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ulfamethoxazole in water by
AgNbO3 photocatalyst mediated by persulfate

Chung-Shin Lu, *a Hwei-Yan Tsai,bc Janah Shaya,de Vladimir B. Golovko, f

Syuan-Yun Wang,b Wen-Jin Liug and Chiing-Chang Chen*g

In this paper, silver niobate (AgNbO3) material was synthesized by a solid-state reaction. AgNbO3 was

characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron

spectroscopy (XPS), UV-visible diffuse reflectance spectroscopy (DRS), and Brunauer–Emmett–Teller

(BET) measurement. The photocatalytic activity of AgNbO3 was investigated in degradation of

sulfamethoxazole (SMX) under visible light, which is a widely used antibiotic with significant threats

towards health and aquatic organisms. Persulfate (PS) oxidant was found to improve the efficiency of the

proposed photocatalytic removal of SMX by AgNbO3. The different operational parameters in the

AgNbO3/PS/Vis system were investigated. The best photocatalytic performance was achieved with 0.5 g

L−1 AgNbO3, 1.0 mM PS, and pH ¼ 5.0 as the optimal conditions, achieving 98% of SMX degradation

after 8 h of visible-light irradiation. Scavenger and electron spin resonance (ESR) experiments were

carried out to identify the major reactive species in the SMX degradation and to propose the

photocatalytic mechanism by the AgNbO3/PS/Vis system. The photodecomposition was found to be

majorly caused by holes and cO2
− species, with cOH and SO4c

− radicals contributing to improve the

photocatalytic process. The AgNbO3 catalyst was stable and reusable with efficient photocatalytic activity

in three successive recycling experiments and its XRD patterns remained virtually unchanged. The

reported process of PS activation by the AgNbO3 photocatalyst is promising for visible-light application

in remediation of antibiotic-contaminated water.
1. Introduction

Pollution caused by the increased use of antibiotics represents
a major concern for environmental and water treatment
research since they pose signicant health threats.1 Sulfame-
thoxazole(4-amino-N-(5-methyl-3-isoxazolyl)-
benzenesulfonamide, SMX) is one of the most widely utilized
antibiotics in medicines and feed additives in livestock
production.2 For instance, the total annual consumption of
SMX in China was�313 tons in 2013. SMX was listed among the
top 10 high-priority medications in a European review of
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pharmaceuticals and personal care products.3–5 In addition to
the high-consumption concern, SMX is known for its incom-
plete metabolization and/or absorption by biological systems in
humans and animals. This leads to excretion of considerable
amounts of SMX into wastewater systems through urine and
feces.6,7 The widespread use of SMX and the inadequacy of
traditional wastewater treatment methods in its complete
removal lead to the pervasiveness of this pollutant in aquatic
environments. High concentrations of SMX in surface water
(0.94 mg L−1) and wastewater treatment effluents (24.8 mg L−1)
have been previously reported.8 Other investigations of the
presence of pharmaceuticals in more than 100 river samples
from 27 European countries showed the SMX concentration
range to be 1 ng L−1 to 4.1 mg L−1.9 Residual SMX is toxic to
many aquatic species and causes drug resistance in humans
which leads to failure of antibiotic therapy.10,11 Thus, developing
effective treatment methods to limit the presence of SMX in
aquatic environments remains an important goal in environ-
mental research.

Several techniques have been investigated for treatment and
removal of SMX from water systems such as adsorption,
membrane separation, chemical oxidation, and biological
treatment.12–15 None of the studied methods was efficient in
removal or treatment of SMX because of its bio-refractory nature
RSC Adv., 2022, 12, 29709–29718 | 29709
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and toxicity at very low concentrations.11 In comparison to these
techniques, photocatalytic degradation of SMX under UV light
irradiation has been reported with good results. For instance,
TiO2 photocatalysis showed 30–95% removal of SMX (25–
100 mg L−1) under UV light irradiation for 60 min.16,17 Despite
its efficiency, TiO2 applications in photodecomposition of SMX
and other pollutants are still limited since they need UV light for
TiO2 activation. UV light only accounts for 3 to 5% of the solar
energy. Therefore, developing visible-light-active photocatalysts
is still a major goal for researchers to make photocatalytic water
treatment more applicable.

Several reports have shown that niobate-based materials
(e.g., Nb2O5,18 NaNbO3,19 ZnNb2O6,20 and K4Nb6O17 (ref. 21))
exhibit good chemical stability and photocatalytic properties
with higher conduction band edge. The wide band energy of
these niobate materials (�3.4 eV) and their excitation by UV
light also represent major disadvantages in their photo-
catalytic applications.22 Among the niobate-based materials,
AgNbO3 exhibits a smaller bandgap (�2.8 eV) and strong
potential in visible-light driven processes and other appli-
cations such as microwave communications and microelec-
tronic technology.23 Some studies have reported signicant
visible-light activity of AgNbO3 in O2 evolution from aqueous
AgNO3 solutions24 and in photodegradation of pollutants
such as methyl orange, methyl blue, rhodamine B, and 4-
chlorophenol.25–28

Previous studies have also demonstrated the benets of
incorporating free radical species such as sulfate and hydroxyl
radicals to improve the photocatalytic activity of semi-
conductors. Sulfate radicals were superior to hydroxyl radicals
in photocatalytic applications because of their prolonged
lifetime, wide pH range (2–9), and high reactive potential (2.5–
3.1 eV).29–31 Commonly used sources of sulfate radicals are
peroxymonosulfate (PMS, HSO5

−) and persulfate (PS, S2O8
2−).

In comparison to PMS, PS is more stable under ambient
conditions, less expensive, and is needed in smaller concen-
trations in degradation applications.32 Moreover, the end-
products generated by PS are sulfate anions, which are not
considered as pollutants for their inertness.33 Different strat-
egies have been investigated to activate PS, such as UV irra-
diation, heat, and ultrasound.34–36 Likewise, electron transfer
of transition metal ions (e.g., Co2+, Cu2+, Fe2+) is also applied
in homogeneous activation processes.37–39 The latter activation
method is limited by a small pH range and the formation of
metal sludge.40 Heterogeneous catalysts such as Co3O4,
Mn3O4, and Fe3O4 were thus used to activate PS and overcome
these disadvantages.41–43

The photocatalytic oxidation performance of AgNbO3 in the
presence of PS has not been investigated yet, to the best of our
knowledge. In line with our research on photocatalytic water
treatment methods,44–49 this study reports the rst investigation
of visible-light driven photocatalytic degradation of an organic
pollutant (SMX) using AgNbO3/PS system. The major objectives
were: (1) synthesizing and characterizing AgNbO3 materials via
the solid-state reaction; (2) assessing the photocatalytic activity
of AgNbO3 in the presence of PS oxidant and nding optimal
conditions for SMX degradation (AgNbO3 catalytic dosage,
29710 | RSC Adv., 2022, 12, 29709–29718
concentration of PS, and initial pH); (3) evaluating the stability
and reusability of the AgNbO3 photocatalyst; and (4) under-
standing the photocatalytic mechanism and the principal active
species in the degradation of SMX with the AgNbO3/PS/Vis
system.

2. Experimental
2.1. Materials

Sulfamethoxazole (99.7%) was obtained from Sigma-Aldrich
and used without additional purication. An aqueous stock
solution of SMX (10 mg L−1) was prepared, protected from
light, and stored at 4 �C. HPLC analysis was used to conrm
the presence of SMX as a pure organic compound. Silver
nitrate (99%) and niobium(V) oxide (99.9%) were also ob-
tained from Aldrich and used as the sources of the silver and
the niobate in the preparation of the photocatalysts. Potas-
sium persulfate (K2S2O8, 99%) was purchased from Panreac
and used as the PS source. P25 TiO2 was obtained from
Degussa. Sodium hydroxide, nitric acid, reagent-grade
ammonium acetate, and HPLC-grade methanol were
purchased from Merck. Water was puried with a Milli-Q
water ion-exchange system (Millipore Co.) for a resistivity of
1.8 � 107 U cm, and the deionized water was utilized in all the
experiments.

2.2. Preparation and characterization of silver niobate

AgNbO3 powders were synthesized using the solid-state reaction
method. 2.1 mmol of AgNO3 and 1.0 mmol of Nb2O5 were mixed
by manual grinding (agate mortar and pestle) for 30 min. The
mixture was calcined for 5 h in an alumina crucible at 880 �C.
The sample was naturally cooled down to ambient temperature.
The impurities were removed by successive treatment with
concentrated HNO3 and H2O. The nal powder was dried for
12 h in an oven at 60 �C.

The composition and phase of the AgNbO3 sample were
studied using an X-ray diffractometer (PHILIPS X’PERT Pro
MPD). Field-emission scanning electron microscope (FE-SEM,
HITACHI S-4800) was used to study the morphology. UV-vis
spectrophotometer equipped with an integration sphere
(PerkinElmer Lambda 35) was utilized to record the UV-vis
diffuse reectance spectra. The BET specic surface area of the
sample was measured with an automatic system (Micro-
meritics Gemini) using nitrogen gas as the adsorbate, at liquid
nitrogen temperature. The binding energy of Ag, Nb, and O
were measured at ambient conditions using an X-ray photo-
electron spectroscope (XPS, VG Scientic ESCALAB 250). C 1s
(284.6 eV) was used to correct the peak position of each
element.

2.3. Apparatus and instruments for photocatalytic
degradation experiments

The apparatus for the SMX photocatalytic degradation exper-
iments is described elsewhere.50 The C-75 Chromato-Vue UVP
cabinet provided a wide area of illumination from 4 W visible-
light tubes positioned on two sides of the cabinet interior. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) SEM image and (b) EDS spectrum of the as-prepared
AgNbO3 photocatalyst.
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amount of SMX in the aqueous solution was determined using
a Waters LC system, equipped with a binary pump, an auto-
sampler, and a photodiode array detector. The electronic spin
resonance (ESR) signals of the radicals, trapped by 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO), were recorded
on a Bruker EMX A300-10/12 (Germany) with a microwave
bridge (microwave frequency, 9.85 GHz; microwave power,
22.8 mW; modulation frequency, 100 kHz; modulation
amplitude, 1 G).

2.4. Procedures and analysis

In each photodegradation experiment, a 100 mL aqueous
solution comprising SMX (10 mg L−1) and a certain dosage of
AgNbO3 (0.1, 0.25, 0.5, or 1.0 g L−1) were used at a xed pH
value. The initial pH of the solution was adjusted accordingly
by adding either HNO3 or NaOH solution. Each suspension
was magnetically stirred in the dark for �30 min before
irradiation in order to ensure achieving an adsorption–
desorption equilibrium. An appropriate amount of PS (0.5,
0.75, 1.0, or 1.25 mM) was subsequently added according to
each experiment. Irradiation was performed using two uo-
rescent lamps (F4T5/CW, Philips Lighting Co.), mainly
providing visible light in the range of 400–700 nm. The
average light intensity striking the surface of the solution was
�1420 lux; measured by a digital luxmeter (XRP-3000
AccuMAX™). At a periodic interval, the suspension was
sampled (5 mL) and centrifuged (30 min at 3000 rpm) to
separate the AgNbO3 material. The amount of SMX was then
quantied using High-Performance Liquid Chromatography
(HPLC). The HPLC solvent system was: solvent A: 25 mM
aqueous ammonium acetate buffer (pH 6.9), and solvent B:
methanol. The ow rate of the mobile phase was pro-
grammed at 1 mL min−1. The used linear gradient was: t ¼ 0,
A ¼ 95, B ¼ 5; t ¼ 20, A ¼ 50, B ¼ 50; t ¼ 35–40, A ¼ 10, B ¼ 90;
and t ¼ 45, A ¼ 95, B ¼ 5. The wavelength used to monitor the
elution was 260 nm. Atlantis™ dC18 column (250 mm �
4.6 mm i.d., dp ¼ 5 mm) was utilized for the LC analysis. The
photocatalytic activity is analyzed using C/C0 as a function of t
(irradiation time), where C and C0 represent the SMX
concentration at a given time and the initial SMX concen-
tration, respectively.
Fig. 1 XRD pattern of the as-prepared AgNbO3 photocatalyst.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3. Results and discussion
3.1. Characterization of silver niobate

The X-ray diffraction pattern of the as-prepared AgNbO3 pho-
tocatalyst is displayed in Fig. 1. The diffraction peaks were
located at 2q ¼ 32.2�, 39.8�, 46.0�, 57.4�, and 67.4�; corre-
sponding to (1 1 4), (0 2 4), (2 2 0), (3 1 4), and (1 3 7) crystalline
planes of cubic phase of AgNbO3 (JCPDS no. 52-0405), respec-
tively.51,52 No other peaks were observed in the spectrum,
attesting for the high purity of the prepared sample. The eld-
emission SEM image (Fig. 2a) shows the morphology of the
powder as clusters of aggregates of smaller AgNbO3 particles
formed in irregular stack shapes with a size distribution range
of 0.5–1.5 mm. Lastly, the EDS results in Fig. 2b show that silver,
niobium, and oxygen are the main elements of the synthesized
material.

The photocatalytic activity of a semiconductor is mainly
inferred from its optical absorption property, which is relevant
to its electronic structure.53 For this purpose, the UV-vis diffuse
reectance spectrum of the prepared AgNbO3 was recorded
(Fig. 3a). The photoabsorption of AgNbO3 was found to span the
range from UV to visible light shorter than 450 nm. The steep-
edged intense absorption in the visible light region indicates
that it originates from band-to-band transition and not from
transitions in impurity levels.54 The band gap energies were
estimated using the following relationship: (ahn)n ¼ k(hn − Eg).
In this equation, a refers to the absorption coefficient, hn
represents the photonic energy, k is a constant, Eg is the
absorption band gap energy, and the value of n is 2 or 0.5 for
direct and indirect band gap semiconductors, respectively.55

The (ahn)2 vs. hn plot of the sample is presented in Fig. 3b. The
band gap (Eg) of AgNbO3 was found to be 2.71 eV, which is
convenient for photocatalytic degradation of organic contami-
nants using visible-light irradiation.

The chemical composition and the valence states of the
elements in the prepared AgNbO3 powder were further investi-
gated by XPS analysis. The spectra are displayed in Fig. 4,
showing the characteristic spin–orbit split signals of Ag 3d3/2
and Ag 3d5/2, Nb 3d3/2 and Nb 3d5/2, as well as O 1s peak. The
two peaks at 367.8 and 373.6 eV in the Ag 3d XPS spectrum
(Fig. 4a) correspond to Ag 3d5/2 and Ag 3d3/2 of Ag

+, conrming
a valence state of +1 for the silver metal. The Nb spectrum
RSC Adv., 2022, 12, 29709–29718 | 29711
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Fig. 3 (a) UV-vis diffuse reflectance spectrum of the as-prepared
AgNbO3 photocatalyst; (b) plots of (ahn)2 versus energy (hn) for
calculating the band gap energy.
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(Fig. 4b) shows two peaks at 206.8 and 209.6 eV with 2.8 eV spin–
orbit separation, attributed to 3d5/2 and 3d3/2 of niobium with
+5 valence state. The observed O 1s peak at 529.8 eV (Fig. 4c) is
ascribed to the lattice oxygen in the crystalline silver niobate.56

Fig. 5 shows the nitrogen adsorption–desorption isotherm of
silver niobate. The sample exhibits a type-III isotherm.57 The
BET surface area, pore volume and pore size of the silver
niobate sample are 0.52 m2 g−1, 0.002 cm3 g−1 and 178.9 nm,
respectively.
Fig. 4 XPS spectra of the as-prepared AgNbO3 photocatalyst: (a) Ag
3d; (b) Nb 3d; (c) O 1s.
3.2. Photocatalytic performance

The photocatalytic degradation of SMX was studied to identify
the contribution of the AgNbO3 catalyst, PS oxidant, and visible-
light irradiation in the process. The results of these experiments
are presented in Fig. 6. Under visible-light irradiation only
(without AgNbO3 photocatalyst), the concentration of SMX
remained almost the same in 12 h, implying that SMX is stable
under this photolysis condition. Likewise, only 5% of SMX was
degraded under visible-light irradiation for 12 h when PS alone
was added to the system, inferring that PS oxidant is not acti-
vated by visible light alone. Considering AgNbO3 experiments,
�7% of SMX was removed by adsorption on the silver niobate
29712 | RSC Adv., 2022, 12, 29709–29718
surface in the dark experiment, and 28% SMX was degraded by
AgNbO3 under visible-light irradiation for 12 h. The latter
results conrm the photocatalytic role of AgNbO3 in SMX
decomposition. The degradation efficiency of SMX was greatly
improved when AgNbO3 and PS were used together with visible-
light irradiation, achieving almost complete degradation (98%)
in 8 h. Thus, PS was an effective oxidant that accelerated the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) The effect of AgNbO3 dosage on sulfamethoxazole removal
in the AgNbO3/PS/Vis system. Experimental condition: sulfamethox-
azole ¼ 10 mg L−1, PS ¼ 1.0 mM, initial pH ¼ 5. (b) Photodegradation
kinetics of sulfamethoxazole in the AgNbO3/PS/Vis system.

Fig. 5 N2 adsorption/desorption isotherms of AgNbO3 sample.

Fig. 6 Comparison of the removal performance using various
systems. Unless otherwise stated, the reaction conditions are based
on: sulfamethoxazole ¼ 10 mg L−1, catalyst ¼ 0.5 g L−1, PS ¼ 1.0 mM,
without pH adjustment.
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degradation rate of SMX in the AgNbO3/Vis system by prevent-
ing the recombination of the photogenerated electrons and
holes and by forming SO4c

− radicals that participate in the
oxidation of SMX (eqn (1)–(3)).58

AgNbO3 + hn / hVB
+ + eCB

− (1)

S2O8
2− + eCB

− / SO4c
− + SO4

2− (2)

SMX + SO4c
− / SO4

2− + degradation products of SMX (3)

The photocatalytic performance of the AgNbO3 material was
compared to the conventional titanium(IV) oxide semiconductor
(TiO2, P25, 0.5 g L−1) under the same conditions (visible light,
PS oxidant, etc.). The results of the TiO2/PS catalytic system
(Fig. 6) showed little photocatalytic activity with an SMX
degradation rate less than 30% because of TiO2 needs UV light
for activation. In comparison, the AgNbO3/PS system resulted in
a degradation rate over 98%, showing an extremely efficient
visible-light photocatalytic activity.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.3. Effects of the catalytic dosage and concentration of the
oxidant

The photodegradation of SMX by the AgNbO3/PS/Vis system was
optimized by studying various catalytic dosages of AgNbO3,
concentrations of the PS oxidant, and initial pH conditions. The
employed AgNbO3 catalyst was varied between 0.1 and 1.0 g L−1

and the results of the degradation experiments are presented in
Fig. 7. SMX removal was negligible in the absence of AgNbO3, as
found before. However, increasing the AgNbO3 concentration
from 0.1 to 0.5 g L−1 enhanced the photodegradation efficiency
of SMX from 47% to 98% under visible-light irradiation for 8 h.
This enhancement in the photodegradation rates can be
attributed to the increase in the accessible catalytic active sites
(total surface area) for photocatalytic reactions and PS activa-
tion. This results in more effective formation of active radi-
cals.29,49 0.5 g L−1 was found to be the optimal catalytic dosage
aer which the photodegradation efficiency of SMX slightly
decreased. This decrease might be resulting from scattering of
light and reduction of its transmission (shielding effect)
RSC Adv., 2022, 12, 29709–29718 | 29713

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03408e


Table 1 Kinetic parameters (rate constants and linear regression
coefficients R2) for photocatalytic degradation of sulfamethoxazole at
various catalyst dosages

Catalyst dosage (g L−1) kapp (h−1) R2

0 0.0064 0.9173
0.1 0.0781 0.9735
0.25 0.1467 0.9790
0.5 0.4877 0.9943
1.0 0.3030 0.9968

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 7
:0

5:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
through the solution because of the increased turbidity and
opacity from the excess photocatalyst.29

Fig. 7b presents the regression analyses based on the rst-
order reaction kinetics for the photocatalytic degradation of
SMX. The plots of ln C0/C ¼ kappt were used to estimate the
degradation rate constants (kapp) from their slopes (summa-
rized in Table 1 with the linear regression coefficients). The
values show that rst-order kinetics appear to t the photo-
degradation of SMX, and demonstrate that 0.5 g L−1 of AgNbO3

is the optimal catalytic dosage. 0.5 g L−1 of AgNbO3 was retained
in all the experiments that followed.

The results of the SMX degradation experiments with
different PS concentrations are presented in Fig. 8. These
results demonstrate the signicant role of the oxidant concen-
tration in the studied process. It was found that increasing the
PS concentration from 0.5 to 1.0 mM improved the photo-
catalytic degradation efficiency of SMX from 37% to 98% in 8 h.
Aer 1.0 mM, the degradation efficiency was reduced by the
increase of PS concentration (1.25 mM). The excess PS can
scavenge the active sulfate radicals and compete with their
reactions with SMX forming PS radicals (S2O8c

−) with lower
reduction potential than that of SO4c

− (eqn (4)), consequently
reducing the SMX degradation efficiency.59 In addition, the
increase in the concentration of SO4

2− ion produced from
excess PS (eqn (2)) was also reported as a cause for saturation of
Fig. 8 The effect of PS concentration on sulfamethoxazole removal in
the AgNbO3/PS/Vis system. Experimental conditions: sulfamethox-
azole ¼ 10 mg L−1, catalyst ¼ 0.5 g L−1, initial pH ¼ 5.

29714 | RSC Adv., 2022, 12, 29709–29718
degradation rates by adsorption on the photocatalytic surface
and reduction of accessible catalytic sites.60 Adsorbed SO4

2−

ions might further react with other active species such as cOH
radicals (eqn (5)) and photogenerated holes (eqn (6)) forming
less active SO4c

− radicals and thus suppressing the degradation
rate.

S2O8
2− + SO4c

− / SO4
2− + S2O8c

− (4)

SO4
2− + cOH / SO4c

− + OH− (5)

SO4
2− + hVB

+ / SO4c
− (6)
3.4. Effect of initial pH value

The impact of the initial pH value on SMX removal efficiency by
AgNbO3/PS/Vis (0.5 g L−1, 10 mg L−1, and 1.0 mM respectively)
was studied using acidic (pH ¼ 5), neutral (pH ¼ 7), and alka-
line (pH ¼ 9) solutions. The results are depicted in Fig. 9,
demonstrating the important effect of pH on the degradation of
SMX. When the initial pH was increased from 5 to 9, the
degradation efficiency of SMX dropped from 98% to 27% under
visible-light irradiation for 8 h. In acidic solutions, S2O8

2− and
the formed HS2O8

− (eqn (7)) can easily be adsorbed onto the
positively charged AgNbO3 surface. This results in easier
generation of the reactive SO4c

− species (eqn (2)) by facilitating
the reaction between the photogenerated electron in the
conduction band and the persulfate.33 Alkaline solutions induce
the presence of negative charges on the surface of the catalyst,
which repel the PS anions. This in turn causes a smaller amount
of PS to be activated and decreases the SMX degradation
efficiency.59

S2O8
2− + H+ / HS2O8

− K < 0.05 (7)
Fig. 9 The effect of initial pH on sulfamethoxazole removal in the
AgNbO3/PS/Vis system. Experimental condition: sulfamethoxazole ¼
10 mg L−1, catalyst ¼ 0.5 g L−1, PS ¼ 1.0 mM.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.5. Active species in photodegradation of SMX

Quenching studies and ESR measurements were used to iden-
tify the major reactive radical species in the photocatalytic
decomposition of SMX by the AgNbO3/PS/Vis system. Methanol
(MeOH) was used to quench SO4c

− (k ¼ 2.5 � 107 M−1 s−1) and
cOH (k ¼ 9.7 � 108 M−1 s−1) radicals. tert-Butyl alcohol (TBA)
was added as a more selective scavenger for the cOH radicals.
The rate constant of the latter with cOH is 3.8–7.6 � 108 M−1

s−1, �1000-fold faster than its reaction with SO4c
− species (k ¼

4.0–9.1 � 105 M−1 s−1).29 Ammonium oxalate (AO), benzoqui-
none (BQ), and sodium azide (SA) were used to scavenge the h+,
cO2

−, and 1O2 potential active species, respectively.49,61 Fig. 10
displays the SMX degradation efficiency with the AgNbO3/PS/Vis
system in the presence and absence of scavengers. Compared to
the control experiment without any scavenger, AO (1 mM)
strongly reduced the degradation efficiency from 98% to 26% in
8 h, inferring the signicant role of h+ in the studied degrada-
tion. BQ (1 mM) showed a comparable inhibition to 45%,
Fig. 10 Photocatalytic degradation of sulfamethoxazole with
AgNbO3/PS/Vis in the absence and presence of scavengers (AO, BQ,
SA, MeOH and TBA) under visible-light irradiation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
indicating that cO2
− radicals participate in the degradation

reaction. A negligible change was obtained in the degradation
efficiencies when SA was added. This shows that 1O2 species
plays a less important role in the photocatalytic degradation of
SMX. Fig. 10b shows that low concentrations (1 mM) of TBA and
MeOH induced much smaller inhibition of the degradation
process to 92% and 74% in 8 h, respectively. Increasing the
respective concentrations of the latter scavengers to 100 mM
further inhibited the rates to 68% and 48% in 8 h. It can be
concluded that cOH and SO4c

− radicals contribute to the tested
photocatalytic process that is mainly driven by the holes and
cO2

− species.
The ESR spin-trap technique (with 5,5-dimethylpyridine-N-

oxide (DMPO)) was further employed to identify the generated
radicals in SMX degradation by the AgNbO3/PS/Vis system
(Fig. 11). No ESR signal was found in the dark experiment.
Fig. 11 5,5-Dimethylpyridine-N-oxide (DMPO) spin-trapping ESR
spectra for DMPO-cO2

−, DMPO-cOH and DMPO-cSO4
− under visible-

light irradiation with AgNbO3/PS/Vis. (a) DMPO-cO2
− (b) DMPO-cOH

and DMPO-cSO4
−.
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Fig. 13 (a) Cycling runs and (b) XRD patterns acquired before and after
the photocatalytic degradation of sulfamethoxazole in the presence of
AgNbO3 (0.5 g L−1) and PS (1.0 mM) under visible-light irradiation.

Fig. 12 Schematic diagram illustrating the photocatalytic mechanism
of the AgNbO3/PS/Vis system.
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Under visible-light irradiation, characteristic signals of reactive
oxygen species were observed showing the photoactivation of
the AgNbO3 catalyst. Signals for DMPO-cO2

− (intensity ratios of
1 : 1 : 1 : 1) and DMPO-cOH (intensity ratios of 1 : 2 : 2 : 1) spin
adducts clearly appeared.29 In addition, DMPO-cSO4

− signals
were identied in the AgNbO3/PS/Vis catalytic process. The ESR
results are in accordance with the results of the scavenger
experiments.

The mechanism of the photocatalytic degradation of SMX by
the AgNbO3/PS/Vis system is proposed in Fig. 12 based on the
ndings in this study. Upon photoexcitation by visible light,
electrons from the valence band (VB) of the AgNbO3 catalyst are
promoted to the conduction band (CB), forming holes (hVB

+)
and free electrons (eCB

−) on the surface of the catalyst. The
holes have strong oxidizing power and can directly participate
in oxidation of the SMX molecules. The free electrons can react
with molecular oxygen in the solution and form cO2

− and cOH
active radicals.48 The oxidative holes and the active oxygen
radicals attack the organic pollutants and degrade them grad-
ually. The addition of PS to the reaction system improved the
separation efficiency of the photogenerated charge carriers and
slowed the rate of their recombination. Moreover, PS acted as an
acceptor for the photogenerated electrons forming reactive
SO4c

− and cOH species for SMX oxidation.62,63 In sum, incor-
porating the PS oxidant to the AgNbO3/Vis system signicantly
improved the SMX degradation efficiency.
3.6. Efficiency of the catalytic system in recycling
experiments

Practical photocatalytic applications depend on the stability of
the photocatalyst. The stability and efficiency of the AgNbO3/PS/
Vis catalytic system were hence assessed in 3 successive recy-
cling experiments of SMX removal. Aer each run, the AgNbO3

material was collected from the solution, dried, and reutilized
in the next photocatalytic experiment under the same condi-
tions. The results (Fig. 13a) show the stability and reusability of
the AgNbO3 catalyst in SMX degradation with a small reduction
of its photocatalytic activity to 82% in the third run. This is due
to the inevitable loss of the AgNbO3 in the recycling and
sampling of SMX aliquots for analysis. The stability is further
evidenced by the insignicant change in the XRD patterns of the
fresh and reused AgNbO3 catalysts (Fig. 13b). The same
29716 | RSC Adv., 2022, 12, 29709–29718
characteristic peaks of (1 1 4), (0 2 4), (2 2 0), (3 1 4), and (1 3 7)
planes of standard XRD JCPDS card for AgNbO3 were
observed.51,52 The present investigation favor the efficient long-
term application of the AgNbO3/PS/Vis catalytic system in SMX
removal and water treatment without photocorrosion.
4. Conclusions

A catalytic system consisting of AgNbO3material and PS oxidant
was proposed for photocatalytic degradation of sulfamethox-
azole under visible-light irradiation. PS was found to be an
efficient oxidant that signicantly accelerates the AgNbO3/Vis
system and improves its photocatalytic performance for SMX
degradation. The optimal conditions for the proposed SMX
removal method were investigated. The photodegradation rate
increased with increasing the catalyst dosage to 0.5 g L−1 and
with increasing the PS concentration to 1.0 mM as optimal
© 2022 The Author(s). Published by the Royal Society of Chemistry
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conditions. Acidic solutions were found to be more suitable for
SMX degradation by the studied system. The degradation rates
were reduced considerably in neutral and alkaline solutions.
Photogenerated holes and cO2

− radicals were the major reactive
species in the process, with some contributions from other
radicals such as cOH and SO4c

−. The AgNbO3 catalyst demon-
strated its stability and reusability in recycling experiments
without noticeable changes in its XRD patterns upon its use in
photodecomposition of SMX. The chemical stability and
durable photocatalytic activity of the AgNbO3 material as well as
the efficiency of AgNbO3/PS/Vis system in SMX degradation
show its potential in wastewater treatment applications.
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