme 1.

2.3. Characterization

The crystal structure was characterized by X-ray diffraction (XRD) using an X-ray diffractometer with Cu Ka radiation (A =
0.154056 nm). Transmission electron microscope (TEM) and high-resolution TEM (HRTEM) images were obtained with a JEOL JEM-
2100F (200 kV). The functional groups of g-C3N4 and CD@g-C3N4 composites were studied using Fourier Transform IR (FTIR)
spectroscopy. Diffuse reflectance spectra (DRS) of samples were recorded in the wavelength range of 200-800 nm. The diffuse
reflectance spectra were converted into absorbance and Kubelka-Munk (K-M) forms. The specific Brunauer-Emmett-Teller (BET)
surface area and pore size measurements 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 N3 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. Photocurrent response of composites was recorded on a potentiostat (VSP, Biologics) using a conventional
three-electrode cell with a coiled Pt wire and an Ag/AgCl (saturated KClI solution) electrode as the counter and reference electrodes,
respectively. The working electrode was fabricated by the dispersion of 5 mg of samples in 1 mL of ethylene glycol solution to make a
slurry, followed by spreading it on a 2 cm x 2 cm ITO glass substrate with an active area of about 2 cm x 1 ¢cm, and then drying the
working electrode at 60 °C. The three electrodes were immersed in a 0.5 M NaySO4 solution (pH 6.4). The working electrode was
exposed to a UV-LED (365 nm, 500 W) light source in each light on-off cycle (30 s/cycle) at an applied potential of 0 V (vs. NHE).

2.4. The photo-degradation of TC over the photocatalysts
The photocatalytic activity of the synthesized materials was evaluated through the photo-degradation of a prototype antibiotic TC
under UV-LED (365 nm, 500 W) irradiation. In a typical experiment, 80 mg of the photocatalyst was added to 50 mL solution of TC with

a certain concentration stored in a 250 mL glass beaker. Before light irradiation, the suspension was mixed in the dark under vigorous
stirring for 60 min to acquire the adsorption-desorption equilibrium. The photocatalytic system was subsequently illuminated and
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Scheme 1. Schematic diagram of the synthesis methods of GQDs (a) and CD@g-C3N4 (b).
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stirred for 120 min to observe the time-dependent degradation of TC. The pH of the solution was adjusted by adding 0.1 M NaOH or
HCI to the aqueous solution.

During the photocatalytic process, an aliquot (3.0 mL) of TC solution was taken out of the photocatalytic system after an interval of
15-30 min into the process. The obtained solution was passed through another centrifugation process (3000 rpm) for 3 min. The
concentration of the left-over TC after the degradation was determined with the aid of a UV-Vis spectrometer. The degradation ef-
ficiency (CDE, %) of TC was determined as follows in Equation (1):

CDE (%) = (Co — Cp *100/ C, (Eq. 1)

where C, is the initial concentration of TC (mg/L) and C is the concentration of TC at the time t (min).
3. Results and discussion
3.1. Morphological and structural characterization

The morphology of g-C3N4 synthesized via the thermal condensation revealed the stacking structure of the thin, porous layers of the
bulk g-C3Ny4 with carbon (C) and nitrogen (N) as the major chemical compositions as seen in the TEM images in Fig. 1(a—c). Meanwhile,
the TEM image of GQDs (Fig. 1d) shows the presence of dots with sizes of a few nanometers.

The deposition of GQDs on g-C3Njy is revealed in Fig. 2a and b, where 5CD@g-C3N4 revealed a sheet-like structure with nanopores
on the surface that would facilitate photocatalysis [46,47], while GQDs displayed an interplanar spacing of 0.32 nm, consistent with
the previous study [4], and exhibited a hexagonal crystalline structure through the 2D fast Fourier transform (FFT) pattern (Fig. 2c).
The selected area electron diffraction (SAED) pattern of GQDs deposited on g-C3N4 revealed the crystal planes (101), (200), and (220)
corresponding to the d-spacing of 0.31 nm, 0.20 nm, and 0.16 nm of GQDs (Fig. 2d). Their XRD pattern (Fig. 2e) also shows a broad
peak at 20 = 0.24°, corresponding to the d-spacing of 0.37 nm in the (200) plane [5]. This d-spacing value is broader than that of
graphite due to the presence of oxygen-containing functional groups in GQDs [6].

Meanwhile, g-C3N4 typically shows an intense (002) peak of stacking interlayered heptazine (CgHy) units at 20 = 27.4° and a
weaker (100) peak of in-planar nitrogen pores at a lower angle (Fig. 3). The intensity of the (002) peak of g-C3N4 was remarkably
decreased after the deposition of GQDs, indicating a decrease in the size of stacking layers along the c-axis as they moved from the bulk
to the nanostructure domain [48]. This phenomenon was evidenced by the distortion of the (100) peak [26,48]. With respect to the
pristine g-C3Ny, the enlarged XRD shows that the peak derived from the periodic stacking of nanosheets was slightly shifted to a lower
angle, and the same phenomenon was also observed for the other peak. The intensity of the two peaks became weaker. These are the
indicators of the increased distance between the g-C3N4 layers and also between the nitrogen pores due to the exfoliation of the bulk
g-C3Ny4 and successful introduction of GQDs into the g-C3N4 matrix [30].

In addition to XRD, FTIR was employed to study the functional groups of g-C3N4 and 5CD@g-C3N4 (Fig. 4a). The characteristic
peaks of the s-triazine rings and C-N and G=CN heterocycles in the g-C3Ny structure can be clearly identified at 810 cm™! and in the
region of 1200-1700 cm ™! [48,49]. Moreover, a broaden peak located at 3000-3500 cm ™! corresponds to the vibration modes of the
N-H groups and O-H adsorbed water molecules due to the incomplete polymerization of the precursor [49]. Meanwhile, the FTIR
spectrum of GQDs represents the vibrations of O-H, C-H, C—=C and C=0, which were derived from the conjugated carbon structure of
GQDs and their functional groups such as hydroxyl, carboxylic acid and epoxy [50]. However, the FTIR signals of GQDs were not
clearly found in the FTIR spectrum of 5CD@g-C3N4, mainly due to the strong vibration of C-N of g-C3N4 and the low loading amount of
GQDs [49,51]. Meanwhile, all of the peaks of g-C3N4 were retained in the FTIR spectrum of 5CD@g-C3N4, suggesting the sustainability
of the g-C3N4 framework after the loading of GQDs. Therefore, these surface functional groups of SCD@g-C3N4 are vital for its
enhanced photocatalytic activity.

The surface area and porosity of the photocatalysts are two of the key factors affecting their photocatalytic activity. These pa-
rameters were obtained through BET analysis with the data shown in Table 1.

The adsorption-desorption isotherms of g-C3N4 and 5CD@g-C3Ny (Fig. 4b) obtained by the accumulation of N5 gas on the surface of
the catalysts revealed type IV isotherms with the H3-type hysteresis in the P/P, range of 0.4-1.0, which are characteristic of meso-
porous structures with cylindrical pores according to the classification of the International Union of Pure and Applied Chemistry
(IUPAC) [52,53]. Their adsorption edges are observed at values of P/Py = 0.8-10, indicating the presence of macropores in addition to

Fig. 1. TEM images of g-C3N4 (a-c) and GQDs (d).
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Fig. 3. XRD patterns of g-C3N4 and 5CD@g-C3Ny4. (The inset: the images of g-C3N4 and 5CD@g-C3Ny).

mesopores [26,52]. Also, the “two step” characteristics of the desorption branches of the isotherms of g-C3sN4 and 5CD@g-C3N4
suggested the two maximum values of their pore size distribution [54], consistent with the pore size distribution shown in Fig. 4c. It is
noted that the average pore sizes of the two materials are in the range of 2-50 nm, confirming their meso-porous structures. Compared
with g-C3N4, 5CD@g-C3N4 exhibited a much higher surface area and pore volume due to the exfoliation of the bulk g-C3Ny4 during the
production of 5CD@g-C3Ny4. These results are not consistent with the study of Deng et al. (2017) [51]. In their study, they reported a
decrease in the surface area of g-C3N4 nanosheets after the loading of N-GQDs. However, our study is in agreement with that of Y. Jiao
et al. (2019) [55]. Obviously, the incorporation of GQDs into the bulk g-C3N4 enhanced the porosity of g-C3N4 without aggregating its
meso-porous structure, which is different from the previous study [56]. Interestingly, its enhanced surface area and enlarged pore
volume can provide more active sites for its absorption of target contaminant molecules, facilitating the mass transfer between it and
the target molecules, and improving its light harvesting ability, contributing to the highly photocatalytic performance of the
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Fig. 4. (a) FTIR spectra of GQDs, g-C3N4, and 5CD@g-C3Ny4. (b) Adsorption-desorption isotherms of g-C3N4 and 5CD@g-C3Ny. (c) Pore size dis-
tribution of g-C3N4 and 5CD@g-C3Ny.

Table 1

BET parameters and band-gap values of the photocatalysts.
Sample Surface area (m%.g1) Pore volume (cm®.g™1) Pore diameter (nm) Band gap (eV)
g-C3Ny 14.22 0.066 4.0 2.81
S5CD@g-C3N4 26.95 0.12 4.0 2.69

photocatalyst [51].

3.2. Light absorption properties

To elucidate the light absorption ability of g-C3Ny after the introduction of GQDs, it was necessary to gain more insights into their
optical properties through the UV-Vis absorption spectra. It is noted that the synthesized GQDs exhibited strong UV light absorption
with an extension to visible light (Fig. 5a). The absorption portion below 300 nm was due to the - n* transition of C=C sp2 carbons in
the aromatic rings of GQDs, while the absorption portion above 300 nm was ascribed to the n- n* transition of the C=0 carbon core and
the C=O0 surface state transition with a lone pair of GQDs, respectively [50,57]. When it comes to g-C3Ny, it shows that g-C3N4 has the
ability to absorb not only in the UV region but also in visible light (Fig. 5b). Its absorption edge lies at 550 nm. After the deposition of
GQDs, 5CD@g-C3N4 exhibited a remarkably enhanced absorbance in the UV light and visible light regions where the UV absorbance
was higher than the visible light one. It is noted that the absorption edge of 5CD@g-C3N4 was red-shifted, which was attributed to the
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Fig. 5. The UV-VIS spectra of GQDs (a), g-C3N4, and 5CD@g-C3N4 (b).
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introduction of mig-gap impurity levels within the band-gap of g-C3N4. The optical direct band gaps of the as-synthesized materials
were determined based on the Kubelka-Munck theory as in Equation (2) [58].

(ahv)* = k (hv — Ey) (Eq. 2)

where Eg (eV), , h (J.s), and v s represent the band-gap energy, the absorption coefficient, the Planck constant and the optical
frequency, respectively [59].

The band-gap energy of g-C3N4 determined by Eq. (1) decreased with the introduction of GQDs to the g-C3Ny lattice (Table 1). The
narrow band-gap was due to the presence of mid-gap levels between the bulk g-C3N4 and GQDs, which was mainly derived from the
delocalization of x electrons in the aromatic rings of CD@g-C3N4 [60]. This phenomenon is really useful for the utilization of light
which promotes the generation of photo-induced charge carriers for photocatalytic activity [61].

3.3. Photocatalytic performance of CD@g-C3N4 photocatalysts

3.3.1. Effects of GQDs loadings

The photocatalytic performance of CD@g-C3N4 with different loadings of GQDs was evaluated through the degradation of TC (40
mg L™1) at pH 4.2 (no pH adjustment) under UV light irradiation. As shown in Fig. 6, about 41% of the TC was degraded without any
addition of photocatalysts, indicating that the photolysis of TC was significant under the irradiation condition. By adding the bulk g-
C3N4 to the photocatalytic system, it is noted that 5% of TC was removed within 90 min under the dark condition due to the adsorption
powered by the bulk g-C3Ny4, while 83% was removed within 120 min due to the photocatalysis driven by the bulk g-C3N,. Inter-
estingly, these processes were more efficient in the presence of CD@g-C3Ny4 samples due to the higher surface areas, more active sites,
narrower band-gaps, and better photo-generated electrons and holes in CD@g-C3Ny4, which will be discussed later, compared to the
pristine g-C3N4. About 10% of the TC was adsorbed by these two samples within 90 min. The adsorption values were slightly higher
than the value of the bulk g-C3N4 owing to the presence of functional groups of GQDs at low levels. Under light irradiation, the CD@g-
C3N4 photocatalysts showed a 94-96% TC alleviation efficiency in 120 min, attributed to their specific textural structures leading to
higher photocatalytic activity. Amongst the CD@g-C3N4 samples, 5CD@g-C3N4 showed the highest and comparative alleviation of TC,
driven by both adsorption and photocatalysis. The results show that the amount of GQDs deposited on g-C3N4 affected the photo-
catalytic performance of the photocatalysts.

3.3.2. Effects of TC concentration

In order to study the effects of the concentration of the target contaminant on the TC alleviation, different concentrations of TC (10,
20, 30, and 40 mg L) were applied to the photocatalytic system, while the initial pH values of the solutions were set at 4.2. As shown
in Fig. 7, about 63% of the TC was degraded without adding any photocatalysts, as the concentration of TC was 10 mg L. This value
was recorded as 41 % at 40 mg L™} of TC. The results show that the photolysis of TC is highly dependent on its concentration. The
photolysis of TC was severe at its low concentration but alleviated at its high concentration, which is consistent with the previous
report [62]. In the presence of 5CD@g-C3Ny, it can be observed that 21% of TC (10 mg L™1) was ameliorated through the adsorption on
the photocatalyst in the dark condition. As the TG concentration increased to 20 mg L™}, the TG adsorption efficiency of 5CD@g-C3N4
decreased to 10%, and was stable at the higher concentrations of 30 and 40 mg L™1. This can be explained by the fact that 5SCD@g-C5N4
was able to adsorb the TC molecules at TC concentrations lower than 10 mg L™! with the aid of its available functional groups and
porous structure, but its surface became occupied and saturated by the adsorbed molecules at higher concentrations of TC due to the
limited availability of its functional groups and the comparative adsorption of the adsorbed molecules [63]. Under UV light exposure,
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Fig. 6. The photocatalytic performance of g-C3N4 and CD@g-C3N4 with different loadings of GQDs.
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the opposite trend of photocatalysis was observed for 5CD@g-C3N4, which displayed 76%, 89%, 91% and 96% of photocatalytic
efficiency for 10, 20, 30, and 40 mg L™} of TC, respectively. This is due to the low accessibility of TC molecules to the active sites and
photo-induced radicals at low concentrations of TC, which resulted in low photocatalytic efficiency. As compared to other
g-C3Ny—based photocatalysts, our CD@g-C3N4 photocatalysts showed the positive outcome of photo-degradation efficiency of TC
(Table 2).

3.3.3. Effects of pH solution

The pH of the solution is another parameter that strongly affected the photolysis of TC and its adsorption (in the dark) as well as its
photo-degradation (under the light irradiation) over the photocatalysts. The TC solution (40 mg L) was adjusted to different pH
values (2-10) to study the pH-dependent characteristics of these processes. It is well known that TC is an amphiphilic molecule (pK;; =
3.3, pKag = 7.7, and pK,3 = 9.7) that exists in different species, such as TCH$, TCH,, TCH™, and TC?, depending on the pH of the
solution [67]. The UV-Vis spectra of TC (Fig. 8a) shows that the absorbance of TC increased with the increase in pH due to the increase
in the electron density of the TC molecules, which changed the bond orbital energy of the molecules and led to different light ab-
sorption rates among the different TC species [68]. This also revealed that the negatively charged species of TC exhibited higher
extinction efficiency than its neutral and positively charged species [68], evidenced by the higher rate constants of the photolysis of TC
at higher pH values (see Section 3.3.4). Moreover, the characteristic peak of TC was seen to be red-shifted at the higher alkalinity of the
TC solution due to the transformation of TC species related to the n- n * transition (HOMO-1 to LUMO) of TC chromophore. Addi-
tionally, a broad peak at 537 nm was observed in the UV-Vis spectrum of TC during photolysis at pH 10, which is an indicator of the
formation of 4a, 12a-anhydro-4-oxo-4-dedimethylaminotetracycline (a photolysis product) [69]. The change in the color of the TC
solution from yellow to pink during photolysis was also recorded at pH 8 and 10 (Fig. 8a, the inset), indicating the formation of polar
intermediates derived from the loss of functional moiety in the TC molecules. It can be deduced from Fig. 8b that at pH 2, where TC is
dominantly in the form of TCHJ [63], 21% of TC was degraded without any photocatalyst. The increase in the alkalinity of the TC
solution led to an increase in the photolysis of TC up to 75% at pH 10 where TCH™ and TC?~ are the dominant species [63,67]. The
results indicate that the high alkalinity of the TC solution boosted its photolysis.

The adsorption and photocatalytic efficiencies of TC over g-C3N4 and 5CD@g-C3N4 are shown in Fig. 9. In terms of adsorption
efficiency, 5CD@g-C3N4 showed an enhancement in TC adsorption within 90 min compared to the bulk of g-C3Ny4 over the entire
investigated pH. An increase in pH solution resulted in a decrease in adsorption efficiency. Similarly, in terms of photocatalytic ef-
ficiency, 5CD@g-C3N4 exhibited superior photocatalytic activity compared to g-C3N4 regarding the photo-degradation of TC within
120 min. About 96% of the TC (40 mg L~1) was removed by 5CD@g-C3N4 at pH 2 or 4, while 91% and 83% of TC’s alleviation ef-
ficiency was recorded on g-C3N4 at pH 2 and pH 4, respectively. The efficiencies declined with the increased pH. However, the TC

Table 2
Comparison of photo-degradation efficiency of TC over g-C3N4-based photocatalysts.
No. Photocatalyst Light source Efficiency (%)/time (min) Ref.
1. GQDs loaded mpg-C3N4 Xe arc lamp 70/120 [49]
2. Bi;WOg nanosheets loaded g-C3N4 QDs Xe arc lamp 87/60 [64]
3. carbon dots decorated graphitic carbon/persulfate LED 82/120 [65]
4. N-GQD/g-C3N4 Xe arc lamp 72/180 [66]
5. GQD@g-C3N4 LED 96/120 This study
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Fig. 9. Effects of pH on the photocatalytic performance of (a) g-C3N4 and (b) 5CD@g-C3N,4 under UV light irradiation.

alleviation efficiencies at a certain pH value outweighed the photolysis efficiency under the same pH condition, suggesting that the TC
alleviation in the presence of the photocatalysts was mainly driven by their photocatalytic activity.

3.3.4. Kinetics study

We also investigated the reaction kinetics of the photolysis of TC and its photocatalytic degradation by g-C3N4 and CD@g-C3N4
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Fig. 10. The rate constants of the photolysis of TC at different pHs (a) and concentrations of TC (b). The rate constants of the photo-degradation of
TC over g-C3N4 and CD@g-C3N4 photocatalysts (c).
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samples using the following pseudo-first-order (Eq. (3)) kinetic models:

In % =at (Eq. 3)
where t is the irradiation time (min), Co and C (mg.L’l) are the initial concentrations of TC and its concentration at time t, respectively,
and a (min~') is the reaction rate constant. As shown in Fig. 10, the rate constant of the photolysis was elevated at high pH values in the
TC solution but declined at its high concentrations, indicating that the photolysis of TC was favorable in its alkaline medium and at its
low concentration. When it comes to photocatalytic degradation by g-CsN4 and CD@g-C3sN4 photocatalysts, the CD@g-C3N4 samples
exhibited higher rate constants than the rate constant of bulk g-C3N4 due to their higher porosity, narrower band gaps, better light
absorption abilities, and effective separation of photo-induced charge carriers [70]. However, the photocatalysis over CD@g-C3N4
became slower at high loadings of GQDs.

3.4. Adsorption and photocatalysis mechanisms

The adsorption of TC by g-C3N4 and CD@g-C3N4 photocatalysts strongly depends on the structures, functional groups, and charges
of the TC, g-C3N4, and CD@g-C3N4 photocatalysts. The charges varied depending on the pH value. The point of zero charge (PZC) of g-
C3Ny4 was reported to be 2.52 [29]. Therefore, the material was negatively charged over the entire investigated pH range. Meanwhile,
TC exhibited positive charges at pH < 3.3. Under this pH condition, the possible adsorption mechanisms included an electronic
attraction between the positively charged TCH3 and negatively charged g-C3Ny4, and a cation-r interaction between TCH3 and the &
system on g-C3Ny, n-m interaction between the x systems of TC and g-C3N4, hydrogen bonding, and pore filling. At 3.3 < pH < 7.7, there
were no net electrical charges for TC. Hence, it is rare for TC to introduce cation-r interaction and electronic attraction with g-C3Ny,
making the adsorption efficiency decrease with the increased pH. When the pH > 7.7, TC was in the form of TCH™ and TC3", which
showed repulsion to g-C3N4. Compared to g-C3N4, the CD@g-C3N4 samples exhibited a higher adsorption ability than g-C3N4 due to the
negatively charged surface of the graphene-based materials in the presence of carboxylic, hydroxyl, aldehyde, and ketone groups [71,
72].

To gain an understanding of the photocatalysis mechanism driven by radical species, a variety of radical scavengers were added to
the reaction system. Generally, IPA (‘OH quencher), KI (h* quencher), and BQ (O3 quencher) are employed during the photocatalytic
degradation of TC [73]. As shown in Fig. 11a and b, the TC alleviation decreased in the presence of these scavengers compared to
without them. This implied that ‘OH, h* and ‘O3 were involved in the photocatalytic degradation of TC. The alleviation of TC was
highly suppressed by BQ, indicating that ‘O3 was the key radical species during the photocatalytic degradation.

The potentials of the conduction band (CB) and valence band (VB) of g-C3N4 were estimated using Equations (4) and (5):

EVB =X~ Ee + OSEg (Eq 4)
Ecg = Evp - Eg (Eq. 5)

where y and E, represent the electronegativity of the semiconductor and energy of the free electrons, respectively. Eg is the band
gap energy of the semiconductor. y is 4.72 eV, Ec is 4.5 eV (vs. NHE), and E is 2.81 eV. Therefore, Eyg and Ecp of g-C3N4 were estimated
at1.62 eV and —1.19 eV, respectively. With its band gap energy, g-C3N4 enabled its photo-excited electrons (e~) to migrate from its VB
into CB and to leave photo-excited holes (h™) in its VB under UV light irradiation (Eq. (6)). Due to the more negative Ecg of g-C3N, than
the reduction potential of O5/'0O3 (—0.33 eV vs. NHE), the electrons (e™) reduce the dissolved O3 molecules in the TC solution to form
superoxide (‘O3 ) radicals (Eq. (8)), further oxidizing TC to degraded products (Eq. (10)). Moreover, TC can be oxidized directly by the
holes (h™) in the VB (Eq. (10)), or by hydroxyl (OH) radicals generated by the reaction between 'O,- and water (Eq. (9)) [74].
However, h™ could not oxidize the H,O molecules and hydroxide (OH ") to form hydroxyl (OH) radicals because the VB of g-C3N4 was
less positive than the reduction potential of HoO/-OH (+2.38 eV vs. NHE) and OH™ /"OH (+1.99 eV vs. NHE). With the aid of GQDs as a
photosensitizer, more photo-excited electrons were inserted into the CB of g-C3N4 by their migration from the CB of GQDs (Eq. (7)) to
that of g-C3N4 under UV light irradiation. Moreover, the GQDs also acted as a place to trap electrons injected from its CB into that of
g-C3Ny, thus enhancing the photocatalytic activity of CD@g-C3N4. As a result of that, 5CD@g-C3N4 showed higher intensity of its
photocurrent than that of g-G3Ny4 under the light irradiation, indicating its better ability of generation and separation of e~ and h*
(Fig. 11c). The formation of the photo-induced charges and degradation reactions are proposed in Equations (6)-(10):

g-C3Ny + hv = e~ (CB) + h't (VB) (Eq. 6)
GQDs + hv — ¢~ (CB) + h™ (VB) (Eq. 7)
0y +e -0y (Eq. 8)
‘05 + H,0 — ‘OH + OH™ (Eq. 9)
‘07/'OH/ h" 4 TC — degradation products (CO,, HyO ...) (Eq. 10)
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Fig. 11. (a,b) The rate constants of the photo-degradation of TC over 5CD@g-C3N4 in the presence of different quenchers. (c) Transient photo-
current response of g-C3N,4 and 5CD@g-C3N,4 under UV light irradiation.

3.5. Application to treat the wastewater from a shrimp farm pond

For the application of photocatalysts to local-shrimp-pond-derived wastewater, the wastewater was taken from an in-situ-RAS-like
shrimp pond located at the Institute for Environment and Resources at the National University of Ho Chi Minh City. The image of the
pond is shown in Fig. 12. The water used for the pond was passed through a settlement tank and a series of vegetable containers before
its return to the pond.

50.0 mL of the wastewater containing TC was taken from a RAS shrimp pond and stored in a 250 mL glass beaker in the presence of
0.08 g of 5CD@g-C3N4 photocatalyst under UV light irradiation for an hour. As seen in Fig. 13, about 5 % of the COD (chemical oxygen
demand) was decreased and more than 90% of the TC was washed out of the wastewater after the treatment. Meanwhile, 27% of the
TOC (total organic carbon) in the wastewater was reduced by the photocatalyst, indicating its ability to completely degrade organic
compounds into CO2 and H0. The results indicate that the CD@g-C3N4 photocatalysts are able to effectively degrade TC and other
organic compounds in the shrimp pond.

Using the above results, we propose a modified RAS system for the future treatment of antibiotics and other organic pollutants. The
system was modified by the addition of photocatalytic tanks, as described in Fig. 14. The wastewater from the shrimp pond (1) was
passed through three consecutive tanks including two settlement tanks and a photocatalytic treatment tank between them, followed by
a series of vegetable containers (2) before its return to the pond (3).

4. Conclusion

In this study, thermal polymerization and a hydrothermal treatment were utilized to successfully synthesize CD@g-C3N4 photo-
catalysts. The characterization results unveiled the successful introduction of GQDs into the exfoliated g-C3N4 matrix which enhanced
its surface area and light absorption ability, resulting in the improved photocatalytic activity involved in the photo-degradation of TC.
The photocatalytic efficiencies declined with an increase in the pH of the solution which in turn boosted the photolysis of TC.
Moreover, the amount of GQDs deposited on g-C3N4 strongly affected the photocatalytic performance of the photocatalysts. Low
loadings of GQDs over g-C3Nj resulted in a faster and more effective photocatalysis of TC. ‘OH, h™ and ‘O3 were involved in the
photocatalytic degradation of TC in which ‘O3 was the key radical species. Practically, CD@g-C3N4 photocatalysts are applicable in the
degradation of organic compounds discharged from the wastewater of a RAS shrimp pond into CO2 and H»0.

Fig. 12. Current set-up of the in-situ RAS shrimp farming pond.
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Fig. 14. Schematic set-up of a proposed RAS shrimp farming pond.
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