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ABSTRACT: The rapid development of industry and medicine in modern society has produced a group of emerging contaminants
(ECs) that are harmful to the ecosystem and difficult to remove from the environment. In this study, several graphitic carbon nitrides
(GCNs) have been successfully synthesized by the calcination method, and their efficiency in the photocatalytic degradation of
tetracyclines (TCs) was evaluated under the irradiation of visible light (λ = 420 nm). CNU achieved the highest TC degradation
efficiency by completely degrading tetracycline within 90 min. The best degradation rate constant of 18.9 × 10−3 min−1 was obtained
at pH 7, which is 17-fold and 1.5-fold than that at pH 3 and pH 5, respectively. Above pH 7, the degradation rate sharply rose due to
the alkaline hydrolysis of TCs. The addition of common electrolytes has been shown to reduce the photocatalytic degradation rate as
a result of photocatalyst aggregation. The results of EPR, scavenging tests, and LC-QTOF/MS analysis showed that the
photogenerated holes and •O2

− produced by CNU upon photoirradiation degrade TC into small organic molecules such as 1-
tetralone and 3-formyl propanoic acid. This study demonstrated the ease of environmentally friendly GCN preparation and their
potential for the removal of ECs from the environment.
KEYWORDS: Photocatalysis, Graphitic carbon nitrides, Reactive oxygen species, Antibiotics, Water treatment

1. INTRODUCTION
Antibiotics have been widely applied against diseases and have
saved human lives over the past few decades. Tetracycline
antibiotics (TCs), as one of the primary antibiotics generated
and consumed globally,1 have been extensively applied in
veterinary treatment,2 agriculture,3 and human diseases caused
by bacterial infections.4,5 More than 10000 tons of veterinary
antibiotics were consumed every year in highly developed
countries, and 60%, 43%, 48%, and 59% of the consumed
antibiotics were TCs and TCs-based antibiotics in China,
Japan, Europe, and the United States, respectively.1 However,
humans and animals are unable to metabolize TCs and their
byproducts completely. As a result, TCs may enter the
environment in active forms in feces and urine. These residues
remain highly hydrophilic and stable, resulting in potential
hazards to human health and organisms living in aquatic and
terrestrial environments.6 Several reports have suggested that
this long-term pollution may cause the resistance of microbes,
chronic toxicity to the human body,7 and other ecological
risks.8 Therefore, removing TCs from the environment has
become an urgent issue. To remove TCs and their byproducts,
researchers have applied various methods and techniques, such
as adsorption,9 the photo-Fenton reaction,10 biological
processes,11 electrochemical oxidation,12 and photocatalysis.13

However, applying these methods may face some difficulties
and drawbacks while removing TCs. For example, adsorption
can translocate only the antibiotics instead of eliminating them
from the environment. A large number of anions and ferrous

ions generated from the Fenton process may lead to secondary
pollution.14 TCs cannot be degraded completely through
microorganisms due to their resistance.15 Abundant energy is
required during the electrochemical oxidation processes.16 In
order to overcome these drawbacks, a low-cost, highly efficient,
and ecofriendly method is needed to remove TCs from the
environment.

Among these methods, photocatalysis has been considered a
promising strategy to degrade antibiotics and other emerging
contaminants because of its green, high-performing, and
sustainable features of solar energy as a driving force.
Numerous photocatalysts have been fabricated and studied
to degrade various organic pollutants.17−19 Although some
common photocatalysts, such as TiO2, have shown some
efficiency in degrading organic compounds, the high bandgap
energy (∼3.2 eV) has brought limitations for real applica-
tions.13 To use solar energy effectively, fabricating a photo-
catalyst with a lower bandgap energy and broader visible light
response is one of the prominent strategies. Graphitic carbon
nitride (g-C3N4, GCN) is a semiconductor photocatalyst with
a suitable bandgap energy for a visible light response (∼2.7
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eV). Bulk GCN materials can be easily prepared by directly
heating C and N-rich precursors, e.g., melamine, urea,
dicyandiamide, and thiourea. Moreover, due to its low-cost,
thermostable, nontoxic, and metal-free properties,20 GCN has
drawn the attention of scholars for multiple applications,
including water splitting,21 CO2 reduction,22 and water
disinfection.23 Especially in the field of degradation of organic
pollutants, g-C3N4 has demonstrated significant photocatalytic
potential. In detail, Jing et al. recently reported a great
enhancement in BPA degradation in water over a g-C3N4
photocatalyst synthesized by calcinating urea with propane-
dioic acid in a muffle furnace;24 Chang et al. reported that a
carbon-doped g-C3N4 photocatalyst showed photocatalytic
performance for the degradation of trihalomethanes and
haloacetonitriles under visible light irradiation;25 Hu et al.
successfully fabricated a composite of 1D/2D TiO2 nanorod/
g-C3N4 nanosheet and applied it to degrade 93.4% of
ciprofloxacin within 60 min.26 Recently, Oluwole and Olatunji
demonstrated that up to 95.9% of TC photodegradation
efficiency has been achieved using needle-like SnO2/g-C3N4
under visible light irradiation.27 Another study by Quyen and
co-workers used S-doped g-C3N4 to remove 98.7% of TC upon
30 min of solar light exposure.28 Based on these previous
studies, GCN has been proven to possess a prospective ability
to eliminate organic pollutants in the water.

Thus, this research aims to synthesize several GCN
photocatalysts and apply them to the removal of TC as a
pollutant in water. The as-synthesized photocatalysts are
employed to degrade TC under visible LED light (λ = 420
nm) irradiation and compared with one another regarding
their photocatalytic activities. Moreover, this study has tested
and investigated several variables and reaction conditions such
as photocatalyst dosage, pollutant concentration, initial pH,
and effect of ions in water. Furthermore, the electron spin
resonance (ESR) technique was used to probe the reactive
oxygen species (ROS) generated during irradiation to elucidate
the photocatalytic mechanism. LC-QToF/MS also verified the
intermediates of the TC.

2. MATERIALS AND METHODS
2.1. Chemicals. Urea (99% purity) and potassium bromate

(KBrO3, 99%) were acquired from Alfa Aesar; tetracycline was bought
from MP Biomedicals. Sodium perchlorate (NaClO), hydrogen
peroxide (H2O2, 30%), potassium hydroxide (KOH), sulfuric acid
(H2SO4), and hydrochloric acid (HCl) were purchased from Merck
Co. tert-Butyl alcohol (t-BuOH, 99%) was purchased from J.T. Baker,
while furfuryl alcohol (FFA, 98%) and ethylenediaminetetraacetic
acid disodium salt (EDTA-2Na, 99%) were obtained from Acros. L-
Ascorbic acid was purchased from Sigma-Aldrich. Double distilled
ultrapure water (ddW) was utilized for photocatalytic experiments,
acquired from a milli-Q water system with 18.2 μΩ/cm resistivity. All
chemicals purchased and used for the synthesis, and photocatalysis
experiments were of analytical grade.
2.2. Synthesis of Photocatalysts. The GCN prepared in this

study was based on the widely adapted simple calcination method, in
which precursors were subjected to high temperature thermal
treatment in a capped crucible.29 Melamine and urea-based GCN
were synthesized to compare their physicochemical properties and
photocatalytic performance. The latter was further modified with an
exfoliation process and integration with graphene quantum dots
(GQDs).
2.2.1. CN-B. A moderate amount of melamine was added, and the

mixture was distributed evenly in a ceramic crucible. After the muffle
furnace was filled with nitrogen, the crucible was placed into the
furnace and calcinated at 550 °C for 4 h at 5 °C min−1. After

calcination, the resulting yellow powder was rinsed with ultrapure
water, filtered, and dried at 80 °C overnight in an oven. The final
product was labeled as CN-B and stored in a dry place.

2.2.2. CNU. Ten grams of urea were spread evenly in an alumina
crucible and heated at 550 °C for 4 h with a ramp rate of 5 °C min−1

in a muffle furnace. The furnace was vacuumed and filled with
nitrogen during calcination. When the furnace cooled to room
temperature, the light-yellow product was taken out and ground into a
homogeneous powder. The obtained powder was labeled CNU and
stored in a dry place for further experiments.

2.2.3. CNOU. The synthesis of CN@GQD was separated into two
parts. First, exfoliated GCN was synthesized by the previous report.30

10 g of urea, 100 mg KOH, and 3 mL H2O2 (30%) were mixed by
ultrasonication for 4 h. The mixture was dried and calcinated at 550
°C for 4 h at 5 °C min−1. The light-yellow powder obtained was
rinsed, filtered, and dried. 1.0 g of the light-yellow powder was mixed
and ultrasonicated with 60 mL of 2.0 M NaClO and 15 mL of 1.0 M
HNO3 for 2 h. The mixture was then transferred to Teflon-lined
autoclave tubes and heated at 130 °C for 5 h. Afterward, the mixture
was removed and rinsed with ultrapure water to a neutral pH. The
final product was dried at 80 °C overnight and labeled as CNOU.

2.2.4. CN@GQD. GQDs were synthesized via citric acid pyrolysis.
Five grams of citric acid was added into a 200 mL round-bottom flask,
and heating was started for 30 min at 200 °C. The citric acid crystals
melted as the temperature rose and turned into a dark yellow liquid. It
was then added drop by drop into 100 mL of a 0.2 M KOH solution
under continuous stirring to produce a GQD solution. This solution
was purified by transferring it into a 1 kDa dialysis tubing bag. After
dialysis, a fixed amount of neutralized GQD solution was added into a
breaker containing 50 mL of DI water and 1.0 g of CNOU. CNOU
solution was pretreated with ultrasonicated for 60 min to form a
uniform suspension, followed by the addition of GQD solution and
extended ultrasonication to form CN@GQD. The resulting solution
was transferred into a Teflon-lined autoclave for constant heating at
120 °C for 2 h. The product was then filtrated and dried at 80 °C
overnight.
2.3. Characterization. The morphology of as-synthesized CNU,

CNOU, and CN@GQD was observed using a scanning electron
microscope (SEM, Joel JSM-7600F). Furthermore, the crystal
structures of the as-prepared photocatalysts were analyzed by using
a Bruker D8 Advanced X-ray diffractometer (XRD), Ni filtered Cu-
Kα radiation (λ = 1.5405 Å, at 40 mA current density and 40 kV
voltage). The zeta potential of the best-performed photocatalyst was
determined using a zetasizer; 1 mg of catalyst was dispensed into 10
mL of ddW (100 mg/L) and ultrasonicated to produce a
homogeneous suspension. The suspension was diluted to 50 mg/L
with ddW, and its pH was measured. Two mL of suspension was
transferred to a capillary cell and measured with a zetasizer. The
catalyst suspensions were adjusted with 10 mM of HCl or NaOH
solution to the targeted pH, and their zeta potential was determined.
The optical absorption of the prepared GCNs was measured using
UV−visible diffuse reflectance spectroscopy (UV−vis DRS, Jasco V-
670) between 200 and 800 nm. These data were used to prepare Tauc
plots for the band gap determination. Photoluminescence spectros-
copy (PL, Hitachi F-7000 FL spectrophotometer) was performed at
an excitation wavelength, λexcitation of 330.0 nm to evaluate the charge
carrier recombination rate of the as-synthesized photocatalyst.
2.4. Photocatalytic Experiments. The process of TC photo-

degradation was performed in a 20 mL glass tube reactor. Apart from
the experiments with a different initial dosage of photocatalysts, pH,
and TC concentration, all the photocatalytic activities tests were
performed using a 500 mg/L photocatalysts dosage, a solution pH of
7, and 25 ppm as the TC concentration for the optimal outcome. The
mixture was placed in a dark room for 30 min to reach adsorption−
desorption equilibrium before irradiation. The reactor was then
exposed to the single wavelength 100 W LED light source (λ = 420
nm). 0.5 mL of solution was collected at certain intervals during
irradiation and filtered through a 0.22 μm filter. The sample was
analyzed by the HPLC method (1200 series, Agilent, equipped UV−
vis variable wavelength detector (VWD), C18 column (150 mm × 4.6
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mm, 5 μm), flow rate = 0.7 mL/min. 3% of acetic acid in a dd water
and methanol (75:25; v/v) mixture was adopted as a mobile phase.
Liquid chromatography−mass spectroscopy analysis was carried out
on a JMS-T100LP AccuTOF LC-plus 4G mass spectrometer (JEOL,
Tokyo, Japan) fitted with HR & LR-ESI (Electrospray) mode. The
mass spectra of tetracycline and its degradation products were
analyzed in the negative ion mode in the range of 60−500 m/z. The
effect of different water chemistry was performed by DI water, tap
water, and river water collected from Shihmen Reservoir, Taoyuan,
Taiwan.
2.5. Scavenging Test. A 5 mM concentration of selected

scavenger (t-BuOH, FFA, ascorbic acid, EDTA-2Na, or KBrO3) was
used to determine the species responsible for the GCN-catalyzed
photocatalytic degradation of TC. An initial TC concentration of 25
mg/L, a catalyst dosage of 500 mg/L, and an initial pH of 7 were
applied, with the experiment being carried out under visible light (420
nm) irradiation.
2.6. Measurement for Induced ROS Generation and

Influence. The EPR spectra of the sample were recorded at room
temperature by an EMXplus-10/12/P/L spectrometer (Bruker) using
the following instrumental settings: resonance frequency: 9.82 GHz,
modulation frequency: 100 kHz, modulation amplitude: 1.0 G, sweep
width: 200 G, time constant: 40.96 ms, sweep time: 83.88 s, receiver
gain: 30 db. As-synthesized composites were mixed with a TEMP (20
mM) solution and recorded for EPR measurement under dark and
visible light. A TEMP solution was analyzed without adding any
catalysts and as a blank, under similar conditions.
2.7. Evaluation of Toxicity. The toxicity of TC and its

degradation intermediates was simulated using the Ecological
Structure Activity Relationships (ECOSAR) tool with quantitative
structure−activity relationship (QSAR) models being applied to
correlate their chemical structures and biological activities. ECOSAR
was utilized to estimate aquatic acute toxicity end points, including
lethal concentration (LC50) and effective concentration (EC50), as
well as chronic toxicity values (ChV) for fish, daphnia, and green
algae.31

3. RESULTS AND DISCUSSION
3.1. Characterization of As-Prepared g-C3N4 Photo-

catalysts. The morphology of the as-prepared GCNs was
observed using SEM, and its image is shown in Figure 1. It is
observed that CN-B, CNOU, and CN@GQD were made up of
bulk particles, while CNU consists of numerous irregular and
distinct sheets. The formation of this microsheet is due to the
calcination of urea at high temperatures. At high temperatures,
urea undergoes extensive polymerization to form a 2D
structure with irregular edges and smooth surfaces. The
presence of interparticle voids gave rise to textural porosity of
CNU as observed in its SEM micrograph (Figure 1b).

Figure 2 shows the XRD patterns of CNU and CN-B. Two
typical GCN peaks are observed in the diffractograms of both
crystalline samples. A weak peak that appears at 13.1° is due to
the (100) plane of the condensed structure of tri-s-triazine
units with an interplanar distance of 0.68 nm, while a strong
peak at 27.4° is attributed to the stacking of conjugated
aromatic systems along the (002) plane with an interplanar
distance of 0.33 nm.32 It is noted that a peak shift from 13.1°
in CN-B to 13.8° in CNU indicates a decrease in d100, which
reflects a shorter distance between layers of microsheets. It is
also revealed that the crystallite size of CNU is smaller than
that of CN-B as evidenced by its broader (100) peak than that
of the latter. The findings from the XRD analysis suggest that
using urea as a precursor will produce GCN with a smaller
crystallite size.

The light absorption ability and charge separation efficiency
of GCNs were evaluated based on their UV−vis DRS spectra
(Figure 3a). It was shown that CNU absorption toward near
UV light is higher than that of CN-B and exfoliated but
comparable to the graphene quantum dots-doped carbon
nitride. The enhanced light absorption in this region can help

Figure 1. SEM images of (a) CN-B, (b) CNU, (c) CNOU, and (d) CN@GQD (scale bar = 500 nm).
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to promote electron−hole pair formation by supplying photons
with sufficient energy.33 Nevertheless, the band gap of CNU
(3.02 eV) was the highest, while CN-B has the smallest band
gap among the catalysts studied (Figure 3b).

Although CNU has the largest band gap among the as-
synthesized catalysts, it achieved the lowest photoluminescence
(PL) emission upon UV light irradiation (Figure 4). In
contrast, while having a smaller band gap, CN-B and CNOU
have a higher PL intensity. Hence, it was evidenced that CNU
has a lower charge recombination rate than CN-B, CNOU, and
CN@GQD.
3.2. Photocatalytic Activities of the GCNs. To evaluate

the photocatalytic activities of the as-prepared GCN, a series of
photocatalytic TC degradation reactions were performed with
and without the photocatalysts. As depicted in Figure 5, the
control test demonstrated that the concentration of TC does
not change in the dark conditions. Under visible light
irradiation, TC experiences only a very small extent of
degradation without the presence of photocatalysts. In
contrast, the concentration of TC solutions mixed with as-
prepared GCN catalysts declined between 1.7%−8.4% during
the adsorption−desorption equilibrium process. It is observed
that only 60.4% of TC was degraded by CN-B after 60 min of
the photocatalytic degradation reaction. Enhanced photo-

Figure 2. XRD patterns of bulk g-C3N4 (CN-B) and CNU.

Figure 3. (a) The UV−vis DRS spectra and (b) Tauc plot of CN-B, CNU, CNOU, and CN@GQD.

Figure 4. PL spectra of prepared GCN photocatalysts.

Figure 5. Removal of TC with different photocatalysts under visible
light irradiation (500 mg/L photocatalysts, pH 7, and 25 ppm TC).
The control test was performed under the same conditions but
without a catalyst.
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catalytic TC degradation was recorded at 69.7% and 74.9%
when CNOU and CN@GQD were added, respectively. CNU,
which degrades 94.4% of TC after 60 min under visible light,
has the highest activity among the four catalysts. Due to its
superior photocatalytic performance and energy efficiency,
CNU is selected for subsequent experiments to explore the
influence of different reaction conditions on its photocatalytic
activity.
3.3. Influence of Reaction Conditions. Several experi-

ments were performed to elucidate the influence of the
reaction conditions on the photocatalytic activity of CNU.
Figure 6a shows the effect of the CNU dosage on degrading 25
ppm of TC under visible light. As the doses of CNU increased
from 100 mg/L to 1000 mg/L, the efficiency of photo-
degradation increased. This improvement in TC degradation is

ascribed to the increasing number of active sites with
increasing amounts of photocatalysts. Eventually, total removal
of TC can be achieved within 90 min of reaction when 1000
mg/L of CNU was applied. Figure 6b displays the trend in the
photodegradation efficiency with respect to the initial TC
concentration. When the initial concentration was raised from
10 to 50 ppm, more than 90% of TC was degraded after 60
min of irradiation. The photodegradation rate decreased to
below 90% when the initial TC concentration was 100 ppm. At
this concentration, the pollutant may occupy limited amounts
of active sites on the surface of CNU, which causes a decrease
in its photodegradation efficiency.

To show the efficiency of photodegradation under different
pH values, NaOH and HCl were used to adjust the initial pH.
As shown in Figure 6c, TC degradation was limited to below

Figure 6. Removal of TC at different (a) CNU dosages, (b) initial TC concentration, and (c) initial pH values under visible light irradiation. The
control tests were conducted without addition of catalyst.

Figure 7. Photodegradation of TC with different amounts of (a) NaCl and (b) NaBr under visible light irradiation.
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20% in the absence of photocatalysts. The addition of CNU
boosts the photodegradation rate of TC at pH 3, 5, and 7 to
66.7%, 95.2%, and 97.0%, respectively. It is observed that
degradation efficiency is the highest when the solution is
neutral or slightly acidic. When pH > 9, total removal of TC
was achieved with and without the presence of CNU. The
increase of OH− concentration at pH > 9 will enhance the
alkaline photolysis of TC at λ = 420 nm without the need for a
photocatalyst, which is consistent with the previous report.34

However, since the pH value of the surface water system is
about 6−7, TC will remain stable in the environment without
the addition of photocatalysts. Therefore, CNU can be an
effective photocatalyst in removing TC from contaminated
water.

Due to the presence of ions in surface wastewater, it is worth
exploring the effect of electrolytes such as NaCl and NaBr on
the photodegradation efficiency of TC. The results in Figure 7
show the types of electrolytes and water salinity are both
influential on the photodegradation of TC. All the samples
reach adsorption−desorption equilibrium in the dark within 30
min with negligible adsorption of TC. The photodegradation
efficiency of CNU in NaCl added sample experienced a smaller
extent of decrease (Figure 7a) compared to NaBr (Figure 7b).
When 10 to 50 mM NaCl was introduced, the photo-
degradation of TC dropped to 91.7%, 88.5%, and 80.0%,
respectively. This observation is ascribed to the addition of Cl−
ions, which causes the photocatalyst to aggregate into larger
particles with a reduced specific surface area and the number of
active sites in the solution.35 A greater inhibitory effect was
observed when NaBr was added (Figure 7b). The degradation
percentage decreased to about 72% when adding 10, 20, and
50 mM of NaBr. This could be rationalized as the larger Br−

anions can block a larger area of the photocatalyst surface and
effectively restrict access to active sites. To summarize, the
presence of NaCl and NaBr in TC-polluted water can inhibit
the process of photodegradation.

Further evaluation has been carried out on the performance
of CNU in different types of water. It was shown that the
photocatalytic activities of CNU in both tap water (126 μS/
cm)36 and river water (173 μS/cm)37 were lower than it was in
the ddW (<5 μS/cm) (Figure 8). This is consistent with the
finding above, where the presence of ionic salts can deteriorate
CNU performance. Nevertheless, the rate of TC degradation
in tap water is slightly lower than in river water, which could be
attributed to the complex composition of river water that
contains dissolved organic matter that helped to enhance the
photocatalytic degradation process. Together with findings in
the study on the effect of salts, it was suggested that a low salt
content water condition is required for the optimal perform-
ance of the CNU photocatalyst. This can be achieved by
carrying out reverse osmosis to reduce the salt content prior to
the photocatalytic water treatment process.

The photocatalytic activity of as-synthesized CNU in TC
removal was compared with a number of recently reported
catalysts (Table 1). It was shown that CNU has a higher
reaction rate than the modified carbon nitrides (CN) and
metal containing photocatalysts. Complete degradation of
tetracycline was achieved in 1 h using a relatively lower power
single wavelength light source, which demonstrated that CNU
could be a promising photocatalyst for environment
remediation.
3.4. Kinetic Study of TC Photodegradation. The

reaction kinetics of photocatalytic TC degradation was fitted

with various kinetic models (eqs 1−3). It was evidenced that
CNU catalyzed photodegradation of TC was not following the
Langmuir−Hinshelwood mechanism. The reaction was shown
to be best fitted with the pseudo-second-order kinetic model,
and hence, all experiments were fitted into the pseudo-second-
order kinetic model for further analysis (Table S1).38 The rate
constants under different reaction conditions were determined
and summarized in Table 2.
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whereas C is the TC concentration (mg/L) at the end of the
reaction, C0 is the initial TC concentration (mg/L), k is the
rate constant (min−1), and t is the reaction time (min).

Among the four GCN photocatalysts studied, CNU showed
the highest reaction rate constant (k = 11.7 × 10−3 min−1),
which was five to ten times the rate constant of CN-B, CNOU,
and CN@GQD (1.1 × 10−3, 1.9 × 10−3, and 2.4 × 10−3

min−1). The influence of CNU dosage was reflected by a 37.5-
fold increase in the rate constant from 8.0 × 10−4 min−1 to
30.0 × 10−3 min−1 following an increase in the CNU dosage
from 100 to 1000 mg/L. On the contrary, a higher initial TC
concentration would slow down the reaction, as indicated by a
decrease in the rate constant from 238.4 × 10−3 min−1 to 1.1 ×
10−3 min−1 when the initial TC concentration was increased
from 10 to 100 ppm. It was observed that the reaction rate
increased with the initial pH. At pH 7, the rate constant was
determined to be 18.9 × 10−3 min−1. This is supported by a
higher TC adsorption by CNU (Figure 5), which has a zeta
potential of 6.07 and hence a slightly negatively charged
surface at pH 7 (Figure S1). The negatively charged surface

Figure 8. Effect of water chemistry on the photocatalytic degradation
of TC using a CNU catalyst under visible light irradiation (500 mg/L
photocatalysts, pH 7, and 25 ppm TC).
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can interact better with the hydroxyl and amino groups of TC,
allowing the photodegradation process to be carried out more
effectively. Beyond pH 7, the rate of reaction will be greatly
enhanced by the alkaline-assisted photolysis process.39 Thus,
we are unable to compare their rate constants with those
measured at pH ≤ 7. The additions of NaCl and NaBr were
both detrimental to the reaction kinetics of photocatalytic TC
degradation. Nevertheless, the effect of adding NaCl was
moderate, with the reaction rate gradually decreasing with an
increasing amount of NaCl. In contrast, the addition of NaBr
caused an abrupt drop in k from 9.6 × 10−3 min−1 to less than
1.6 × 10−3 min−1.
3.5. ROS Production and Proposed Reaction Mech-

anism. To verify the formation of reactive oxygen species, the
ESR technique was applied, and its results are depicted in
Figure 9. Before measurement, as-prepared catalysts were
added into ddH2O and mixed homogeneously to simulate the
reaction system of photodegradation for tetracycline. A weak
signal was observed before visible light irradiation due to the
formation of the TEMP spin trap product with existing singlet
oxygen (1O2). Upon visible light irradiation, the ESR signal
intensity of TEMP-1O2 increases along with the duration of
irradiation, which indicates that the concentration of 1O2
continues to increase during the reaction.40 The generation
of 1O2 implies the presence of superoxide, •O2

−, which was a
precursor to the formation of 1O2 via superoxide oxidation by
holes (•O2

− + h+ → 1O2).
41 The formation of •O2

− is a result

of O2 reduction by photogenerated electrons. Upon excitation
by visible light, the electrons at the valence band of the CNU
will be promoted to the conduction band and form an
electron−hole pair (eq 4). These electrons at the conduction
band will then reduce O2 in the water system to form reactive
•O2

− molecules (eq 5), which subsequently abstract hydrogen
from water molecules to produce hydroxyl (•OH) and
hydroperoxyl (•OOH) radicals (eq 7). •OOH can further
react with water to produce more •OH (eq 8). All •O2

−,
•OH, and 1O2 are the ROS that are responsible for oxidizing
TC and degrading it to smaller molecules.

+ + ++hvCNU CNU h (VB) e (CB) (4)

+ •e (CB) O O2 2 (5)

• + +O h O2
1

2 (6)

• + • + •O H O OOH OH2 2 (7)

• + + •OOH H O H O OH2 2 2 (8)

F•2 OH H O2 2 (9)

The formation of superoxides and holes was proven by a
scavenging test. t-BuOH, FFA, ascorbic acid, EDTA-2Na, and

Table 1. Photocatalytic TC Degradation Performance of Various Catalysts

catalyst
light wavelength

(nm)
light power

(W)
catalyst dosage

(mg/L)
TC concentration

(ppm)
reaction time

(h)
removal rate

(%)
rate constant, k (× 10−3

min−1) reference

CNU 420 100 500 10 1 100 238.4 This
study

OPACN
hydrogel

Visible 250 3000 10 0.5 88 65.4 46

FCN-5 >420 300 500 10 1 95.1 47.5 47

CN-3 >420 - 500 20 0.5 94.0 105.0 48

π-COF Visible 300 200 20 1.5 94.8 84.6 49

BCNNT Visible 300 250 20 0.5 80 54.9 50

Bi/NH2-UiO-
66

>420 300 200 20 2 95.8 28.0 51

CdS@V-
ZnIn2S4

420 300 300 10 2 98.7 30.8 52

g-C3N4/BiOI 410−760 30 500 30 1 93.0 38.9 53

Table 2. Rate Constant of TC Photodegradation with
Different Independent Variables

catalysts k (× 10−3 min−1) dosage k (× 10−3 min−1)

CN-B 1.1 100 mg/L 0.8
CN@GQD 2.4 250 mg/L 3.5
CNU 11.7 500 mg/L 11.9
CNOU 1.9 1000 mg/L 30.0

[TC] k (× 10−3 min−1) pH k (× 10−3 min−1)

10 ppm 238.4 3 1.1
25 ppm 48.2 5 12.5
50 ppm 11.3 7 18.9
100 ppm 1.1
[NaCl] k (× 10−3 min−1) [NaBr] k (× 10−3 min−1)

0 mM 9.9 0 mM 9.6
10 mM 4.1 10 mM 1.7
20 mM 3.2 20 mM 1.6
50 mM 2.0 50 mM 1.6

Figure 9. EPR spectra of 1O2 radical trapped by TEMP in the CNU
photocatalyst.
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KBrO3 were used as scavengers to hydroxyl radical, singlet
oxygen, superoxides, holes, and electron, respectively. In Figure
10, it was depicted that the degradation rate decreased in the

presence of ascorbic acid and EDTA-2Na, which evidences the
reaction between superoxides and photogenerated holes to
form singlet oxygen. The unobservable singlet oxygen
inhibiting effect by FFA was due to the fact that TC could
still be degraded by unreacted superoxides and holes.
Interestingly, the addition of hydroxyl radicals and electrons
scavengers enhanced the photocatalytic degradation of TC.
This could be due to the formation of more hydroxyl radicals
by shifting eq 9 to the left, allowing more hydroxyl radical
species to participate in degrading TC. Meanwhile, electron
scavenging helped to minimize the recombination of photo-
generated conduction band electrons and holes and sub-
sequently accelerated photocatalytic TC degradation.42 The
importance of superoxides and photogenerated holes was
supported by the observation in section 3.3, where the
presence of Cl− and Br− salts effectively decreased the

degradation rate of TC. This inhibitory effect was attributed
to the ability of these halide ions to react with both hole-
induced hydroxyl radicals and superoxides.43

To clarify the possible photocatalytic mechanism, LC-
QTOF-MS was employed to identify the intermediates formed
during the photodegradation process (Figure S2). Based on
the MS spectrum, it was shown that the photodegradation
reaction started with the N-demethylation of deprotonated
(m/z = 443) to form Intermediate 1 (TP1, m/z = 416, Figure
11), a process that has also been previously reported during the
degradation of tetracycline in a schorl/H2O2 system.44 It was
followed by deamination at C245 and dehydroxylation at C3 to
produce Intermediate 2 (TP2, m/z = 387). Further
degradation removed a hydroxymethyl group at C2 and a
methyl group at C11 from Intermediate 2 to form Intermediate
3 (TP3, m/z = 343). Subsequent reactions caused
Intermediate 3 to lose its amine group and experience
dehydration at C1 and C6. Meanwhile, the double bond at
C2 and C3 underwent hydroformylation and produced
Intermediate 4 (TP4, m/z = 275). Next, a ring-opening
reaction occurred together with the departure of an aldehyde
group from Intermediate 4 to form Intermediate 5 (TP5, m/z
= 217). Finally, the intermediate species continued to react
with ROS to form lighter molecular weight molecules such as
1-tetralone (TP6, m/z = 141) and 3-formyl propanoic acid
(TP7, m/z = 101). The CNU-catalyzed photodegradation of
TC is illustrated in Figure 12.

The toxicity of TC and its degradation products was
simulated, and the results are displayed in Table 3 and Figure
S3. Based on the results of predictive model, it was shown that
the TP5 product is toxic in the short and long term to all
species, but it became very toxic toward fish and daphnia when
exposed in the long term. TP3 and TP7 are particularly
harmful and toxic to daphnia, while TP6 is toxic to both
aquatic flora and fauna for prolonged exposure. Although they
seem harmful from the computational prediction, the real risk
could not be high since these trace amounts of intermediates
could be further photodegraded during the reactions. The
simulation has indicated that TP1, 2, and 4 are nontoxic to
living organisms in water.

Figure 10. Photodegradation of TC with different radical scavengers
(500 mg/L photocatalysts, pH 7, and 25 ppm TC).

Figure 11. Proposed possible pathway of photocatalytic TC degradation in the presence of CNU.
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3.6. Cyclic Test. The durability and reusability of CNU
were evaluated through a cyclic test which observes its
performance and change in solution pH over three cycles of
photocatalytic TC degradation reactions. The results showed
that CNU suffered from a loss of activity with an increasing
number of reactions with the removal rate reduced by
approximately 40% (Figure S4). Meanwhile, the solution pH
became more acidic following three cycles of the reaction. This
is consistent with the proposed mechanism in which 3-formyl
propanoic acid was produced as a TC degradation product.
The cyclic test result indicated that CNU seems not to have
good reusability, which could be due to the loss of CNU
during our recycling operations that require further improve-
ment in the future.

In summary, it is proven that preparing graphitic carbon
nitride from urea is an effective method to enhance its
photocatalytic activity. Urea-derived GCN has irregular,
stacked microsheet structures with a smaller crystallite size.
Among the four GCNs studied in this research, CNU achieved
the highest photocatalytic activity in the degradation of TC.
The optimum reaction condition for CNU-catalyzed photo-
degradation of TC is determined to be 1000 mg/L catalyst and
10 ppm initial TC concentration. The CNU photocatalyst is
shown to be effective at pH 7, a pH level at which alkaline-

assisted photolysis does not occur due to the absence of
hydroxide ions. This study has also demonstrated that the
presence of sodium halide salts has a negative impact on the
photocatalytic activity of CNU. The results of the mechanistic
study suggested that photoexcited electrons generated when
CNU is exposed to visible light react with molecular oxygen to
form reactive superoxides. Together with photogenerated
holes, they are responsible for the photocatalytic degradation
of TC to simpler 1-tetralone and 3-formyl propanoic acid.
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Figure 12. Reaction mechanism of CNU catalyzed photodegradation of TC (VB: Valence Band; CB: Conduction Band).

Table 3. Toxicity Prediction for TC and Its Degradation Byproducts Using the ECOSAR Toola

aVery toxic: LC50/EC50/ChV ≤ 1, red label; Toxic: 1 < LC50/EC50/ChV ≤ 10, orange label; Harmful: 10 < LC50/EC50/ChV ≤ 100, yellow label;
Not harmful, LC50/EC50/ChV > 100, green label.
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