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The contamination of antibiotics in aqueous environment causes increasing concerns recently. Light-
assisted activation of peroxydisulfate (PDS) has been demonstrated as an efficient technology for removal
of contamination inwater. Herein, a hollow sphere of CuWO4 (h-CuWO4)was employed as a visible light-
activated photocatalyst for the activation of PDS, and following with high removal efficiency [38_TD$DIFF](98%) of
antibiotic sulfamethoxazole (SMX). Under visible light irradiation, the degradation rate on hollow
structures system is nearly 2 times higher than the traditional solid CuWO4 spheres. Furthermore, the
underlying mechanism and detailed pathway of SMX degradation were proposed based on density
functional theory (DFT) calculations and liquid chromatography-mass spectrometry (LC–MS). This work
provides a new feasible way for advanced oxidation processes to remove antibiotics SMX in
heterogeneous system, and open up new application possibilities of CuWO4-based materials.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Recently, the contamination of the aqueous environment by
antibiotics has been observed in various kinds of water and has
attracted increasing concerns [1–3]. Sulfamethoxazole (SMX), as a
bacteriostatic sulfonamide, is mainly used in the anti-infection
treatment of avian cholera to prevent urinary tract infection,
respiratory tract infection and intestinal infection [4,5]. Due to the
less efficient elimination of SMX in conventional waste water
treatment plants, a large portion of SMX is discharged unchanged
into the sewage system [6,7]. Therefore, effective methods for
removal of SMX from water have become a hot topic.

Advanced oxidation processes (AOPs) based on the peroxydi-
sulfate (PDS), because of their efficient degradation performance
and adaptability of the emerging contaminants, have gained
increasing attention recently [8–10]. This is because the activation
of PDS can generate reactive sulfate radicals (SO4

��
[39_TD$DIFF]), which possess

higher redox potential and longer lifetime than hydroxyl radicals
(
�
[40_TD$DIFF]OH) [11,12]. Generally, PDS can be activated by using homoge-

neous transition metal ions, such as Fe(II), Co(II) or Ag(I), etc.
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[13,14]. However, the discharge of these metal ions into water
bodies would lead to serious secondary contamination. Therefore,
it is extremely desirable to design novel and well-defined catalysts
for the effective activation of PDS.

Photocatalytic technology has attracted extensive attention for
removal of organic pollutants, owing to its superior performances
such as room temperature operation, solar energy ultization and
secondary contamination [15–17]. More recently, combining with
photocatalytic techbolgy, light-assisted activation of PDS has been
demonstrated as an efficient and green technology for removal of
contamination in water [18–23]. Copper tungstate (CuWO4) as a
well-known n-type semiconductor which owns narrow band gap
(2.2–2.4 eV), is used to be a photocatalyst in various photocatalytic
applications [24,25]. On one hand, the property of narrow bandgap
semiconductor provides higher ability for conversion of solar
energy to chemical energy and then to activate PDS. On the other
hand, CuWO4 has abundant architectures, which will show
interesting property based on unique structure and open up
new application opportunities. For example, we successfully
synthesized solid and hollow spheres CuWO4 structures, in which
hollow spheres structure has higher adsorption ability for the
removal of dyes pollutants [26].

The above attractive results inspire us to take the advantage of
the narrow bandgap and unique architecture of CuWO4 to
construct a visible-light activated PDS system. Herein, we used
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Fig. 1. SEM (a and b) and TEM (c and d) images of h-CuWO4 structures.
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hollow CuWO4 spheres (h-CuWO4) to activate PDS under visible
light illumination, and then the produced radicals triggered the
removal of antibiotic SMX. The result shows that the h-CuWO4

exhibits higher removal rate of SMX than solid CuWO4 spheres
(s-CuWO4) in the presence of PDS under visible light (VL)
irradiation. Electron paramagnetic resonance (EPR) and quenching
experiments show that sulfate radical (SO4

��
[39_TD$DIFF]), hydroxyl radicals

(
�
[40_TD$DIFF]OH), singlet oxygen (1O2) and photo-generated holes contributed

to the degradation of SMX in h-CuWO4/PDS/VL system. At the same
time, density functional theory (DFT) calculations and liquid
chromatography-mass spectrometry (LC–MS) were applied to
obtain understanding of the SMX degradation mechanism and
pathways.

To reveal the architectures-structures of as-prepared samples,
scanning electron microscope (SEM) and transmission electron
microscopy (TEM) an images of h-CuWO4 and s-CuWO4 were
measured. SEM images of the h-CuWO4 ([41_TD$DIFF]Figs. 1a and b) show the
uniform dispersed grain-like morphology. Moreover, relatively
rough and some of the cracks and incomplete parts clearly show
the hollow structure of the h-CuWO4. As shown in the [41_TD$DIFF]Figs. 1c and
d, TEM images of h-CuWO4 further confirm the hollow structure.
The corresponding SEM and TEM images of s-CuWO4 were shown

[(Fig._2)TD$FIG]

Fig. 2. (a) SMX degradation and (b) pseudo-first order kinetics of SMX degradation un
mmol/L, [SMX]0 = 10mg/L, [h-CuWO4] = [s-CuWO4] = 0.375 g/L, pH = 9.0 and T = 25 �C
in Fig. S1 (Supporting information). Besides the basic morphology
properties, X-ray diffractometer (XRD) patterns, X-ray photoelec-
tron spectroscopy (XPS) and UV–vis diffuse reflectance spectra of
h-CuWO4 and s-CuWO4 were provided in Figs. S2–4 (Supporting
information). All the data indicate the successful formation of the
CuWO4 samples. The obvious light absorption in visible light range
predicts the applicationpossibility of the samples for the activation
of PDS to remove the antibiotic pollutants.

Fig. S5 (Supporting information) shows that the PDS alonewith/
without visible light conditions were hardly degrade SMX,
indicating limited efficiency of PDS activation by using pure
PDS. To study the photo-assisted PDS activation of h-CuWO4 and s-
CuWO4, control experiments using h-CuWO4/PDS, h-CuWO4/VL, h-
CuWO4/PDS/VL, and s-CuWO4/PDS, s-CuWO4/VL, s-CuWO4/PDS/VL
systems were evaluated and shown in Fig. 2a. First, the adsorption
experiments show that less than 2% of SMX are removed by
adsorption, which indicates that adsorption isn’t the main process
for removing SMX. Within 180min of the reaction, s-CuWO4/VL
system had negligible degradation activity, while h-CuWO4/VL
system showed that the degradation efficiency of SMX is [42_TD$DIFF]8.7%. In
the presence of PDS, the degradation efficiencies for s-CuWO4 and
h-CuWO4 systems increased to [43_TD$DIFF]11% and 15%, respectively. However,
under the visible light-assisted activation of PDS, s-CuWO4/PDS/VL
system and h-CuWO4/PDS/VL system achieved degradation
efficiencies of [44_TD$DIFF]80% and 98%, respectively. As shown in Fig. 2b,
the observed rate (k) of SMX degradation by h-CuWO4/PDS/VL
system was 0.022min�1, which is nearly 2 times higher than s-
CuWO4/PDS/VL system (0.008min�1). The reason for such increase
is due to special hollow structure resulting in the carries’ multiple
reflection inside the cavity [27], which leading the h-CuWO4

effectively to suppress the recombination rates of photo-induced
electron-hole pairs [26]. Compared with the recent reports on
light-assisted PDS for removal of pollutants, the optimal h-CuWO4

shows a remarkable catalytic performance (Table S1 in Supporting
information).

The effects of h-CuWO4/PDS/VL system about operation
parameters on degradation of SMX and h-CuWO4 reproducibility
were investigated, and the results were shown in Fig. S6
(Supporting information). Beside the activity, another issue of
catalyst is reproducibility. Three cycling experiments of h-CuWO4

for degradation SMX were performed (Fig. S7a in Supporting
information). The results showed only slight decrease after three
cycles. Moreover, the corresponding XRD pattern of h-CuWO4

(Fig. S7b in Supporting information) further indicated little change
for the used h-CuWO4 compared with the fresh one. We also
investigated leaching concentration of Cu2+ in the residual SMX
solution, and only [45_TD$DIFF]0.2% of Cu2+ is leaching after reaction (Fig. S8 in
Supporting information). These results confirmed the good
reusability and stability of h-CuWO4.
der PDS activation by different materials. Experimental conditions: [PDS]0 = 1.85
.
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Fig. 3. EPR spectra of multiple h-CuWO4/PDS/VL systems. (a) DMPO-OH, DMPO-SO4
��;[33_TD$DIFF] (b) TEMP-1O2.
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Fig. 4. Proposed degradation pathways of SMX in h-CuWO4/PDS/VL system.
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Fig. 5. Proposed mechanism of SMX degradation in h-CuWO4/PDS/VL system.
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In order to investigate the species of radicals in the h-CuWO4/
PDS/VL system, different free radical quenchers (i.e., methanol,
TBA, KI and FFA) were applied for identifying the primary radical
species. The detailed results were shown in Fig. S9 (Supporting
information), which indicate that the species of �OH, SO4

��,[46_TD$DIFF] 1O2

radicals and photo-generated holes play synergy actions for the
removal of SMX pollutants.

To further confirm the presence of
�
[47_TD$DIFF]OH, SO4

�� and 1O2 radicals in
the h-CuWO4/PDS/VL system, electron paramagnetic resonance
(EPR) technique was carried out. In Fig. 3a, both of the h-CuWO4/
PDS system and h-CuWO4/PDS/VL system have the characteristic
signals of DMPO-OH (four-line signal with the intensities of
1:2:2:1 and special hyperfine coupling constants of αN =
αH = 14.9 G [28]) and DMPO-SO4, indicating h-CuWO4 can promote
the generation of

�
[48_TD$DIFF]OH and SO4

�� for the degradation of SMX. Among
them, the characteristics

�
[48_TD$DIFF]OH and SO4

�� signal peaks of the h-
CuWO4/PDS/VL system are stronger than those in the h-CuWO4/
PDS system. Fig. 3b shows that the characteristic EPR signals of 1O2

(three lines of equal intensity) are displayed in both the h-CuWO4/
PDS system and the h-CuWO4/PDS/VL system, indicating that 1O2

is generated in h-CuWO4/PDS system [29]. Among them, the 1O2

characteristic peak in the h-CuWO4/PDS/VL system is much
stronger than that in h-CuWO4/PDS system. The results show
that h-CuWO4 can further promote the decomposition of PDS to
generate reactive oxygen species (ROS) and degrade SMX under
visible light. Therefore, during the decomposition of SMX in the h-
CuWO4/PDS combination process,

�
[47_TD$DIFF]OH, SO4

�� and 1O2 contribute
simultaneously.
[49_TD$DIFF]To further investigate the reaction mechanism, LC–MS and DFT
calculations were performed to clarify the products during
removal of SMX by h-CuWO4/PDS/VL system [30]. The DFT
calculations and Fukui function values were calculated by the
Gaussian 09 and details were appended in supporting information.
It is generally believed that the larger f0[50_TD$DIFF] of the reaction sites, the
greater reactivity can be achieved [31,32]. It can be easy to find that
7S (f0[51_TD$DIFF] = 0.806), 8 N (f0 = 0.306), 9O (f0 = 0.184) have a large value of f0[52_TD$DIFF]
(Fig. S10 and Table S2 in Supporting information), which are most
possible sites to be attacked by reactive species. And then
combined with the intermediates identified by LC–MS, and the
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preliminary reaction [53_TD$DIFF]pathways was proposed in Fig. 4. It could be
seen that the highest f0[52_TD$DIFF] value of 7S atomwas the most susceptible
site to be attacked by the radicals and caused the cleavage of S��N
and S��C bond adjacent to the S atom. Thus, the S��N bond of SMX
can directly fracture and produce product I and J. In pathway III,
radicals attacking on substituted ring can induce the hydroxylation
of SMX to form product K, and the S��N bond could be attacked by
radicals and decomposed to sulfanilamide product B. Afterwards,
further decomposed into product J through oxidized by radicals.
Besides, the higher f0[50_TD$DIFF] value of 8 N atom suggested that the aniline
group was possibly to be oxidized through the radical attacking
and resulting in the oxidative formation of product G (pathway [54_TD$DIFF]II).
Low molecular weight compounds (e.g., product E, D, I) and ring-
open products formed after further deep oxidation of the
intermediates. Finally, all small organic fragmentswere potentially
oxidized to CO2 and H2O.

Based on the above results, the proposed mechanism is as
following: Electrons and holes could be produced in the h-CuWO4

under visible light because of its narrow band semiconductor
structure. Under visible light, the e� in the valance band (VB) of h-
CuWO4 can be excited to its conduction band (CB), and the h+

remains within its VB [33,34]. Because of the carries’ confined
movement route in the shell [27], h-CuWO4 can effectively
suppress the recombination rates of photo-induced electron-hole
pairs, promote the charge mobility. Then, these separated charge
could react with PDS and water solution to produce ROS (SO4

��,[55_TD$DIFF]
�
OH, 1O2) [35]. Simultaneously, the generated ROS can rapid
decompose SMX to achieve efficient catalytic activity. Based on the
above discussion, the detailed reaction mechanisms are illustrated
by Fig. 5 and the following formulas (Eqs. 1–8). [56_TD$DIFF]

h-CuWO4 + hv (l> 420 nm) → h-CuWO4 (e� + h+) (1)

e� + O2 → O2
�� (2)

[57_TD$DIFF]

h+ + H2O →
�
OH + H+ (3)

[58_TD$DIFF]

S2O8
2� + e� → SO4

��+ SO4
2� (4)

[59_TD$DIFF]

S2O8
2� + 2H2O → 3SO4

2� + O2
��+ 4H+ (5)

[59_TD$DIFF][60_TD$DIFF]

SO4
��+ H2O → SO4

2� +
�
OH + H+ (6)

[61_TD$DIFF]

SO4
�� + OH� → SO4

2� +
�
OH (7)

�
OH +O2

�� → 1O2 +
�
OH (8)

In conclusion, PDS activation by h-CuWO4 under the assistance
of visible light for high-efficient SMX degradation was observed.
The kinetic analysis showed the observed rate of the h-CuWO4/
PDS/VL systemwas 86 times that of h-CuWO4/PDS systemwithout
light irradiation and 2 times higher than the traditional s-CuWO4/
PDS/VL. Radicals of SO4

��,[55_TD$DIFF]
�
OH, 1O2 together with photogenerated

holeswere the dominant active species for the degradation of SMX.
Besides, DFT calculation provided insights into the SMX degrada-
tion mechanism, which indicated that the 2C, 4C, 6C, 7S, 8 N, 9O
atoms were susceptible to be attacked by the oxidative species.
Furthermore, the experimental detection of intermediates by MS
showed good agreement with the theoretical calculation. This
work opens new possibility to develop catalyst for highly efficient
degradation of SMX via visible light-assisted activation of PDS in
heterogeneous system.
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