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Abstract: A series of carbon dots (CDs) modified g-C3Ny (xCDs/g-C3Ny; x = 0.5, 1.0, and 1.5 mL
CDs solution) was synthesized via the microwave-assisted hydrothermal synthesis method for the
photooxidation of bisphenol-A (BPA) under visible light irradiation. The X-ray diffraction (XRD)
analysis indicates that the CDs may have a turbostratic structure and the resulting photocatalysts
have distorted crystal structure, as compared with pure g-C3Njy. The high-resolution transmission
electron microscope (HR-TEM) analysis revealed amorphous, mono-disperse, spherical CDs with an
average particle size of 3.75 nm. The distribution of CDs within the matrix of g-C3Ny appear as small
dark dot-like domains. The N, adsorption-desorption analysis indicates that the nanocomposites are
mesoporous with a density functional theory (DFT) estimate of the pore size distribution between
2-13 nm. The CDs quantum yield (QY) was determined to be 12% using the UV-vis spectral analysis,
where the CDs/g-C3Ny has improved absorption in the visible region than g-C3Ny. The higher BET
surface area of CDs/g-C3Ny provided more adsorption sites and the ability to yield photogenerated
e~ /h™ pairs, which caused the 1.5 CDs/g-C3Ny to have better photocatalytic efficiency compared to
the rest of the systems. The highest removal, 90%, was achieved at the following optimum conditions:
BPA initial concentration = 20 mg L™, catalyst dosage = 30 mg L1, and pH = 10. The photooxidation
process is mainly driven by photogenerated holes (h*) followed by *OH and O,°~. The synthesis of
the 1.5 CDs/g-C3Ny system is simple and cost-effective, where this photocatalyst is highly stable and
reusable versus other systems reported in the literature.

Keywords: carbon quantum dots; g-C3Ny; bisphenol-A; photocatalysis; visible light irradiation

1. Introduction

Theo Colborn and colleagues introduced the term “endocrine disruptor” in the 1990s.
The group later issued an agreement about the effects of Endocrine Disrupting Chemicals
(EDCs) on human and environmental health known as the Wingspread Statement [1]. The
Endocrine Society defines endocrine disruptors (EDs) as “an exogenous chemical, or a
mixture of chemicals, that can interfere with any aspect of hormone action” [2]. They
include pharmaceuticals, dioxin, and dioxin-like compounds, polychlorinated biphenyls,
organochlorinated pesticides, and plasticizers [3-5]. EDs can interfere with hormonal
functions and are considered a threat to humans and animals. Bisphenol A (BPA) is a
synthetic estrogen that is widely used in the production of toys, baby bottles, drinking
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bottles, food containers, water pipes and medical devices [6]. BPA has been classified
among EDs by the US Environmental Protection Agency (EPA) and the World Wide Fund
(WWEF) for Nature [7]. Even at low concentrations, BPA can induce estrogenic effects, which
contributes to reproductive and developmental disorders [8].

BPA can be found in water columns since it enters aquatic systems as effluent from
sewage treatment plants or factories, landfill leachate, and degradation by-products of plas-
tic litter [9]. Wastewater treatment methods such as chlorination, filtration, sedimentation,
ozonation, and ultraviolet irradiation face technological difficulties, including secondary
contamination, recolonization, and high energy usage [10], whereas conventional water
treatment techniques are unable to remove EDs effectively [11]. Photocatalysis is a tech-
nique that utilizes semiconductors and light irradiation to generate reactive oxygen species
(ROS), such as superoxide (O,°~) and hydroxyl radicals (OH®). These ROS are powerful
and able to mineralize organic pollutants, including BPA. For the photocatalytic process
to effectively take place, the semiconductors must be able to utilize light irradiation ef-
fectively and with stability, along with the ability to suppress the recombination rate of
photogenerated electron/hole (e~ /h*) pairs and transport them efficiently.

Graphitic carbon nitride (g-C3Ny) is an allotrope of all carbon nitride that is rela-
tively easy to synthesize and low cost, which has high chemical stability, low density,
favourable visible-light photocatalytic behaviour, short band-gap energy (2.65 eV), and
good biocompatibility [12]. These features enable g-C3Ny to be developed into a photo-
catalyst comparable to TiO, and ZnO. However, due to incomplete polymerization, the
presence of unreacted amino groups in pure g-C3Ny4 can decrease its photocatalytic ability.
The unreacted amino groups are structural defects that act as a recombination center for
photogenerated electron-hole (e~ /h*) pairs during photocatalytic reactions that reduce
charge efficiency [13]. The high recombination rate of the e~ /h* pairs reduce the amount
of ROS generated for effective photodegradation.

As a new and environmentally friendly carbon-based nanomaterial class, carbon
dots (CDs) or carbon quantum dots (CQDs) have been widely used recently in catalysis
due to their low toxicity, ease of synthesis, and high chemical stability [14]. They are
zero-dimensional structures of less than 10 nm with sp? conjugated cores [15]. CDs have
excellent electron transfer ability, which upon combination with another semiconductor,
suppresses the recombination of photogenerated e~ /h+ pairs, and increases the absorption
range to the visible light region. This design is anticipated to improve the photocatalytic
performance [16] (cf. Table 1). Accordingly, g-C3Ny modified with CQDs are versatile and
can be used as an effective photocatalyst in the photooxidation of various organic pollutants
under UV and visible light irradiation. Based on the examples provided in Table 1, the CDs
or CQDs enhance the photocatalytic activity of g-C3Ny by preventing rapid recombination
of e™ /h+ pairs, enhancing the absorption of visible light, including enhancement of the
photoluminescence (PL) properties of the photocatalysts.

Regardless, the potential of g-C3N; modified CDs in the photodegradation of BPA
under visible light intensity was rarely discussed in terms of the kinetics and mechanism of
the process to the best of our knowledge. Herein, a high-efficiency g-C3Ns modified CDs
(CDs/g-C3Ny) photocatalyst was prepared by a facile microwave synthesis, followed by
thermal polymerization for the photooxidation of BPA under visible light irradiation. The
CDs/g-C3Ny demonstrated good photocatalytic potential compared to pristine g-C3Ny
and other photocatalysts reported in the literature. The structure-activity relationship was
explored in detail. Based on the collected data, a potential charge transfer mechanism,
kinetics, and photocatalytic transformation for BPA degradation was proposed herein.
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Table 1. Graphitic carbon nitride (g-C3N,4) modified carbon quantum dots for various organic pollutants.
Photocatalyst Application Outcome and Role of CDs/CQDs Ref
The C-dots/ g-C3Ny have higher activity kinetic constant (~4 min~!), compared to
. . .
C—dots/g-CsN; Fhotc')degr'ad'atlon of Rhodamine B (RhB) dye under UV g-C3Ny (~1.75 min~1). [17]
ight irradiation. . . .
The C-dots increased the g-C3Ny, interlayer layer distance, and surface area.
o . . s .
Zero—dimensional carbon quantum dots (CQDs) immobilized 98% of ciprofloxacin was removed within 60 min.
within one-dimensional porous tubular graphitic carbon nitride Photodegradation of ciprofloxacin under visible light irradiation. CQDs improved light absorption and reduced the rapid recombination of [18]
(g-C3Ny) on carbon cloth (CC). photogenerated carriers.
AD-CQDs (20 wt.%) degraded 100% of 2,4-DCP in 90 min, which was 1.7 times
i - 00 .
Carbon quantum dots (CQDs) from Arabian dates coupled with Photodegradation of 2,4-dicholorophenol (4-DCP) under higher than g-CsNy (59.48%) [19]
graphitic carbon nitride (AD-CQDs/ g-C3Ny) sunlight irradiation. CQDs increased the separation of photogenerated e~ /h* and increased sensitivity
towards visible light.
Carbon quantum dots-modified Photodegradation of diclofenac (DCF) under visible 100% removal rate of DCF within 6 min. [20]
reduced ultrathin g-C3Ny (RUCN/CQD) light irradiation. CQD enhanced the electron transfer capacity for the promoted formation of O, .
The removal of fluoroquinolone antibiotics was 90.1% in the presence of mpg-C3Ny
. . . I - /CQDs, whereas it was only 65.6% when mpg-C3N, was used.
Carbon quantum dots loaded with mesoporous g-C3Ny Photodegradation of fluoroquinolone antibiotics under visible [21]
(mpg-C3N4 /CQDs) light irradiation. The up—converted PL properties and efficient charge separation capacities of the
CQDs enhanced the removal reaction.
97.82% SDZ could be removed after 60 min.
The degradation rate of SDZ was around 2.4 times larger than that of g-C3Ny /carbon
_ i o dots (C-CN).
gccél;l\? /I\CTe;rS%(())n dots nanosheets calcined at 500 °C Photodegradation of sulfadiazine (SDZ) under visible light. ¢ ) [22]
(G-CN- ) The effect of quantum confinement, increased specific surface area, improved
separation efficiency, and prolonged contact time for the catalyst promoted the
degradation of SDZ.
Carbon quantum dots/CdS quantum dots/g-C3Ny Simultaneous photocatalytic production of hydrogen coupled The degradation rate.of BPA was'72_%. The CQDs enhanced visible light absorption [23]
(CDs/CdS/GCN) with degradation of bisphenol A (BPA). and have good electrical conductivity. i
CBZ degradation kinetics are more than 5 times higher.
o . Photodegradati f carb ine (CBZ) under visibl
g-C3Ny modified with carbon quantum dots (CQDs) i ﬁ 0 egdr'a lation of carbamazepine (CBZ) under visible Surface-bonded CQDs did not alter the band gap structure of g-C3Ny, but greatly [24]
ght irradiation. s A
inhibited the charge recombination.
The rate constant was 0.0186—0.0194 min’!, which is 1.7 times higher than that of
. T R pure g-C3Ny.
g-C3N incorporated with water hyacinth leaves derived CQDs Photodegradation of 2,4-dichlorophenol (2,4-DCP) under UV [25]

light irradiation.

CQDs prolonged the charge carrier lifetime, good visible light absorption, and high
specific surface area.
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2. Results
2.1. X-ray Diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FT-IR) Analyses

The XRD diffractogram of the photocatalysts is provided in Figure la. The single
broad peak at 2 0 = 27.1° observed in the XRD diffractogram of the CDs corresponds to
the interlayer spacing of 3.77 A. This value is found to be larger than the distance between
the (002) planes in bulk graphite (3.34 A). Hence, it is concluded that CDs may have a
turbostratic carbon structure [26]. Carbonaceous materials in this class have an amorphous
carbon phase and crystalline phase [27]. The strong diffraction peak at 26 = 27.4° and weak
peak at 20 = 12.9° observed in the diffractogram of pristine g-C3Ny corresponds to its (002)
and (100) diffraction planes. These planes are attributed to the structure of the tri-s-triazine
unit with interplanar spacing and the conjugated aromatic system, respectively [28]. The
XRD peaks related to CQDs were not observed in the nanocomposites due to the low
carbon content and its relatively low diffraction intensity in the composites [29]. The
g-C3Ny peak at 2 6 = 12.9° lost its intensity, whereas the peak at 26 = 27.4° broadened after
the incorporation of CDs. The changes indicate that the incorporation of CDs has resulted
in g-C3Ny crystal lattice distortion. The distortion may cause the formation of defects in
g-C3Ny [30]. The broadening diffraction peaks further indicate that the particle size of
CDs/g-C3Ny4 photocatalysts become smaller and thinner upon the addition of CDs.
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Figure 1. The (a) XRD diffractograms and (b) FT-IR spectra of CDs, pure g-C3Ny, 0.5CDs/g-C3Ny,
1.0CDs/g-C3Ny, and 1.5CDs/g-C3Ny.

Figure 1b illustrates the FTIR spectrum of CDs and photocatalysts. For the CDs, the
peak around 3375 cm ! is related to the stretching vibration of the O-H and N-H bonds,
whereas the band around 2900 cm~! is caused by the stretching vibrations of the C-H
bond [31]. The band at 1639 cm ™! is assigned to the stretching vibrations of C-O and
the bending vibrations of N-H [32]. The band at 1344 cm ! is related to the stretching
vibration of the C-N and N-H bonds [31]. The IR band at 1078 cm ™! is assigned to the
C-N stretching [33].

For pure g-C3Ny, the sharp absorption band at 816 cm ™! is assigned to the bending
mode of triazine units. The several absorption bands in the region 1200~1600 cm ! are due
to the stretching vibration of the CN heterocycle. This is evidence of the successful synthesis
of g-C3Ny. The broad peak at 3232 cm ™~ ! is assigned to the -NH and ~OH stretching due
to the free amino group and adsorbed water molecules [34].

The FT-IR spectra of CDs/g-C3Ny4 photocatalysts were identical to the spectrum of
pure g-C3Ny. Significant changes were not observed in the photocatalysts” spectra due to
the low concentration of CDs. As a consequence of the reduced loading of the CDs’, the
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related CN heterocycles and triazine units of the g-C3Ny absorption bands were preserved
for all CDs/g-C3Ny photocatalysts [25]. The decrease in the intensity of the peaks provide
strong support of the successful modification of g-C3N4 by CDs [35].

2.2. Morphological Study

Figure 2a—d illustrates the SEM images of CDs/g-C3Ny photocatalysts. All of the
photocatalysts have similar morphology as pure g-C3Ny. Observable pores could be formed
when water and NHj escaped as gas during the polymerization process [36]. The porous
and heterogeneous surface of the photocatalysts offers a better site for the adsorption
of pollutants.

Figure 2. The SEM images of (a) pure g-C3Ny, (b) 0.5CDs/g-C3Ny, (c¢) 1.0CDs/g-C3Ny, and
(d) 1.5CDs/g-C3Ny4. (Magnification: 30,000 ).

High-resolution TEM (HRTEM) analyses were used to characterize the microstructure
of the photocatalysts. The HR-TEM image of the CDs (Figure 3a) revealed mono-disperse,
spherical CDs with a uniform distribution. The CDs have a narrow distribution ranging
from 2.2 to 3.9 nm and an average particle size of 3.75 nm, as demonstrated in Figure 3b.
The absence of detectable lattice structures in the corresponding HR-TEM image indicated
that the resultant CDs are amorphous. The temperature used in the synthesis of the
CDs was not sufficiently high to form a fully graphitized nanostructure, which led to the
formation of graphitic clusters surrounded by amorphous carbon sites. The CDs may be
multi-crystalline or amorphous carbon that still contain significant sp? clusters [37]. The
distribution of CDs (small dark spots) within the matrix of g-C3Ny4 can be observed in the
HR-TEM images of CDs/g-C3Ny (Figure 4d—f)).

2.3. Nitrogen Adsorption-Desorption Analysis

The Nj adsorption-desorption isotherms are illustrated in Figure 4. The pure g-C3Ny
and the CDs/g-C3N, photocatalysts exhibit the type IV isotherm, which reflect the presence
of mesopores. The H3 hysteresis loop is caused by the presence of non-rigid aggregated of
plate-like particles [38]. For catalytic reactions, such a mesoporous structure is advanta-
geous because it can provide efficient pathways for the transport of reactants and products.
As demonstrated in Table 2, the BET surface area of the synthesized CDs/g-C3sNy4 photocat-
alysts was lower, compared to g-C3Ny. The larger surface area of g-C3Njy is ascribed to the
liberation of ammonia gas in the form of bubbles during the polymerization process [39].
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Similar trends were observed relative to the pore volume. Previous work provides sup-
port that the existence of CDs during the thermal polymerization of urea contributes to
a substantial decline in the surface area due to a bridging effect between g-C3Ny layers
via CQDs [20]. Even though the BET surface area was reduced after the incorporation
of CDs, the DFT pore size distribution (cf. Figure S1; Supplementary Materials) of the
photocatalysts did not indicate significant changes. The pore sizes were mainly clustered
between 2-13 nm.

20 25 30 35 40 45 50
Particle size (nm)

Figure 3. The HR-TEM images and particle size histograms of (a,b) CDs, (c) pure g-C3Ny,
(d) 0.5CDs/g-C3Ny, (e) 1.0CDs/g-C3Ny, and (f) 1.5CDs/g-C3Ny. CDs are identified by yellow arrows.
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Figure 4. The N; adsorption-desorption isotherms of (a) pure g-C3Ny, (b) 0.5CDs/g-C3Ny,
(c) 1.0CDs/g-C3Ny, and (d) 1.5CDs/g-C3Ny.

Table 2. Textural properties of the synthesized pure g-C3N4 and CDs/g-C3Ny4 photocatalysts obtained
from the N, adsorption-desorption analysis.

Samples BET (m? g~ 1) Pore Volume (cm? g—1)
Pure g-C3Ny 62.8 0.14
0.5CDs/g-C3Ny 385 0.06
1.0CDS/g-C3N4 48.2 0.07
1.5CDs/g-C3N, 50.08 0.09

2.4. UV-Vis Absorption Analysis

The absorption spectrum of the CDs solution is illustrated in Figure 5a. The colour of
the CDs solution under daylight conditions is brown, whereas irradiation under 365 nm
ultraviolet (UV) light of the CDs solution yields a bright blue fluorescence emission (cf.
Figure 5a inset). A shoulder observed in the range 200-250 nm is attributed to the m—7*
transformation of aromatic sp?> domains, whereas the absorption band in the range of
250-320 nm is usually associated with the n—n* transition of a carbonyl group [40,41].
Figure 5b illustrates a plot of integrated fluorescence intensity against the corresponding
absorbance for quinine sulphate (QS) and the synthesized CDs. The quantum yield (QY)
of CDs in aqueous solution at an excitation wavelength of 330 nm was determined to be
around 12%, using QS as a reference compares well with graphene quantum dots [42].
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Figure 5. The (a) UV-Vis absorption spectrum of the CDs solution. The inset illustrates the flu-
orescence of the CDs solution under daylight (left) and UV Light (right), (b) plot of integrated
fluorescence intensity versus the corresponding absorbance for QS and CDs, (¢) UV-vis absorption
spectra and (d) the Kulbelka-Munk plot of the of the CDs/g-C3Ny photocatalysts.

The UV-Vis absorption spectra of the CDs/g-C3Ny photocatalysts are illustrated in
Figure 5¢c. The pure g-C3Ny and the CDs/g-C3Ny photocatalysts displayed an absorption
edge at around 459, 473, 486, and 490 nm, respectively. The bandgap energy of pure
g-C3Ny and CDs/g-C3Ny photocatalysts were measured from optical absorption, and
the corresponding plots are provided in Figure 5d. The Kulbelka-Munk plot was used
to evaluate the photocatalyst bandgap, where (F(R)*hv)!/2 was plotted against photon
energy (hv). Drawing a tangent line of each curve, the band gap of each photocatalyst
was obtained from the x-intercept. The ability of the synthesized photocatalysts to harvest
light follows the relative order: 1.5CDs/g-C3Ny (2.11 eV) > 1.0CDs/g-C3Ny (2.14 eV) >
0.5CDs/g-C3Ny (2.26 eV) > g-C3Ny (2.46 eV). The changes in band edge absorption and
energy after the addition of the CDs demonstrates that CDs play an essential sensitization
role in the broadening effects of the visible light absorption spectrum.

2.5. Photoluminescence (PL) Analysis

PL analysis was carried out to investigate the transfer and separation of the charge
carriers. The PL spectra of the photocatalysts excited at 325 nm are provided in Figure 6a.
The emission intensities of CDs/g-C3Ny are much lower compared to that of pure g-C3Ny,
suggesting that a strong separation of e~ /h* pairs is achieved by integrating CDs into the
g-C3Ny matrix. In general, a weaker PL spectrum emission intensity demonstrates a higher
photoinduced carriers’ separation efficiency, implying a low recombination rate [43]. The
PL intensity of the CDs/g-C3Ny4 photocatalysts was significantly lower than for pristine
g-C3Ny, indicating a strong suppression of the recombination of C at the heterojunc-
tion. The 1.5CDs/g-C3N, had the lowest emission intensity, suggesting that an increased
amount of CDs doped into g-C3Ny could greatly increase the separation efficiency of
photogenerated carriers.
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Figure 6. The (a) PL spectrum and (b) XPS survey spectrum of CDs/g-C3Ny4 photocatalysts.

2.6. X-ray Photoelectron Spectroscopy (XPS) Analysis

The XPS survey spectrum in Figure 6b depicts the presence of carbon (C 1s), nitrogen
(N 1s), and oxygen (O1s) elements in the g-C3N4 and CDs/g-C3Ny nanocomposites. The
deconvolution of the peaks was carried out only for g-C3Ny4 and 1.5CDs/g-C3Ny since no
significant changes were noted in the survey spectra.

For pure g-C3Ny, the high-resolution C 1s spectrum in (cf. Figure S2a; Supplemen-
tary Materials) demonstrated three bands at several binding energies of 284.6, 286.8, and
287.8 eV, reflecting graphitic carbon C-[C,H], adventitious carbon [44], the existence of
C-NH [45], and C—(N)3 group [46], respectively. The deconvoluted peaks of C 1s of
1.5CDs/g-C3Ny into four peaks at 281.5, 284.6, 285.5, and 287.5 eV correspond to the
graphitic carbon or sp? (N-C=N) [47], adventitious carbon (C-C), defect-containing sp>-
hybridized carbons [48], and formation of C-O [49], respectively.

Three different peaks appeared in the N 1s spectra of pure g-C3Ny at 396.6, 398.1,
and 400.1 eV in cf. Figure S2b (Supplementary Materials). These bands are attributed to
C-N [50], sp2 hybrid N bond (C-N=C) [51], and tertiary N—(C)3 [52]. For the N 1s spectrum
for 1.5CDs/g-C3Ny, it was deconvoluted into three bands at 395.0, 395.8, and 397.4 eV.
The peak at 395.0 eV corresponds to C-N bond in amorphous carbon nitride [53], 395.8 eV
is assigned to C-N=C bonding [54], and 397.4 eV also corresponds to sp? hybridization
of nitrogen (C-N-C) [55]. As demonstrated in Figure S2c (Supplementary Materials),
with regard to the O 1s spectra of pure g-C3Ny, the peaks at 530.9 and 531.9 eV relate to
the O-H signature for absorbed water [56]. The O 1s spectrum of 1.5CDs/g-C3N, was
deconvoluted into two peaks. The binding energy 529.2 eV is assigned to C-O bonding
while 532.3 eV may result due to the composition of the absorbed water or carbon dioxide
and the oxygenated intermediates that did not fully react [57].

2.7. Photocatalytic Performance

The photocatalytic performance of pure g-C3Ny and CDs/g-C3Ny systems were
evaluated for the photodegradation of bisphenol A (BPA) under visible light irradiation
(A > 400 nm). The BPA removal efficiency (%) was calculated using Equation (1):

% Removal efficiency = w x 100 (1)
0
where Cy and C; are the initial and final concentrations of BPA in the solution, respectively.
Kinetics contributes to a greater understanding of pollutant degradation processes, where
it was reported that the photocatalytic degradation of a pollutant follows the pseudo-first-
order kinetic model [58], according to the following expression:

—In 22 =kt @)
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The effect of initial pH on the BPA photodegradation was studied at an initial pH
of 3,5,7,9, 10, and 11 using 1.5CDs/g-C3Ny. The concentration of BPA and dosage of
photocatalyst was fixed at 10 mg L~! and 30 mg L', respectively. The effect of initial pH
on BPA removal is illustrated in Figure S3a (cf. Supplementary Materials). The adsorp-
tion of BPA under dark conditions for 30 min was 86%, 90%, 87%, 71%, 41%, and 4% at
pH3,5,7,9, 10, and 11, respectively. The pHpzc of the photocatalyst was 5.47, according
to the pH drift method. Above the pHpyzc, the surface of the photocatalyst will be neg-
atively charged. The molecular form of BPA exists as an anion (pK,1 = 9.59) or dianion
(pKaz2 = 11.30) under acid or alkaline conditions. The BPA molecule dissociates in aqueous
media as a mono BPA~ or divalent BPAZ~ anions within its pKa1 and pKj, range. As
the pH became more alkaline (pH 9-11), the highly negative photocatalyst surface will
repel the negatively charged divalent BPA2~ anions, leading to lower adsorption. Since the
surface of 1.5CDs/g-C3Ny is not saturated with BPA, irradiated light can reach its surface
for the generation of e~ /h* pairs, which generates ROS for the photodegradation process.

The adsorption of BPA on the surface of 1.5CDs/g-C3Ny is reasonably high at pH 3-7.
Even though electrostatic repulsion does exist at this range, the repulsion is weak compared
to other interactions such as hydrogen bonding between the functional group (e.g., -NHj
and —OH) on the photocatalyst’s surface with BPA molecules. Hence, it is concluded the
removal of BPA at pH 3 to 7 using 1.5CDs/g-C3Ny was mainly due to adsorption rather
than photocatalysis. At pH 9-11, the removal of BPA was mainly due to photocatalysis,
where the highest BPA removal (49%) by was achieved at pH 10. As demonstrated in
Figure S3b in the Supplementary Materials, the photocatalytic reaction follows a pseudo-
first-order kinetic profile. The calculated k values for pH 9, 10, and 11 were 0.00548, 0.0097,
and 0.00479 min~!, respectively, which reflects the maximum rate constant at pH 10 for
BPA degradation. Hence, the consecutive investigation was carried out at pH 10. The effect
of initial BPA concentration (5, 10, 20, and 30 mg L~!) on the photocatalytic activity of
1.5CDs/g-C3Ny is illustrated in Figure S4a of the Supplementary Materials. At the lowest
BPA concentration (5 mg L~1), the ratio of the initial number of BPA molecules to the
available adsorption site is low and, subsequently, the fractional adsorption becomes
independent of the initial concentration. This means that the adsorption of the BPA
molecules on the adsorption site was rapid and reached equilibrium more rapidly [59,60].
As a result, the BPA removal at 5 mg L~ is driven by adsorption. Further increases in the
initial BPA concentration decreased the level of adsorption (%) since all the adsorption
sites were occupied. Irradiation with visible light resulted in 80-90% removal. Hence, it is
concluded that at an initial BPA concentration of 10-30 mg L~1, BPA removal is driven by
photocatalysis. The photodegradation of BPA at different initial concentrations also follows
the pseudo-first-order kinetics (Figure S4b; Supplementary Materials). The calculated
k values for initial concentration of BPA at 5, 10, 20, and 30 mg L1 are 0.0045, 0.0097,
0.0098, and 0.0075 min~!, respectively. Since the highest (90%) and fastest removal rate
(k =0.0098) of BPA was achieved at an initial concentration of 20 mg L1, it was used for
the optimization of other parameters.

The effect of 1.5CDs/g-C3Ny dosage on BPA degradation was studied under the
same experimental conditions (pH 10, 20 mg L~ BPA and 180 min irradiation time)
within the range of 20 to 40 mg L~!. The degree of photodegradation of BPA was
87-90% when the photocatalyst dosage was 20 mg L~! and 30 mg L~!. The level of
BPA removal decreased slightly to 85% at 40 mg L~!, due to a higher degree of turbidity
(Figure S5a; Supplementary Materials). Turbidity of the reaction medium prevents effec-
tive light penetration and absorption, which leads to photodegradative reduction [61,62].
At a higher photocatalyst dosage, the nanocomposite tends to agglomerate, which promotes
a reduction in the catalyst surface area, which can lead to a reduction in photocatalytic
activity. The reaction rates were calculated to be 0.00919, 0.00986, and 0.00811 min~! for 20,
30 and 40 mg L~V respectively, as illustrated in Figure S5b in the Supplementary Materials.
The 30 mg L~! catalyst dose appeared to be optimal, yielding about 90%. To achieve
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optimum test efficiency and conserve the photocatalyst, the optimum photocatalyst dosage
was setat 30 mg L1

The effect of the CDs loading on the g-C3Nj is demonstrated in Figure S6a in the Supple-
mentary Materials. Varying the loading of CDs did not significantly affect the photodegrada-
tion of BPA (85-90%). The k values for 0.5CDs/g-C3Ny4, 1.0CDs/g-C3Ny4, and 1.5CDs/g-C3Ny
were 0.00847, 0.00755, and 0.00986 min~!, respectively (Figure Séb; Supplementary Materials).
Based on these k values, photodegradation took place at a faster rate using 1.5CDs/g-C3Ny
due to its higher BET surface area, which yields more adsorption sites and the ability to
generate photogenerated e~ /h* pairs. Due to its excellent efficiency, 1.5CDs/g-C3N4 was
selected as the best photocatalyst.

The photocatalytic activity of 1.5CDs/g-C3Ny4 was compared with the photocatalytic
activities TiO, Degussa P25 (P25) and pure g-C3Ny. The BPA removal efficiency catalyzed
by P25, pure g-C3Ny, and 1.5CDs/g-C3Ny4 over constant BPA concentration and irradiation
time are illustrated in Figure S7a in the Supplementary Materials. The P25 and pure g-C3Ny
were able to remove 52% and 49% of BPA. The higher removal (%) of 1.5CDs/g-C3Ny
over P25 and pure g-C3Ny confirms its superior photocatalytic potential. Compared to
P25 and pure g-C3sNy, 1.5CDs/g-C3Ny has a narrower band gap, allowing better light
absorption. The porous architecture of 1.5CDs/g-C3sNy increased the light-harvesting
properties from bulk to the surface of the photocatalyst. These features allow the sup-
pression of e /h* pairs for the generation of reactive oxygen species (ROS). The kinetics
of the P25 and pure g-C3Ny fit pseudo-first-order kinetics, similar to 1.5CDs/g-C3Ny
(Figure S6b; Supplementary Materials). The measured k values for P25 (0.00248) and pure
g-C3Ny (0.00337) were lower when compared to 1.5CDs/g-C3Ny.

A scavenging test was carried out to identify the ROS formed during the photodegra-
dation reaction. Ethylenediaminetetraacetic acid (EDTA), methanol (MeOH), and ascorbic
acid (AA) were added as scavengers for h+, *OH, and O,*~. As displayed in Figure 7a,
the photodegradation rate adopts the order: AA > MeOH > EDTA. All three scavengers
affected the photodegradation rate, with a major contribution from the generated hole
carriers (h*) followed by *OH and O,°~.
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Figure 7. The (a) scavenging test and (b) reusability of 1.5CDs/g-C3Ny carried out under visible
light irradiation ([BPA] = 20 mg L1, catalyst dosage = 30 mg L~!, pH = 10). The TOC profile is
provided in (c) and (d) is the VB-XPS spectra of 1.5CDs/g-C3Ny. The flow of photogenerated e~ /h*
is illustrated in (e).
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The reusability of 1.5CDs/g-CsNy across five cycles is demonstrated in Figure 7b.
At each photocatalytic experiment, over 90% of BPA was degraded by 1.5CDs/g-C3Ny,
which supports that the photocatalyst is highly stable. The mineralization effect of the
1.5CDs/g-C3N, nanocomposite on BPA was investigated using TOC analysis. The TOC
removal demonstrated a strong mineralization pattern of BPA, as illustrated in Figure 7c.
The first 30 min in the dark resulted in about 40% TOC removal through adsorption. After
irradiation with light for 180 min, 67% TOC removal was achieved. The result demonstrates
that 1.5CDs/g-C3Ny could effectively mineralize BPA under visible light irradiation to
yield CO, and H;O.

The valence band X-ray photoelectron spectroscopy (VB-XPS) was used to define the
band structures of 1.5CDs/g-C3Ny. The valence band (VB) and the conduction band (CB)
were calculated using Equations (3) and (4).

EVB =X—E®+ 0.5Eg (3)

Ecp = Evg — Eg 4)

where Eyg is the edge potential of the VB, Ecp is the edge potential of the CB, Eg is
the semiconductor bandgap energy, X is the semiconductor electronegativity that is the
geometric mean of the constituent atoms’ electronegativity and on the hydrogen scale
(~4.5 eV), and E° is the energy of free electrons. The Eg of 1.5CDs/g-C3Ny is 2.11 eV.

When irradiated with light, electrons will be excited from the VB to the CB leaving
behind h* (cf. Equation (5)). The formation of the e™ /h* pairs will trigger a series of chain
reactions. As demonstrated in Figure 7d, the VB maxima of 1.5CDs/g—-is 1.53 eV. The
VB potential of 1.5CDs/g-C3Ny is lower than E? (*OH/OH") = +1.99 V vs. NHE). Hence,
the photogenerated h™ are unable to oxidize OH™ into *OH. However, the h* can directly
react and degrade the BPA (Equation (6)). The e™, with photo-reducing abilities in the CB
of 1.5CDs/g-C3Ny, are able to convert adsorbed O; to O,°*~ (Equation (8)). In addition
to being able to degrade BPA, the O,°~ is also able to form *OH (Equations (9) and (10)).
The O,° itself can react with BPA and mineralize it (Equation (12)). These chain reactions
prevented the photogenerated e”/h* pairs from recombining. Hence, there is an increase
in the photocatalytic activity of 1.5CDs/g-C3Ny4. Based on these findings, a schematic
illustration indicating the transfer of photogenerated e~ /h™ pairs for the photodegradation
of BPA is provided in Figure 7e.

1.5CDs/g — C3Ny + visible light — 1.5CDs/g — C3Ny (h" VB + e~ CB) (5)

1.5CDs/g-C3N4-h+ + BPA — degradation products (6)
1.5CDs/g — C3Ny —e — +BPA — reduction products (7)
1.5CDs/g—C3Ny—e™ + Oy — Ope™ (8)

20,0 4 2H,0 H,0, +20H™ + O, )

H,O, +e- — °OH + OH™ (10)

*OH + BPA — degradation products (11)

O,e0" +BPA — degradation products (12)

Based on the photodegradation products identified using LC/TOF/MS, a photodegra-
dation route is proposed, as illustrated in Scheme 1. A total of 11 aromatic intermediates
were detected. At the initial stage of photodegradation, the BPA is decomposed into mono-
hydroxylated BPA (m/z 243), 4-isopropenylphenol (im/z 134), and phenol (m/z 94). The
decomposition of phenol resulted in the formation of benzoquinone (11/z 109) and hydro-
quinone (m/z 110), which would eventually break down into simple organic acids. Further,
hydroxylation of mono-hydroxylated BPA formed dihydroxylated BPA (m/z 259) [63]. The
4-isopropenylphenol was further oxidized to easily decomposable 4-hydroxyacetophenone
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(m/z 136) and 4-(2-hydroxyprop-2-yl)phenol [64-68]. The aromatic compounds were broken
down into simple organic acids (maleic acid, glycolic acid, and acetic acid) at the end of
the process, which became transformed into CO, and H,O via the combined oxidation of
photogenerated h*, *OH, and O,°~.

f-scission
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HO Q O CH H(C m'z= 110
i CH o8t H.C
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mizm 259 /
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:

€O, + H:0

Scheme 1. The proposed possible pathways during the photocatalytic degradation of BPA in the
presence of a 1.5CDs/g-C3Ny photocatalyst.

3. Materials and Methods

The chemicals used were urea (>99%, QREC), glucose (>99%, QREC), titanium(IV)
oxide (>99.5 %, ACROS ORGANICS), bisphenol A (97%, ACROS ORGANICS), ethylenedi-
aminetetraacetic acid (>98%, BDH Limited Poole England), ascorbic acid (>99.5%, QREC),
and methanol (AR grade, QREC). All chemicals were of analytical grade and used without
further purification. Ultrapure water generated by a Millipore Direct-Q™3 Ultrapure Water
Purification System (ThermoFisher Scientific, Waltham, MA, USA) was used to prepare
the solutions.
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3.1. Synthesis of g-C3Ny

The pure g-C3N, was synthesized using a simple thermal condensation of urea, similar
to the method reported by Xu and Zhang [69]. Urea (10 g) was placed in a crucible and
dried at 80 °C overnight, followed by heat treatment at 550 °C with a heating rate of 5 °C
min~! for 3 h. A light-yellow powder of g-C3N, was obtained at the end of the heating
process. The g-C3N, powder was ground into a fine powder and stored in a desiccator for
further use.

3.2. Preparation of Carbon Dots (CDs)

The bottom-up method was used to synthesize the carbon dots using a one-step
microwave-assisted approach. The microwave approach was chosen because its internal
thermal effect creates a better distribution of heat for the CDs synthesis [70]. The carbon
quantum dots (CQDs) was synthesized using glucose as a precursor. The glucose (70 mg)
was dissolved in 20 mL of ultrapure water in a 150 mL beaker. The glucose solution
was placed in a domestic microwave oven and heated at 500 W for 30 min. The initially
transparent glucose solution changed from light to dark brown with some clustered solids.
They were dissolved with 10 mL of ultrapure water to produce a light to dark brown CDs
solution. The solutions were labelled as CQDs and kept in the fridge for future use.

3.3. Synthesis of Carbon Dots Doped Graphitic Carbon Nitride (CDs/g-C3Ny)

The CDs/g-C3sNy4 was prepared by mixing urea (10.0 g) with 40 mL of ultrapure water,
followed by adding 0.5, 1.0, and 1.5 mL CDs solution. The solution was homogeneously
mixed under a magnetic stirrer and heated at 80 °C until it reached complete dryness. The
mixture was allowed to cool to room temperature to form a solid. The solid was ground to
a powder and then calcined in a furnace at 550 °C for 2 h at a heating rate of 5 °C min~!.
The photocatalysts were labelled as 0.5CDs/g-C3Ny4, 1.0CDs/g-C3Ny, and 1.5CDs/g-C3Ny

g-C3Ny and kept in the desiccator for further use.

3.4. Characterization

The prepared photocatalysts were characterized by FT-IR spectroscopy (Perkin Elmer
System 2000 FT-IR Spectrophotometer) using potassium bromide (KBr) to pelletize the
photocatalysts for IR analysis. The samples were analyzed in the range of 4000 to 400 cm 1.
The sample crystallinity was investigated using powder X—ray diffraction (Siemens Diffrac-
tometer D5000 Kristalloflex, equipped with Cu K« radiation, A = 0.154 nm) with a step size
of 0.05° from 10° to 90°. The surface morphology of the photocatalysts was investigated
using SEM Leica Cambridge 360. The HRTEM analysis was carried out by HRTEM 200 kV
with Field Emission, TECNAI G2 20 S-TWIN, FEI, resolution below 100 nm; it was used to
determine the photocatalysts’ crystallinity, particle size, and lattice fringes. The surface area
of the photocatalysts was calculated using the Brunauer, Emmett, and Teller (BET) model,
whilst the pore width and the pore volume was evaluated using the Density Functional
Theory (DFT) method. The solid-state UV /Vis diffuse reflectance spectroscopy (UV-Visible
Spectrophotometer—Cary 5000 UV NIS-NIR equipped with Lamda 35 software, Agilent
Technologies, Inc., Santa Clara, CA, USA) was used to measure the band gap of the prepared
photocatalysts by scanning the reflectance of the photocatalysts’ from 200 to 800 nm. The
photoluminescence analysis was carried out using a RAMAN-PL Spectrometer, LabRam
HR, Horiba, Kyoto, Japan with Apax = 325 nm using laser power: 30 mW equipped with a
Helium-Cadmiun Laser. The X-ray photoelectron spectroscopy (XPS) analysis (AXIS Ultra
DLD, Kratos, equipped with an Al Ko X-ray source—1486.6 eV at 10 mA and 15 kV to
analyze a 300 um x 700 pm area under 7.6 X 102 Torr ultra-high vacuum environment in
the photocatalysts analyzing chamber) was used in measuring the elemental composition
and determining the oxidation state of the photocatalysts.
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3.5. Photocatalytic Experiments

The photodegradation of BPA (20 mg L~!) was carried out in a 250 mL beaker with a
working volume of 100 mL. The CQDs/g-C3Ny (50 mg L~!) were loaded in BPA solution.
The mixture was stirred under dark conditions for 30 min to achieve the adsorption-
desorption equilibrium. The solution was then irradiated for 180 min using a 500 W xenon
lamp (China) with a > 400 nm cut-off filter glass (choot GG420 UV-filter), which was
placed in between the solution and fluorescent lamp in order to prevent the UV light from
reaching the nanocomposite. The intensity of the visible-light source was measured to be
450Wm 2. The reactor was placed in a fume cupboard, and other regions were covered
with black paper to shield the whole set-up from other light illumination sources. The
reactor temperature was regulated by air supplied by an aquarium aeration pump (model
BB-8000), with an air flow rate of 20 mL min~!. At 30 min time intervals, 5 mL aliquots were
sampled and filtered using 0.20 pm syringe filters to remove the nanocomposite particles.
The photodegradation process was monitored by analyzing the collected aliquots with a
UV-Vis spectrophotometer (Schimadzu 2600 UV-Vis).

4. Conclusions

Carbon dots (CDs) were successfully incorporated in the matrix of g-CsNy via the
microwave-assisted thermal polymerization method. The 1.5CDs/ g-C3N4 nanocomposites
exhibit superior photocatalytic performance in the photodegradation of BPA under visible
light irradiation, as compared with pristine g-C3Ny. The addition of CDs enhanced the
light absorption capacity of the photocatalysts and suppressed the photoinduced e /h*
recombination rate. The removal of BPA was 90% using 30 mg L ! for the photocatalyst in
100 mL of 20 mgL~! BPA solution. The kinetic study demonstrated that BPA photodegrada-
tion followed a pseudo-first order rate constant. The synthesized photocatalyst retained its
high degradation efficiency after five cycles, demonstrating the great potential for practical
applications in environmental wastewater treatment. The LC/TOF/MS analysis identified
eleven by-products, which were broken down into simple organic acids, which were further
converted into CO, and H,O through the combined oxidation of photogenerated h*, *OH,
and O,°".

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/catal12111311/s1: Figure S1. The DFT pore size distribu-
tion of (a) pure g-C3Ny, (b) 0.5CDs/g-C3Ny, (c) 1.0CDs/g-C3Ny, and (d) 1.5CDs/g-C3Ny; Figure S2.
The deconvoluted (a) C 1s, (b) N 1 s, and (c) O 1s XPS spectra of 1.5CDs/g-C3Ny.; Figure S3. The
(a) effect of different pH and (b) pseudo first-order kinetic fitting curves under visible light irradia-
tion of BPA on the degradation of BPA. Reaction conditions: 1.5CDs/g-C3Ny dosage = 30 mg L1,
BPA concentration = 10 mg L1, and solution volume = 100 mL; Figure S4. The (a) effect of initial
concentration of BPA and (b) pseudo first-order kinetic fitting curves under visible light irradia-
tion of BPA on the degradation of BPA. Reaction conditions: 1.5CDs/g-C3Ny dosage = 30 mg L1,
solution volume = 100 mL, and pH= 10; Figure S5. The (a) effect of catalyst dosage and (b) pseudo
first-order kinetic fitting curves under visible light irradiation of BPA on the degradation of BPA. Re-
action conditions: BPA concentration = 20 mg L1, solution volume = 100 mL, and pH= 10; Figure S6.
The (a) effect of CDs loading and (b) pseudo first-order kinetic fitting curves under visible light
irradiation of BPA on the degradation of BPA. Reaction conditions: catalyst dosage = 30 mg L1,
BPA concentration = 20 mg L1, solution volume = 100 mL, and pH= 10; Figure S7. The (a) effect of
different photocatalysts and (b) pseudo first-order kinetic fitting curves under visible light irradi-
ation of BPA on the degradation of BPA. Reaction conditions: catalyst amounts = 30 mg L1, BPA
concentration = 20 mg L1, solution volume = 100 mL, and pH= 10.
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