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Carbamazepine (CBZ), as one of the most frequently detected pharmaceuticals, is of great concern due to
its potential impact on the ecosystem and human health. This study provides an effective approach to
remove CBZ by using photocatalyst silver phosphate combined with graphene oxide (Ag3PO4/GO) under
visible irradiation. The morphology, composition, and optical properties of Ag3PO4/GO were character-
ized employing SEM, XRD, and DRS. Graphene oxide could improve the visible-light utilization and
promote electron's charge to enhance the photocatalytic performance of Ag3PO4/GO. With the optimal
reaction condition of 5.86 mW/cm2 light intensity, 15e25 �C temperature, 5e7 pH, and 0.5 mg/L catalytic
dosages, 5 mg/L CBZ could be completely degraded in 30 min, and the apparent rate constant could reach
0.12 min�1. Additionally, the radical trapping experiments indicated �OH and O2ˉ�were the main reactive
oxygen species employed to eliminate CBZ. The decay pathways of CBZ had been proposed accordingly,
and the main product was the low-molecular products.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Micropollutants such as pharmaceuticals are of great concern
because of their potential impact on aquatic environments [1].
Carbamazepine (CBZ), a common psychiatric drug, was consumed
more than 1000 tons per year [2]. Since CBZ is a nitrogen-
containing aromatic heterocyclic compound with an asymmet-
rical structure [3], CBZ, as a non-biodegradative material, becomes
one of the most frequently detected pharmaceuticals, which has
been observed in surface water [4], wastewater [5], and drinking
water [6]. The concentration of CBZ in seawater could be up to a few
ug/L, while up to a few ng/g dry weight in bivalves’ tissues [7].
Besides, CBZ and its derivates were toxic to aquatic life, including
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algae [8], daphnia magna [9], and fish embryos [10], etc. CBZ has a
potential chronic effect on the algal cell disturbing specific proteins
to damage membrane function [8]. Thus, it is urgent to remove CBZ
in an aqueous environment.

Advanced oxidation process (AOPs) is proved to be an effective
way to deal with the refractory organic pollutants as well as CBZ,
rather than membrane filter, adsorption, biochemical, etc [11e13].
However, membrane fouling, high-cost regeneration, long-period
operation, and low removal rate hinder the practical application.
For instance, CBZ could not be removed effectively or even accu-
mulated after the sewage treatment plant contained primary clar-
ifier, activated sludge process, and final clarifier [14]. Photocatalysis,
one of the widely studied AOPs, has been considered a promising
technology to treat non-biodegradable and toxic pollutants in wa-
ter and wastewater due to energy conservation and simple opera-
tion. However, the low photocatalytic rate and limited light
utilization of many photocatalysts hindered the widely-used
application of wastewater treatment. For instance, the pseudo-
first-order rate constant (0.0237 min�1) shown by BiOCl
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suggested that it needed more than 150 min to remove CBZ
completely [15]. Besides, some photocatalysts lacked visible-light
utilization, which hindered their practical application. For
example, Nd-doped Sb2O3/TiO2 degraded CBZ under UVC light [16],
while UV accounts for a small fraction of the total solar energy [17].
Thus, it is crucial to develop a visible photocatalyst for CBZ degra-
dation with a high degradation rate.

In particular, silver phosphate (Ag3PO4) has been attached much
attention due to its high photocatalytic performance and visible
light utilization. Ag3PO4 has a remarkable quantum efficiency of up
to 90% during the photodecomposition of organic dye under visible
light. Moreover, Ag3PO4 has a bandgap of 2.43 eV, which makes it
potential for using as a visible-light-driven photocatalyst [18,19].
However, the photo-corrosion of Ag3PO4 hinders the application of
wastewater treatment [20]. Thus, Ag3PO4 was combined with
semiconductors, heteroatoms, carbonaceous material, etc. Gra-
phene oxide (GO), a wonder material, in particular, has emerged as
compelling semiconductor support because of its superlative
properties, such as large specific area and excellent electronic
conductivity [21]. Combined with graphene oxide, the charge
recombination of Ag3PO4 is expected to be suppressed, and the
catalytic performance further improved, which has been reported
previously [22]. Moreover, cyclic aromatic hydrocarbons (e.g.,
naphthalene, phenanthrene, and pyrene) could be removed effec-
tively by photocatalyst Ag3PO4/GO [23], while CBZ, as a fused het-
erocycle compound, has a similar aromatic structure. However, the
performance and mechanism of CBZ degradation by using Ag3PO4/
GO was seldomly reported. Thus, it is crucial to evaluate the per-
formance and propose the mechanism of CBZ degradation by using
photocatalyst Ag3PO4/GO.

Herein, a high-rate method for CBZ degradation by using visible
photocatalyst Ag3PO4/GO was developed. CBZ could be effectively
removed, while GO could enhance photocatalytic performance. In
this study, we characterized the morphology, composition and
optical property of Ag3PO4/GO, and optimized the experiment
conditions (light intensity, reaction temperature, initial pH, and
catalytic dosage). Moreover, the catalytic mechanism of CBZ
degradation by Ag3PO4/GO was comprehensively studied and
proposed. We have provided a facile, efficient, and sustainable
approach for the remediation of CBZ and shed light on the reme-
diation of refractory organic pollutants.

2. Experimental sections

2.1. Materials and chemicals

Graphene oxide was purchased from Ashine Advanced Carbon
Materials (Changzhou) Co., Ltd. Silver nitrate (AgNO3) was obtained
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Carbamazepine (C15H12N2O) isopropanol (IPA), benzoquinone (BQ),
potassium iodide (KI), and sodium phosphate dibasic dodecahy-
drate (Na2HPO4$12H2O) were provided by Aladdin Chemistry Co.
Ltd (Shanghai, China). All chemicals were of analytical grade, and
deionizedwater was used in all the experiments unless specified. In
addition, the morphology and composition of GO, such as the
spectra of the scanning electron microscope (SEM), atomic force
microscopic (AFM), Fourier transform infrared reflection (FTIR), and
Raman, were shown in Fig. S1.

2.2. Preparation of Ag3PO4/GO

Typically, silver phosphate was prepared by the precipitation
method. A certain amount of silver nitrate (AgNO3) solution drop-
ped slowly into 10 mL graphene oxide (GO) dispersion (1 mg/mL),
followed by 30 min sonication. Then, a certain amount of Na2HPO4
2

solution was dropped into the above solution and stirred for 4 h.
AGO-1.0 was obtained after removing the supernatant and 60�

oven-dried. According to the content of GO (0.5, 2.0, 4.0 mg/mL),
the obtained catalysts were named AGO-0.5, AGO-2.0, AGO-4.0. The
pristine silver phosphate (Ag3PO4) was synthesized by the same
process without adding GO.

2.3. Degradation experiments of CBZ by Ag3PO4/GO

The photocatalytic activity of the sample was appraised by CBZ
degradation under visible light irradiation. PCX50C Discover
multichannel photocatalytic reaction system (Beijing Perfectlight
Technology Co., China) was employed as a visible light source with
a wavelength longer than 420 nm. Typically, a certain amount of
photocatalyst and 50 mL CBZ solution (5 mg/L) were mixed in a
jacketed beaker, and after 5 min sonication, the suspension was
stirred for 30 min in the dark to establish an adsorption-desorption
equilibrium. The beaker was enclosed by awater circulation system
to maintain the temperature during light illumination. At the given
time intervals, 1 mL of the suspension was collected and centri-
fuged to remove the photocatalyst in the dark.

2.4. Analysis and characterizations

Ultra-high-performance liquid chromatography (Waters, USA)
equipped with a Symmetry C18 column
(100 mm � 2.1 mm � 1.7 mm, Waters, USA) and a Photodiode Array
(PDA) detector (Waters, USA) was adopted to determine the CBZ
concentration in the collected solution. The measurement was
performed at a flow rate of 0.25 mL/min with the mobile phase
(methanol: 0.1 %formic acid ¼ 6:4, v/v), and CBZ was detected at
l ¼ 285 nm. The transformation products (TPs) of CBZ were iden-
tified by UPLC/Triple Quad mass spectrometry (Water H-Class &
XEVO, USA) in the positive ESI mode. Solvent A (ultrapure water)
and B (acetonitrile) were used as the mobile phase, and the flow
was 0.5 mL/min. The gradient elution was operated as follows:
0e1 min, 5e20% A; 1e8 min, 20e95% A; 8e9min, 95-5% A;
9e10 min, 5% A.

The X-ray diffraction (XRD) patterns of the obtained samples
were tested on a diffractometer (Rigaku Smartlab, Japan) with Cu
Ka source, in the 2q range of 10e80�. The morphology of the
products was measured by SEM (Hitachi SU8010) and AFM (Bruker
Dimension Icon). A diffusive reflective UVevis spectrophotometer
(DRS, Shimadzu, UV3600 plus) was employed to measure the
UVevis absorption and estimate the bandgap of the catalysts. The
photoluminescence (PL) spectra of samples were tested by Hitachi
F-7100 spectrofluorometer. The Raman spectra weremeasured by a
spectrometer (Horiba Scientific LabRAM HR Evolution). The elec-
tron spin resonance (ESR) spectra were recorded on a Bruker A300
electron paramagnetic resonance spectrometer. BET surface area
was measured by nitrogen adsorption-desorption curve using
Micromeritics ASAP 2020 system. The FTIR was carried on a spec-
trometer (Shimadzu IRAffinity-1, Japan). Raman spectra were ob-
tained using a LabRAM HR Evolution (Horiba Scientific LabRAM HR
Evolution, France) with laser excitation at 514 nm.

3. Results and discussions

3.1. Characterization of Ag3PO4/GO

The morphology and size of catalyst pristine Ag3PO4 and AGO-
1.0 are shown in Fig. 1. Pristine Ag3PO4 exhibited irregular spher-
ical morphology and non-uniform diameters, and the particle size
mainly lay in the range of 1.2e2.4 mm. Also, some aggregation
phenomena could be observed (Fig. 1a and c). Mixed with graphene
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oxide, AGO-1.0 showed uniform particles, and the size was
decreased to 200 nme600 nm (Fig. 1b and d). GO could control the
growth of Ag3PO4 due to the electrostatic interaction between Agþ

and GO sheets [24]. In addition, GO could enhance the reaction sites
for catalysts due to its high surface area. Combined with GO
(6.61 m2/g), AGO-1.0 (2.97 m2/g) showed a larger specific surface
area than that of Ag3PO4 (2.22 m2/g). Besides, Fig. S2 shows that Ag,
P, and O elements of AGO-1.0 are uniformly distributed in the
selected area, indicating that GO mixed well with Ag3PO4. Thus,
adding GO would be beneficial to design the photocatalyst.

The XRD spectra were recorded to study the phase composition
of Ag3PO4, AGO-1.0, and GO. As shown in Fig. 2a, the diffraction
peaks of Ag3PO4 and AGO-1.0 were well indexed to the body-
centered cubic structure of Ag3PO4 with high crystallinity (JCPDS
No.06-0505). And the XRD pattern of GO displayed a dominated
diffraction peak at around 2q ¼ 9.32�, which corresponds to a d-
spacing of 0.83 nm in the lamellar structure of GO, illustrating that
pristine graphite was fully oxide into GO sheets. In addition, the
apparent diffraction peak at around 2q¼ 9.32� of GO sheets was not
disclosed in the pattern of AGO-1.0, demonstrating that the addi-
tion of GO sheets does not influence the phase and crystal structure
of Ag3PO4. The Raman spectra of catalyst Ag3PO4 and AGO-1.0 were
performed, as shown in Fig. 2b. For Ag3PO4, the peaks at 905 and
999 cm�1 were observed, which was consistent with the previous
reports [25]. While for AGO-1.0, the peaks of graphene oxide at
1357 and 1605 cm�1 were observed [26], which further confirms
the generation of AGO-1.0 composites.

To evaluate the optical properties of AGO-1.0, UVevis spectra
were performed, and the results are shown in Fig. 3a. The light
absorption edge of pure Ag3PO4 is about 525 nm, which agreeswith
the previous reports [27]. The coupling GO with Ag3PO4 induced a
red shit of band edge, while the visible light absorption of AGO-1.0
enhanced significantly. According to the Kubelka-Munk method,
the bandgap energy (Eg) for Ag3PO4 and AGO-1.0 was estimated to
be 2.4 and 2.3 eV, respectively, while Ag3PO4 is an indirect
Fig. 1. SEM images of (a) Ag3PO4, (b) AGO-1.0, and the e
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semiconductor [19]. The presence of GO would promote the visible
light absorption of AGO-1.0 and boost the utilization efficiency of
visible light.

To examine the recombination rate of photogenerated carriers
of the as-prepared samples, the PL analysis was conducted, as
shown in Fig. 3b. The PL intensity was determined by giving an
excitation wavelength of 325 nm. A stronger PL emission peak
presented the rapid recombination of electron-hole pairs and the
poorest photocatalytic efficiency [28]. AGO-1.0 exhibited a lower
intensity than Ag3PO4, indicating the higher separation efficiency of
electron-hole pairs in AGO-1.0. Therefore, GO could effectively
suppress the recombination of photogenerated electrons and holes
of AGO-1.0.
3.2. CBZ degradation by photocatalyst Ag3PO4/GO

3.2.1. Photocatalytic performance contrast of Ag3PO4 with and
without GO

Fig. 4 and Fig. S3 show the photocatalytic performance of the as-
prepared catalysts by monitoring the degradation of CBZ under
visible light irradiation. As shown in Fig. 4a, in comparison with
pristine Ag3PO4, AGO-1.0 composites showed superior photo-
catalytic activity for CBZ degradation. As for GO, the removal of CBZ
mainly relied on absorption rather than degradation due to hy-
drophobic effects, electrostatic interactions, and pep EDA in-
teractions [29]. Fig. 4b shows that the photocatalytic reaction rate
can be well-described by pseudo-first-order kinetics. The apparent
reaction rate constant was 0.025min�1 and 0.039min�1 for Ag3PO4
and AGO-1.0, respectively. The degradation of CAZ by AGO-0.5,
AGO-2.0, and AGO-4.0 was also evaluated (Fig. S3), and their kapp
were 0.023, 0.039, and 0.040 min�1, respectively. Compared to
AGO-1.0, the slightly improved performance of AGO-2.0 and AGO-
4.0 was due to the saturation state of Ag3PO4 combined with GO
[30]. Thereby, the results demonstrate that the engagement of GO
on the surface of Ag3PO4 has been proved to be an available and
nlarged SEM images of (c) Ag3PO4 and (d) AGO-1.0.



Fig. 2. (a) XRD spectra of catalyst Ag3PO4, AGO-1.0, and GO; (b) Raman spectra of catalyst Ag3PO4, and AGO-1.0.

Fig. 3. The UVevis DRS spectra (a) and PL spectra (b) of Ag3PO4 and AGO-1.0.
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effective route for enhancing the photocatalytic performance of
Ag3PO4. GO could promote visible-light utilization, the separation
of electron-hole, and charge transfer of Ag3PO4.
Fig. 4. (a) CBZ degradation and (b) pseudo first-order constant rate over GO, Ag3PO4,
dosage ¼ 0.2 g/L, Reaction temperature ¼ 25 �C, Initial pH ¼ 6.8).

4

3.2.2. Optimization of reaction condition parameters over Ag3PO4/
GO

The effect of light intensity (1.10, 3.65, 5.86, and 7.67 mW/cm2)
on CBZ degradation efficiency and the corresponding rate constant
was tested (Fig. 5a and b). As the light intensity increased from
1.10 mW/cm2 to 5.86 mW/cm2, the CBZ removal efficiency was
and AGO-1.0. (Experimental conditions: Light Intensity ¼ 3.65 mW/cm2, Catalytic
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improved, while the rate constant also increased from 0.018 min�1

to 0.051 min�1. It was because more photo-induced holes-electrons
are generated as the light intensity becomes stronger. A high
photon flow rate is available to attack CBZ directly and to induce
oxidative species on the photocatalyst surface, thereby increasing
the degradation rate [31]. However, the removal rate increased
slightly as the light intensity increased to 7.67 mW/cm2. A possible
explanation may be the consumption of charge carriers by
recombination, while the thermodynamically caused by high in-
tensity favored charge carrier recombination [32,33]. Thus,
considering energy conservation, 5.86 mW/cm2 was used as the
optimal light intensity for studying the effect of reaction temper-
ature, initial pH, and catalyst dosage on CBZ degradation.

The impact of reaction temperature (15 �C, 25 �C, 35 �C, 45 �C)
on the photocatalytic remediation rate under visible-irradiation
was also investigated, under a photocatalyst dose of 0.2 g/L, and
light intensity of 5.86 mW/cm2. As shown in Fig. 5c&d, the CBZ
removal and the rate constant declined as the temperature
increased from 15 �C to 45 �C. The nature of photocatalyst and
adsorption process between photocatalyst and CBZ may affect the
rate of reaction, which occurs in the high temperature. On the one
hand, the elevated temperature would accelerate the charge
recombination [19] and reduce the stability of Ag3PO4 [34], which
would deteriorate the catalytic activity. On the other hand,
increasing temperature resulted in the serious desorption of pol-
lutants from the catalyst surface, which was unfavorable for the
photocatalytic reaction [35].

The thermodynamic parameters (standard enthalpy (Dþ
þH

0),

and standard Gibbs free energy of activation (Dþ
þG

0)) were calcu-
lated as shown in Fig. S4 and Table S1, according to the transition

state theory (Eqs. S1& S2) [36]. The negative value of Dþ
þH

0 ensures
the exothermic nature of the adsorption process, while the positive

value of Dþ
þG

0 signified the requirement of light energy as the
process is not spontaneous. Therefore, the temperature in the range
of 15e25 �C is the optimal parameter for CBZ degradation.

The effect of initial pH values (3, 5, 7, 9) on photocatalytic
degradation under visible irradiationwas studied (Fig. 5e&f). When
the pH was within the range of 5e7, a high degradation rate of CBZ
was obtained, which indicated that the AGO-1.0 composite could be
applied to a relatively wide range of pH. And the photocatalytic
activity of AGO-1.0 was weakened sharply in the presence of excess
H⁺ (pH ¼ 3) and OH⁻ (pH ¼ 9). It was mainly due to the instability of
Ag3PO4 itself, which could be dissolved or reacted in over-acid or
over alkaline conditions [37]. Moreover, the initial pH of the
aqueous solution might greatly affect the adsorption behavior of
pollutants and the generation of ROSs during the process of pho-
tocatalytic reaction [38]. To confirm the role of initial pH on
adsorption, the zeta potential of AGO-1.0 in different pH (4, 7, 10)
was measured (Fig. S5). It observed that the negative value of zeta
potential indicated the zero-point charge was below pH 4, and the
initial pH did not influence the adsorption behavior. Hence, the pH
within the range of 5e7 was the optimal initial pH for CBZ
degradation.

The effect of photocatalyst dosage on the photocatalytic degra-
dation of CBZ (5 mg/L) under visible-irradiation (3.65 mW/cm2)
was investigated (Fig. 5g and h). The photocatalytic degradation
rate of CBZ increased as the photocatalytic dosage was increased
from 0.2 g/L to 1.0 g/L. The degradation rate enhanced by the
photocatalyst dosage (up to 1.0 g/L) can be described due to
increased formation of free electrons and the decreased recombi-
nation rate of electron-hole pairs (e⁻/h⁺) in photocatalysis.
Increasing CBZ efficiency under visible-light irradiation resulted
from the increase in the total surface area available for the
5

photocatalytic reaction [39]. However, the rate constant to the
0.5 g/L usages was similar to the 1.0 g/L usage, indicating the
overdose photocatalysts might cause the aggregation of photo-
catalyst particles, consequently promoting the reduction effect of
the surface-active site and shielding effect against light emission in
the photocatalyst system [40,41]. Besides, given the overall treat-
ment costs and process effectiveness, the photocatalyst loaded in
the photoreactor system should be optimized. Thus, the 0.5 g/L
photocatalysts dosage was used as an optimal dosage for CBZ
degradation.

Based on the above discussions, we found AGO-1.0 could
effectively remove CBZ, degrading CBZ completely in 30 min.
Compared to other photocatalysts (Table 1), AGO-1.0 showed a
better performance to degrade CBZ. The apparent rate constant was
0.12 min�1, at the optimal condition: light intensity of 5.86 mW/
cm2, reaction temperature of 15e25 �C, pH of 5e7, and catalytic
dosage of 0.5 g/L.

3.3. CBZ degradation mechanism and reaction paths

To estimate the photocatalytic degradation mechanism of CBZ
over the Ag3PO4/GO photocatalyst under visible light irradiation, it
is important to ascertain the dominant active species involved. To
determine the effect of reactive oxygen species in the process,
isopropanol (IPA, 10 mM), benzoquinone (BQ, 10 mM), and potas-
sium iodide (KI, 10 mM) were added as scavengers to the CBZ so-
lutions (5 mg/L) containing 0.2 g/L catalysts. IPA, BQ, and KI were
used as scavengers of �OH, �O2

⁻ , and hþ, respectively [48e50]. As
shown in Fig. 6a, the addition of KI or BQ in the system results in a
fast deactivation in the CBZ degradation, while IPA added in the
system shows a little inhibition. The effect of radical trapping
agents on photocatalytic performances followed the order:
KI > BQ > IPA. The effect of hþ and �O2

⁻ radical on the photocatalytic
degradation of CBZ were the dominant mechanism, while �OH was
also important to degrade CBZ. In addition, the ESR measurement
was applied to identify the generation of �OH, �O2

⁻ , and hþ during
photocatalytic reaction caused by AGO-1.0 under 0 min dark con-
dition and 5 min illumination. 5, 5-dimethyl-1-pyrroline-N-oxide
(DMPO) could trap �OH and �O2

⁻ as scavengers, while hþ could react
with 2, 2, 6, 6-Tetramethyl-1-piperidinyloxy (TEMPO) [51,52]. As
displayed in Fig. 6b&c, strong characteristic peaks of DMPO-�OH
and DMPO-�O2

⁻ were observed, indicating that �OH and �O2
⁻ were

generated during the photocatalytic reaction [52]. And the weak-
ening of TEMPO ESR signals under visible light irradiation indicated
the existence of photogenerated hþ(Fig. 6d) [53]. Thus, hþ, �O2

⁻ , and
�OH were the dominant radicals in the photocatalytic reaction.

To better identify the intermediates and illustrate the degrada-
tion pathway of CBZ, UPLC-MS was applied to determine the pho-
todegradation process of CBZ by Ag3PO4/GO. Nine intermediates
were detected, their m/z values and molecular structures were
summarized in Table S2 and Fig. S6. The pathway of CBZ degrada-
tion by photocatalyst AGO-1.0 is shown in Fig. 7. CBZ (m/z ¼ 237)
was firstly transferred to TP252a due to the attack of �O2

⁻ and hþ

[54,55]. There are two main pathways after forming TP252a. For
pathway 1, TP252b was firstly formed from the epoxy bond cleav-
age of the TP252a [56]. TP252b was transformed to TP224 via
cleavage reaction and ring contraction reaction [57]. Then TP224
was transferred into TP195 via decarboxylation processes [58]. For
pathway 2, TP252a was further oxidized into TP259. Then TP259
was transferred into TP275 due to the attack on double bond in the
central heterocyclic ring [59]. Finally, further degradation indicated
ring-opening and produced TP151 and TP105.

The mechanism was proposed based on the above results and
discussions, as shown in Fig. 8. Under the irradiation of visible light,
photo-induced electron (e⁻) transfer into the conduction band, and
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Fig. 5. (aeb) Effects of light intensity on CBZ degradation by AGO-1.0 (Experimental conditions: Catalytic dosage ¼ 0.2 g/L, Reaction temperature ¼ 25 �C, Initial pH ¼ 6.8); (ced)
Effects of reaction temperature on CBZ degradation by AGO-1.0 (Experimental conditions: Light intensity ¼ 5.86 mW/cm2, Catalytic dosage ¼ 0.2 g/L, Initial pH ¼ 6.8); (eef) Effects
of initial pH on CBZ degradation by AGO-1.0 (Experimental conditions: Light intensity ¼ 5.86 mW/cm2, Catalytic dosage ¼ 0.2 g/L, Reaction temperature ¼ 25 �C); (geh) Effects of
catalyst dosage on CBZ degradation by AGO-1.0 (Experimental conditions: Light intensity ¼ 5.86 mW/cm2, Reaction temperature ¼ 25 �C, Initial pH ¼ 6.8).

Table 1
Photocatalytic decomposition of CBZ over various photocatalysts.

No. Catalysts Experimental conditions k (min�1) Ref.

1 AgIO3/BiVO4 CBZ ¼ 5 mg/L; Catalyst dose ¼ 1.0 g/L; Light intensity ¼ 89 mW/cm2 0.0896 [42]
2 PO4/H-ZSM-5/BiOCl CBZ ¼ 2.5 mg/L; Catalyst dose ¼ 0.8 g/L; Light ¼ 350 W Xeon light 0.0634 [43]
3 BiOCl CBZ ¼ 2.5 mg/L; Catalyst dose ¼ 0.5 g/L; Light ¼ 350 W Xeon light 0.0237 [15]
4 TiO2 CBZ ¼ 2.5 mg/L; Catalyst dose ¼ 0.5 g/L; Light ¼ 350 W Xeon light 0.0025 [15]
5 Nd doped Sb2O3/TiO2 CBZ ¼ 5.0 mg/L; Catalyst dose ¼ 0.5 g/L; Light ¼ UVC 0.049 [16]
6 NCDs-BC-1a CBZ ¼ 5.0 mg/L; Catalyst dose ¼ 0.8 g/L; Light ¼ 500 W Xeon light 0.0281 [44]
7 MB20b CBZ ¼ 1.0 mg/L; Catalyst dose ¼ 0.4 g/L; Light ¼ 300 W Xeon light 0.0484 [45]
8 M3Cu2

c CBZ ¼ 20 mg/L; Catalyst dose ¼ 0.3 g/L; Light ¼ 300 W Xeon light 0.0563 [46]
9 FeBrCQDs-4d CBZ ¼ 10 mg/L; Catalyst dose ¼ 0.6 g/L; Light ¼ 50 W visible LED light 0.0381 [47]
10 AGO-1.0 CBZ ¼ 5 mg/L; Catalyst dose ¼ 0.5 g/L; Light intensity ¼ 5.86 mW/cm2 0.12 This study

Note: a. NCDs-BC-1, Nitrogen-doped carbon dots decorated on BioBr/CeO2;
b. MB20, Ba embedded g-C3N4;
c. M3Cu2, Mg0.3Cu0.2Zn0.5Fe2O4;
d. FeBrCQDs-4, Fe3O4/BiOBr/CQDs.

Fig. 6. (a) Radical trapping experiment of AGO-1.0 on CBZ degradation with different quenchers; The ESR spectra of radical adducts trapped by (b) DMPO- �OH, (c) DMPO- �O2
⁻ , and

(d) TEMPO-hþ.
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hole (h⁺) was formed in the valence band (Eq. (1)) [60]. Then the e⁻
in the conduction band transferred rapidly to the surface of GO
sheets (Eq. (2)), and reacted with O2 dissolved in water and formed
the superoxide radicals (O2⁻�) (Eq. (3)) [61]. Besides, hydroxyl
7

radicals (�OH) would be formed when h⁺ reacted with H2O or OH⁻
(Eqs. (4) and (5)) [62]. Finally, CBZ would be removed and trans-
ferred to the ring-opening products by the oxidation of �OH and
O2⁻� (Eq. (6)).



Fig. 7. The proposed pathway of CBZ degradation by AGO-1.0.

Fig. 8. The scheme of CBZ photodegradation by Ag3PO4/GO.
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Ag3PO4 þhv/hþ þ e� (1)

Ag3PO4ðe�CBÞ/GOðe�CBÞ (2)

GOðe�CBÞþO2 / ,O�
2 (3)

hþ þH2O/,OHþ Hþ (4)

hþ þOH�/,OH (5)

CBZþhþ þ ,OHþ ,O�
2/Intermediates/H2Oþ CO2 (6)
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3.4. Stability of Ag3PO4/GO photocatalyst

In the practical application of photocatalyst in the degradation
process, stability is a key criterion, so the stabilities of Ag3PO4, AGO-
1.0 were investigated in this section. As shown in Fig. S7, the
degradation percentage decreased significantly for 1 cycle and
subsequently declined. And AGO-1.0 showed a small improvement
than pure Ag3PO4, owing to the inhibition of photo-corrosion of
Ag3PO4 by GO [63]. Besides, the XRD patterns of Ag3PO4 and AGO-
1.0 after the photocatalytic tests could further confirm the inhibi-
tory of GO on the photo-corrosion of Ag3PO4(Fig. S8). Combined
with GO, the peaks of Ag were much smaller than neat Ag3PO4,
suggesting GO could effectively prevent photo-corrosion of Ag3PO4.

4. Conclusions

Herein, an effective approach to remove CBZ was proposed by
using photocatalyst AGO-1.0 under visible-light irradiation. GO
would enhance the catalytic activity of Ag3PO4 over CBZ degrada-
tion through the visible-light utilization promotion and separation
of electron-hole recombination of Ag3PO4. The effect of reaction
parameters (light intensity, temperature, initial pH, and catalytic
dosage) was comprehensively investigated, and the optimum
conditions were as follows: the 5.86 mW/cm2 light intensity,
15e25 �C temperature, 5e7 pH, and 0.5 mg/L catalytic dosage. At
the optimum condition, CBZ could be removed effectively, and the
pseudo-first-order rate constant reached 0.12 min�1, which was 4
times higher than that of pristine Ag3PO4. Themain reactive oxygen
species were �OH and O2�. Furthermore, the pathway of CBZ
degradation by photocatalyst AGO-1.0 was also proposed to reveal
the underlying mechanism, and the main products were the low-
molecular products. This study provided a strategy to remove CBZ
effectively and shed light on the remediation of refractory
pollutants.
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