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ARTICLE INFO ABSTRACT

Editor: Dr. B. Lee In this work, the amorphous CoSx@SiO2 nanocages were hydrothermally synthesized by sulfurizing ZIF-67 @SiO2

in the presence of thioacetamide (TAA). The catalytic performances of CoSy@SiO2 nanocages as heterogeneous

Keywords: catalysts to activate peroxymonosulfate (PMS) for the sulfamethoxazole (SMX) degradation were systematically
Sulfamethoxazole . investigated. 100% SMX was degraded within 6 min in CoSy@SiO5/PMS system, indicating that the amorphous
Amorphous CoS,@Si0, CoSx@SiO, nanocages exhibited outstanding sulfate radical-advanced oxidation process (SR-AOP) activity to-
Peroxymonosulfate

ward SMX degradation due to the regeneration of Co" by surficial sulfur species like $7/S,%~. The effects of
PMS dosages, initial pH, SMX concentrations and co-existing ions on SMX degradation efficiency were explored
in detail. The SMX removal efficiency was obviously improved in the simulated wastewater containing chloride
ions (CI™) and low-concentration bicarbonate ions (HCO3 ™). The residual PMS and the generated sulfate radical
(SO4-7) were determined quantitatively in CoSx@SiO2/PMS system. A possible mechanism in CoSy@SiO2/PMS
system was proposed based on the results of quenching experiments, X-ray photoelectron spectroscopy (XPS)
analysis, electrochemical tests, and electron spin resonance (ESR). The CoS,@SiO, exhibited good stability and
reusability, in which 100% SMX removal was achieved even after five consecutive cycles. This work provided a
strategy for regulating the stability of cobalt-based catalyst for efficient pollutant degradation by PMS activation.

Advanced oxidation process
Metal-organic frameworks

2016; Ji et al., 2021). Among all AOPs, the sulfate-based advanced
oxidation process (SR-AOP), as a powerful technology, has aroused

1. Introduction

Up to now, antibiotics are widely used to treat human and animal
infectious (Liu et al., 2021). Sulfamethoxazole (SMX), an important
category of sulfonamide antibiotics, has been frequently detected in
various aquatic environment with the concentrations from 0.01 to 2.0
pg/L (Yan et al., 2018). Although the detected concentration of SMX is
low, it would cause serious harm to the environment. Traditional
wastewater treatment processes like activated sludge cannot remove
SMX completely (Zhao et al., 2021; Chen et al., 2021). Therefore,
developing economical and effective techniques for SMX removal from
natural water is urgent.

In recent years, advanced oxidation processes (AOPs) have attracted
people’s attention because it can generate highly active radicals (SO4-~,
-OH, O,-7, etc.) and effectively degrade antibiotic pollutants (Oh et al.,

widespread attention due to its excellent degradation efficiency for
organic pollutants (Zhu et al., 2019; Hammouda et al., 2018). The sul-
fate radical (SO4-7) can be generated from peroxymonosulfate (PMS)
and peroxydisulfate (PDS) activation with the help of heating, UV light,
ultrasound, catalyst or the combination of the above-mentioned ap-
proaches (Lee et al., 2020; Ji et al., 2016; Dong et al., 2021). Some
heterogeneous catalysts containing transition metal ions like Co?*, Fe?",
cu?*, Mo**, Mn?* and Ce®" can activate PMS/PDS to degrade pollutants
effectively in the wastewater, in which the Co?*-based heterogeneous
catalysts exhibited the best activation performances (Li et al., 2016;
Duan et al., 2018; Yi et al., 2020; Du et al., 2020). Fan et al. found that
Co304 activated PMS system could completely degrade atrazine within
15 min (Fan et al., 2017). Wang et al. used CogSg@biochar doped with S
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and N to accomplish 100% SMX decomposition within 10 min by acti-
vating PMS (Wang and Wang, 2020). In recent years, metal sulfide
materials have attracted more attention due to their high removal effi-
ciency for pollutants by activating PMS or PDS. Ding et al. reported the
synthesis of CoS via hydrothermal method by using CoCl,-6H;0 and
thiourea, and CoS presented the outstanding removal efficiency for
bisphenol A by PMS activation (Ding et al., 2020). The metal sulfides
synthesized by above-stated methods exhibited excellent catalytic per-
formance, however, the morphology and specific surface area of the
as-synthesized products were difficult to control and tune. Therefore, it
was essential to synthesize metal sulfides catalyst with large specific
surface area and special morphology.

Metal-organic frameworks (MOFs) have attracted increasing atten-
tions due to their merits like large surface area, inherent porous struc-
ture and adjustable morphology, which were widely investigated in gas
separation (Rodenas et al., 2015), catalysis (including photocatalysis)
(Wang et al., 2016), drug delivery (Lazaro and Forgan, 2019) and
fluorescent sensing (Stassen et al, 2017). In recent years,
MOF-derivatives have attracted intense interests due to that they can
maintain the advantages like ultra-high surface area, high porosity,
adjustable pore size and so on (Zhan et al., 2019; Li et al., 2020).
MOF-derived porous materials have been adopted as excellent hetero-
geneous catalysts for SR-AOP (Jiang et al., 2020). ZIF-67 was the most
reported template to construct Co-based catalyst for PMS activation (Wu
et al, 2020). Although the derivatives from ZIF-67 displayed
outstanding SR-AOP catalytic performance for organic pollutants
degradation, the high Co leaching set critical limit to its practical ap-
plications (Wu et al., 2020).

In this study, the amorphous SiO3 was introduced on the surface of
CoSx particles to overcome the above-mentioned disadvantages due to
that SiO5 with mesoporous structures and good stability has widely been
studied for the various catalytic processes (Li et al., 2021). The amor-
phous CoSy@SiO; nanocages were synthesized from ZIF-67@SiO2 as
precursor (as shown in Scheme 1), which was further used as SR-AOP
catalyst to degrade SMX in aqueous solution. The generation mecha-
nism of the reactive oxygen species (ROSs) like SO4-~, -OH and 10, as
well as the roles of sulfur species/metal cobalt ions in this SR-AOPs
system were proposed and verified. It was expected that this work will
provide a new strategy to stabilize catalysts in practical wastewater
treatment.

2. Experimental

The reagents, instruments, and the corresponding test and charac-
terization methods are provided in the Supplementary Information (SI).

ZIF-67@Si0,

50 mL ultrapure water
with 5.4 g Dimethylimidazole

—>

15 mL absolute Ethanol
0.1 g ZIF-67@SiO,
0.4 g thioacetamide (TAA)
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2.1. Synthesis of ZIF-67 and ZIF-67@SiO2 nanoparticles

ZIF-67@SiO5 nanoparticles were prepared following the previous
literature (Zhang et al., 2018). Typically, 5.4 g 2-methylimidazole,
0.35 g Co(NO3)2-6Ho,0 and 0.75 mL tetraethyl orthosilicate (TEOS)
were added in 75.0 mL ultra-pure water. After stirring at room tem-
perature for 3 h, the ZIF-67@SiO, was obtained by centrifuging,
washing and drying. The pristine ZIF-67 was also prepared using the
identical procedure except for without adding TEOS as silicate source.

2.2. Synthesis of CoS,@SiO2 nanocages

The rhombic dodecahedral ZIF-67 @SiO5 was hydrothermally sulfu-
rized by thioacetamide (TAA) to form CoSy@SiO nanoparticles. 0.1 g
as-prepared ZIF-67@SiOy and 0.4 g TAA were dispersed into 15.0 mL
ethanol for obtain suspension solution, which was transferred into a
25.0 mL Teflon-lined autoclave and heated at 120 °C for 4 h. After
cooling down to room temperature, the CoSy@SiO, was collected by
centrifuging, washing and drying. The individual CoSx was also pre-
pared using the same procedure, in which ZIF-67 @SiO, was replaced by
pristine ZIF-67 as precursor.

2.3. Catalytic SR-AOP activity of CoS,@SiO2

All experiments were conducted in the dark condition. The catalytic
performance of CoS;@SiO5 was evaluated by degrading selected SMX as
contaminant model. All the degradation experiments were conducted in
a 60.0 mL reactor containing 50.0 mL of SMX solution (5.0 mg/L) with a
constant stirring of 200 rpm under room temperature. Typically, the pH
values ranging from 2.0 to 10.0 of the targeted solution were adjusted
with HySO4 or NaOH solutions with suitable concentrations. 10 mg
CoSx@SiOg catalyst and 0.2 mM PMS were added into the reactor to
initiate the SMX degradation experiment. 1.5 mL SMX solution was fil-
trated from the reactor by the syringe with 0.22 um PTFE filter at pre-set
time intervals, which was immediately quenched with 10 pL methanol
for further determination. The residual SMX concentrations were
determined by an ultra-high performance liquid chromatography
(UHPLC, Thermo Scientific Vanquish Flex). As well, the TOC removal
efficiency was also detected by a TOC analyzer (multi-N/C 3100, Ana-
lytik Jena AG) to quantitatively determine the materialization during
the SR-AOP procedure.

2.4. Quantification of SO4~ and residual PMS

The generated SO4-~ radicals were quantified by detecting 4-benzo-
quinone (BQ) that was produced from the reaction of p-hydroxybenzoic
acid (HBA) and SO4-~ (Oh et al., 2017). Briefly, specific molar ratio of
HBA and PMS were added into 60.0 mL reaction beaker with 50.0 mL

-_ 120°C, 4h l . centrifugation

- solvothermal drying

- BEEEN

CoS,@Si0,

Scheme 1. Synthetic fabrication process illustration of CoSy@SiO,.
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deionized water, in which CoS;@SiO5 was added as AOPs catalyst. At
pre-set time interval, 1.5 mL sample was taken out and filtered by
0.22 ym PTFE filter. Meanwhile, the excessive methanol (10 pL) was
immediately added to quench ROSs. The molar ratios of HBA:PMS were
varied between 1:1-6:1. The formed BQ, as a stable byproduct, can be
detected by UHPLC, in which the wavelength of the UV detector was set
as 246 nm. Finally, the SO4-~ concentrations were calculated based on
the stoichiometric ratio of SO4-~ to BQ.

The quantification of residual PMS was carried out. Firstly, 0.5 mL
solution was taken out and mixed with 4.5 mL 1.11 g/L KI aqueous
solution. The mixed solution was shaken for 30 min to ensure the
complete reaction between I and HSOs~ to produce I3~ (Egs. 1 and 2).
The I3~ concentration, proportional to PMS, was determined at Apax
= 352 nm by UV-vis spectrophotometer (Oh et al., 2014; Yan et al.,
2019).

21" + HSOs™ + 2H' - HSO,~ + I, + H,O @

L+1T -1 (2)

3. Results and discussion
3.1. Characterizations

The peaks at 7.32, 10.36, 12.7, 14.64, 16.38 and 18.1'in the powder
X-ray diffraction (PXRD) patterns of ZIF-67@SiO, (Fig. 1a) could be
ascribed to (011), (002), (112), (022), (013) and (222) facets of ZIF-67
(Zhang et al., 2018; Zhan and Zeng, 2017). All diffraction peaks of ob-
tained ZIF-67 @SiO2 matched well with the pure ZIF-67, indicating that
the amorphous silica shell over ZIF-67 core would not exert the influ-
ence on the structure of ZIF-67. The peak at 1061.91 cm™! of
ZIF-67@SiOy (Fig. 1b) can be assigned to the Si—O—Si bond, verifying
the presence of silica (Wang et al., 2020). In addition, SEM (Fig. 2a) and
TEM images (Fig. 2¢) showed that ZIF-67@SiO, exhibited a dodecahe-
dron shape with the particle size of approximately 600 nm, in which a
core-shell structure can be clearly observed. The TAA was used as sulfur
source to prepare CoSy@SiOy using ZIF-67@SiO, as self-sacrificing
template, and the morphology and structure of CoSy@SiO, were char-
acterized via FTIR, SEM, TEM, and HRTEM. No obvious PXRD diffrac-
tion peaks of CoSy@SiO- could be observed (Fig. 1a), implying that the
as-obtained CoSx@SiO2 might be amorphous (Fu et al., 2018). The
characteristic peak of Si—O—Si bond at 1061.91 cm ™! remained after
the vulcanization process (Fig. 1b), implying that SiO5 shell exhibited an
excellent stability. Meanwhile the SEM (Fig. 2b) and TEM images
(Fig. 2d) showed that a two-shelled hollow nanocages with undamaged
dodecahedron morphology was formed. It can be clearly observed from
Fig. 2d and Fig. 3 that SiO, shell with a thickness of 10-20 nm was
coated on hollow CoSx to form CoS;@SiO,, which was affirmed by the
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uniform distribution of the elements of Co, S, Si and O.

The N adsorption-desorption isotherms of both ZIF-67@SiOy and
CoSx@SiO, showed the typical type IV isotherm (Fig. S1), in which the
presence of hysteresis loop indicated the porous structure. The ZIF-
67@Si0, and CoS;@SiO, exhibited a considerable specific surface area
of 529.92 m?/g and 171.47 m?/g (Table S1), and their average pore
diameters were 2.43 nm and 4.17 nm, respectively. Such a large specific
surface area and mesoporous structure of CoSy@SiO, nanocages were
beneficial for providing more active sites to accelerate the SMX degra-
dation rate.

3.2. SR-AORP catalytic activity of CoS,@SiO2

Control experiments showed that just 3% and 58% SMX were
removed in 10 min by individual CoSy@SiO, and individual PMS,
respectively. SMX degradation efficiency was only 82% within 10 min
when PMS was activated by ZIF-67@SiO, as catalyst. While, complete
degradation of SMX within 6 min was realized in the presence of both
CoSx@SiO, and PMS (Fig. 4a), suggesting that PMS could be effectively
activated by CoSx@SiO3 catalysts. In addition, the apparent rate con-
stant (kops) was calculated using pseudo-first-order kinetics model to
further evaluate the SR-AOP performance of CoSy@SiO». The rate con-
stant k of CoSy@SiOy/PMS system toward SMX degradation was
0.7286 min~* (F ig. 4b), higher than those of individual CoSy;@SiOs, ZIF-
67@SiO, and PMS, respectively. As shown in Fig. S2, the total organic
carbon (TOC) removal efficiencies in CoSy@SiO2/PMS system were
14.0% and 63.0% within 10 min, and 60 min, respectively. The theory
calculation using Fukui function revealed that the most vulnerable sites
in SMX molecule were C4, S7, N8, and N11 (Du et al., 2018), which tend
to be attacked by ROSs. Based on the results of Fukui function calcula-
tion, the possible degradation pathways of SMX by CoSy@SiO2/PMS
system were proposed, as shown in Fig. S3. Detailed descriptions of the
SMX degradation pathways were provided in the supporting informa-
tion. The above results indicated that the CoSy@SiO exhibited a good
mineralization ability on SMX degradation.

3.3. Effects of key factors on SMX degradation in CoS,@SiO2/PMS
system

3.3.1. Effect of initial pH

It was reported that initial pH can greatly affect the process of PMS
activation (Hu et al., 2018). As displayed in Fig. 5a, no obvious change
was observed by controlling initial pH. The SMX can be degraded
completely within 6 min at a wide pH range from 2.0 to 10.0, verifying
the excellent catalytic activity of CoSy@SiO, for SMX degradation.
However, considering the risk of Co leaching from CoSyx under acidic
condition and the precipitation of hydroxides under alkaline condition,
the optimal pH was selected to be 8.0 in the following experiments.

()

Simulated ZIF-67

pure ZIF-67

ZIF-67@SiO,

Intensity (a.u.)

CoS,@Si0,

(b)

ZIF-67@SiO,

Intensity (a.u.)

CoS,@Si0,

1061.91cm™
Si-0-Si

T T T T T T T T
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Fig. 1. (a) The PXRD patterns for simulated ZIF-67, pure ZIF-67, ZIF-67 @SiO, and CoSx@SiO»; (b) FTIR spectra of ZIF-67, ZIF-67 @SiO, and CoSy@SiO,.
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Fig. 3. (a) The HRTEM image of CoSy@SiOy; (b-e) The EDS elemental mapping images of CoS,@SiO».

3.3.2. Effect of PMS dosage

PMS concentration directly determined the yield efficiencies of ROS
(like SO4-~, OH:, O,-~ and 105) (Vi et al., 2021). The effects of various
PMS concentrations (0.1, 0.2, 0.3, 0.5 and 1.0 mM) on SMX degradation
were investigated. Fig. 5b showed that the increase of the PMS dosage
promoted the degradation of SMX because PMS was the source of ROS.
The SMX degradation efficiency increased from 97.6% to 100% within
6 min as the PMS dosage increased from 0.1 to 0.2 mM. However, the
improvement of SMX degradation efficiency was limited with the in-
crease of PMS dosage from 0.1 to 1.0 mM due to the scavenger of
excessive SO4-~ by the reactions described in Egs. (3 and 4) (Lai et al.,

2018; Gao et al., 2021). Therefore, PMS dosage of 0.2 mM was selected
as the optimum dosage in the subsequent experiments.

S04~ + S04~ = S$,04>~ 3)

HSOs™ + SO4~ — SOs-~ + S042~ + H" 4

3.3.3. Effect of SMX concentration
The influences of different concentrations of SMX on degradation in
CoSx@SiO2/PMS system were also investigated (Fig. 5c¢). It can be
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Fig. 4. (a) SMX degradation efficiency and (b) the k values over different catalysts within 10 min. Reaction conditions: SMX = 5.0 mg/L, PMS = 0.2 mM, Cata-

lyst = 0.2 g/L, initial pH = 5.1.
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Fig. 5. Effects of (a) initial pH; (b) PMS dosage; (c) SMX concentration on SMX removal efficiency. Reaction conditions: SMX = 5 mg/L, PMS = 0.2 mM], cata-

lyst = 0.2 g/L, initial pH = 8.0.

observed that SMX degradation efficiency decreased with the increasing
of SMX concentration, which is similar to the literature (Wu et al.,
2020). 100% and 94% SMX removal efficiencies were achieved with
SMX concentration of 5-10 mg/L and 20 mg/L, respectively, indicating
that SR-AOP activated by CoSx@SiO; could be effective to the wide SMX
concentration range. It was believed that excessive SMX cannot be
degraded by the limited SO4-~ radicals formed by the fixed addition of
PMS (Li et al., 2020). Also, excessive SMX might occupy the active sites
on the surface of CoS;@SiO; to weaken the degradation performance
(Lei et al., 2019).

3.3.4. Effect of co-existing anions

The anions like C17, NO3~ and HCO3™ in aquatic environment could
influence the degradation of pollutants (Hu et al., 2020), and the effects
of these anions with the concentration of 1 mM, 10 mM and 40 mM on

SMX degradation were studied (Fig. 6). Addition of C1~ could positively
enhance both the SMX removal efficiency and rate (Fig. 6a). 100% SMX
decomposition efficiencies could be observed within 1.5 min in the
presence of the C1~ with different concentrations like 1 mM, 10 mM and
40 mM, which were superior to that in the reaction system without C1~
(about 92% within 1.5 min). In the previous research, the similar result
was observed by Anipsitakis et al., in which it was found that the C1~
anions enhanced 2,4-Dichlorophenol (2,4-DCP) degradation in homo-
geneous Co(II)/PMS system (Anipsitakis et al., 2006). To further analyze
the role of Cl~, SMX degradation experiments were carried out without
adding CoSx@SiO,. As shown in Fig. S4, SMX degradation efficiency was
only 15% in 40 mM CI~ system, while 100% SMX removal efficiency
was achieved in 40 mM Cl~/PMS system. The SMX removal efficiency in
40 mM Cl™ /PMS system was superior to that in pure PMS system (about
58%), indicating that Cl~ could react with PMS directly to yield
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Fig. 6. The removal efficiencies of SMX in the presence of different anions, (a) C1~; (b) NO3~; (¢c) HCO3~; (d) HPO42™; (e) The effect of different simulated wastewater
on SMX removal efficiency. Reaction conditions: SMX = 5.0 mg/L, PMS = 0.2 mM, catalyst = 0.2 g/L, anions = 0-40 mM, pH = 8.0.

Cl-containing active species like HOCI to degrade SMX (Egs. 5-8). This
result matched well with the literature (Luo et al., 2019). As reported by
Li’s group (Luo et al., 2019), chlorinated intermediates were generated
in C1I"/PMS system, and these chlorine containing by-products were
efficiently degraded in the presence of catalyst. Furthermore, the
Cl-containing active species selectively degraded some specific organic
pollutants, which was different from the radicals like SO4-~ and -OH. As
shown in Fig. S2, it is worth to noting that about 97% TOC removal was
accomplished in CoS;@SiO2/PMS/Cl™ system, which was significantly
higher than the CoSy@SiO,/PMS system (about 63%). The above results
indicate that Cl~ exhibited a synergistic effect in SMX degradation by
CoSx@SiO4/PMS system.

CI™ + HSOs~ — SO42~ + HOCI (5)
2C1” + HSOs™ — SO4*~ + Clp 4+ H,0 6)
Cl, + H,0 — HCIO + HCl1 @
HCIO - H" + Cl0~ (8)

It can be seen from Fig. 6b that SMX degradation did not changed
obviously with the addition of NO3~, in which just a slight inhibition

effect was observed even the concentration of NO3 ™ increased to 40 mM.
Fig. 6¢ showed that low concentration (1 mM) of HCO3™ facilitated the
degradation of SMX, and 100% SMX was removed within 0.5 min.
However, when the HCO3™ concentration increased to 10 and 40 mM,
the SMX degradation efficiencies decreased slightly from 100% without
HCO3™ to 97% and 95% within 6 min, respectively. As a whole, HCO3~
played the role of two-edged sword toward the catalytic performance
(Ma et al., 2018). It is reported that persulfate could react with HCO3™ to
form peroxymonocarbonate (HCO4 ) that can enhance the removal ef-
ficiency of SMX (Jiang et al., 2017). Besides, extra H' generated during
PMS activation would be consumed by HCO3™, possibly facilitating the
radical generation and SMX degradation. To confirm the hypothesis, pH
values before and after the catalytic reaction were measured. As shown
in Fig. S5, the pH value did not change obviously with presence of
low-concentration of HCO3~, while changed greatly without HCO3™,
indicating that HCO3™ acted as a buffer to maintain the pH (Guo et al.,
2020b). However, the slightly decrease of SMX degradation efficiency
with addition of high-concentration HCO3™~ should be attributed to the
scavenger of SO4-~ by excess HCO3™ (Egs. 9 and 10), leading to the
formation of weaker radicals like HCO3-~ and CO3-~ (Wu et al., 2020; Xu
et al., 2017; Diao et al., 2018). It can be seen from Fig. 6d that HPO42’
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did not affect SMX degradation obviously, in which 100% SMX removal
efficiency was achieved within 3 min even HPO,42~ up to 40 mM.

HCO;™ + SO4~ — SO,4%~ + HCO3- ©)

HCO;~ + OH-— H;0 + CO3-~ (10)

3.3.5. Effect of different simulated wastewater

To further investigate whether the CoSy@SiO2/PMS system can be
used well in actual waterbody, the degradation of SMX was also carried
out in tap water and lake water. The parameters of water quality of tap
water and lake water were measured, as published in our previous report
(Wei et al., 2021). As shown in Fig. 6e, CoSy@SiO2/PMS system showed
the most outstanding degradation effect in natural water, and the SMX
removal efficiency in lake water (99.5%) and tap water (100%) was
higher than that in deionized water (93%) within 0.5 min. The results
indicated that some common inorganic anions in natural waterbody may
promote catalytic activity of the CoSy@SiO2/PMS system. As reported in
previous literature (Ma et al., 2018; Wang et al., 2017), C1~ with a low
concentration (< 5 mM) played a role in degradation of pollutants. In
our case, the Cl™ concentrations in lake water and tap water were 0.90
and 1.93 mM (Wei et al., 2021), respectively, which was beneficial to
the improving of the SMX degradation. From the discussion above, it can
be concluded that the CoSy@SiO2/PMS system is very feasible to be
utilized in actual water remediation.

3.4. Catalytic mechanism of SMX degradation by PMS activation

3.4.1. Electrochemical tests

As presented in Fig. 7a, electrochemical impedance spectroscopy
(EIS) of CoSx@SiO- system showed a smaller semicircular than that of
ZIF-67@SiO4 system, indicating a lower charge-transfer resistance of
CoSx@SiO,. Furthermore, the addition of PMS not only promoted the
decreasing radius of the semicircular, but also accelerated the electron
transfer in CoSx@SiO2/PMS system, implying that CoSx@SiO2 would be
an excellent catalyst for PMS activation. Linear sweep voltammetry
(LSV) curves (Fig. 7b) showed that the CoSx@SiO2+PMS+SMX system
exhibited a highest current response than CoSy@SiO,, CoSy@SiO2+SMX
and CoSx@SiO2+PMS systems, implying that the PMS activation and
further SMX degradation occurred over CoSy@SiO5.

3.4.2. Identification and detection of ROS

The ROS (SO4-~, -OH, Oy~ and 105) could be generated by PMS
activation to attack and degrade organic contaminants (Liu et al., 2021;
Luo et al., 2017). To identify the dominant ROS for SMX degradation,
quenching tests were carried out by adding different scavengers.
Tert-butanol (TBA), BQ and L-histidine were selected as scavengers to
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quench -OH, O,-~ and 10,, respectively, while methanol was used to
quench both SO4-~ and -OH. As shown in Fig. 8a, the SMX degradation
efficiency decreased from 100% to 44.7% within 10 min when 500 mM
methanol was added in, while slight decrease (from 100% to 96.5%) of
SMX removal efficiency occurred using TBA as scavenger, implying that
SO4-~ rather than -OH played a primary role in SMX degradation. SMX
degradation efficiency decreased from 100% to 61.2% in the presence of
excessive (1.0 mM) L-histidine, revealing that 10, also played a signif-
icant role in SMX degradation. To further confirm the role of 102, fur-
furyl alcohol (FFA) was selected as a specific quencher to quench '0s. As
is shown in Fig. S6, the SMX degradation efficiency decreased from
100% to 33.2% when 500 mM FFA was added. Besides, p-Carotene was
used as a typical scavenger to quench 'O, because it was hardly not
oxidized by PMS (Luo et al., 2019). As shown in Fig. S6, the presence of
B-Carotene (0.47 mM) severely inhibited the SMX degradation effi-
ciency. These results further indicated that 10, played an important role
on SMX degradation. Moreover, no obvious decrease was observed in
SMX degradation efficiency with addition of 1.0 mM BQ, demonstrating
a negligible contribution of Oy~ to the SMX degradation. To further
confirm the existence of ROS in CoSy@SiO2/PMS system, ESR was car-
ried out using DMPO and TEMP as spin trap agents. As shown in Fig. 8b
and ¢, no obvious signal was observed in alone CoSy@SiOy system,
indicating that SO4-~ and -OH cannot be generated by CoS;@SiO; itself.
When PMS and CoSx@SiO2 coexisted in the SMX solution, the typical
ESR signals for DMPO-SO4-~ adducts and DMPO--OH adducts appeared,
and the intensity of signals become stronger as time goes on. Moreover,
the characteristic signals TEMP-'0, adducts were also detected. These
results suggested that SO4-~ and 'O, might be the main ROSs in
CoSx@SiOy/PMS system.

Furthermore, the quantitative determination of the SO4-~ generated
from CoS;@SiO2/PMS system was conducted. The SO4-~ radicals could
react with HBA to from hydroquinone, which is immediately trans-
formed to BQ by excess PMS (Eq. 11). The SO4-~ concentration can be
calculated by determining BQ (Oh et al., 2017; Buxton et al., 1988;
Kurien and Robins, 1970). It can be seen from Fig. 8d that SO4-~ in
CoSx@SiO2/PMS system gradually accumulated as the reaction pro-
ceeded, and generated largely at the initial 0.5 min. Besides, the con-
centration of SO4-~ increased with the increase of the ratio of HBA:PMS.
However, the SO4-~ production reached a plateau up to 26 pM as the
ratio increase from 5:1-6:1 within 10 min. Additionally, the excess PMS
with residual amount of 110 uM at the ratio of 5:1 indicated the suffi-
cient reaction for the generation of BQ (Eq. (11)).

HBA (excess) + SO4-~ — hydroquinone + PMS (excess) — BQ 1D

3.4.3. The role of cobalt and sulfur species
The XPS spectra showed the presence of Co 2p, S 2p, Si 2p and O 1s
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Fig. 7. (a) Electrochemical impedance spectroscopy analysis; and (b) Linear sweep voltammetry curves obtained under different conditions.
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Fig. 8. (a) The reactive species quenching experiments for SMX degradation; (b) ESR spectra of DMPO-SO4-~ and DMPO--OH, (c¢) TEMP-'0,; (d) The formed SO4-~

concentrations at different HBA: PMS ratios in CoSy@SiO5/PMS system.

(Fig. S7). To explore the role of Co and S in CoSy@SiO2/PMS system, Co
2p and S 2p XPS spectra of the CoSy@SiO, were conducted. It can be
seen from Fig. 9 that the positions of the peaks of the main elements in
CoSx@SiO, remain basically unchanged before and after the catalytic
reaction. However, the chemical valence and ratio of Co and S on the
surface of CoSy@SiO2 changed after the catalytic reaction by XPS
elemental peak area analysis. As displayed in Table S2, the percentage of
Co>* decreased from 52.66% to 51.01% after the catalytic reaction,
indicating that a part of Co®>* might be converted to Co*" on the surface
of CoSx@SiO,. Meanwhile, the percentages of $?~ and S, decreased
from 35.5% and 33.7% to 17.8% and 24.3%, respectively, while Snz’
and SOy increased from 12.8% and 16.2% to 14.6% and 44.9%,
respectively, implying that the reductive sulfur species like $>~ and S5~
on the surface of CoSy@SiO, accelerated the regeneration of Co?*.

3.4.4. Catalytic mechanism
Based on quenching tests, ESR, XPS and electrochemical tests, the

(2)

possible mechanism for SMX removal in CoSx@SiO/PMS system was
proposed (Fig. 10). Co** could be firstly oxidized into Co>* by activating
PMS (HSOs ") to generate SO4-~ (Eq. 12). Then, Co* was regenerated by
HSOs5™ and superficial sulfur species (Eqgs. 13 and 14). In other words,
the presence of multivalent of sulfur species in CoSy@SiO2/PMS system
was conducive to the conversion from Co®>" to Co®*. Moreover, there
could be other ways to generate SO4-~ (Egs. 15-17), in which both the
S;%~ and SO32~ played vital roles. 10, was generated from the reaction
between SOs-~ and H,0 (Eq. 18) (Xu et al., 2016). Finally, the ROSs like
S04~ and 10, attacked SMX to produce intermediates, even COy and
H,0 (Eq. 19).

Co” + HSO5™ — Co> + S04~ + OH™ 12)
Co** + HSOs™ — Co>™ + SOs-~ + HT 13)
Co®" + 827/ 8,27 - Co> + S$,27/SOx 14)

Co 2p

2p;,

Intensity (a.u.)

Intensity (a.u.)

2p;;,

S 2p

775 780 785 790 795 800 805 810
Binding energy (eV)

165 170
Binding energy (eV)

160

Fig. 9. (a) Co 2p and (b) S 2p XPS spectra of CoS,@SiO, before and after the degradation reaction.
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SMX

intermediates
CO,tH,0

Fig. 10. Possible catalyst mechanism for SMX removal in CoS;@SiO,/PMS system.

$2° + 30, > 25057 (15)
02 + 503>~ — SOs-~ (16)
SOs-~ + SO3-~ = S04~ + S04~ a”n
2805~ + H,0 — 2HSO,™ + 1.5'0, (18)
S04/ '0y + SMX — intermediates + CO; + H,O 19

3.5. Universality, reusability and stability of CoSy@SiO2

To further evaluate the potential application of CoSx@SiO, the
universality, reusability and stability were evaluated under the optimum
conditions. 100% SMX, Sulfisoxazole (SIZ), Sulfadiazine (SDX),
Bisphenol A (BPA) and Tetracycline (TC) were achieved within 10 min
in the individual pollutant system with initial concentration of 5 mg/L
(Fig. 11b), while ca. 99% SMX, SIZ and SDX degradation efficiencies

were achieved in the co-existing pollutant system with initial concen-
tration of 15 mg/L (Fig. S8), indicating the excellent catalytic perfor-
mance of CoSy@SiO, for PMS activation towards various organic
pollutants. Besides, comparing with the counterpart catalysts previously
reported, the CoS;@SiO5 nanocages exhibited superior catalytic activity
on SMX degradation (Table 1). It can be seen from Fig. 11a that the SMX
degradation efficiency only reached 72% within 20 min after five cycles
in CoSy/PMS system, while 100% in CoSy@SiOy/PMS system. The
leaching Co determined by ICP-OES were 3.51 mg/L and 0.56 mg/L for
individual CoSx and CoSx@SiO,, respectively, verifying the protection
effect of SiO5 shell for CoSk. As depicted in Fig. 11c and d, The PXRD
pattern of the used CoSy@SiO, matched perfectly with the fresh one, and
the morphology of CoSx@SiO, experienced no significant changes after
catalytic reaction, indicating the good stability of CoSy@SiO,.
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Fig. 11. (a) Consecutive runs of the catalytic activity of CoSy@SiO, on SMX removal efficiency; (b) The degradation efficiency of SMX, BPA, TC, SIZ and SDX; (c) The
SEM image and (d) The PXRD patterns of CoSy@SiO, before and after five cycles for catalytic performance. Reaction conditions: SMX = 5 mg/L, BPA = 5 mg/L,
TC = 5 mg/L, SIZ = 5 mg/L, SDX = 5 mg/L, PMS = 0.2 mM, catalyst = 0.2 g/L, initial pH = 8.0.
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Table 1
Comparison of different catalyst for PMS activation.
Catalyst Pollutant PMS Efficiency Time Ref.
(mg/L) dosage (%) (min)
(g/L)
CoCu LDO SMX (10) 0.15 73.5 60 (Guo et al.,
2021)
Cu;Co,-LDH SMX (10) 0.144 95.2 30 (Guo et al.,
2020)
CoO@mpgCN  SMX (12) 6.14 99 15 (Nguyen
et al.,
2021)
Co304/CC BPA (10) 0.10 97 7 (Luo et al.,
2018)
HCCNg BPA (20) 0.15 98 6 (Zhang
et al.,
2020)
FeCo02S4-CN SMX (5) 0.09 91.9 15 (Lietal.,
2020)
CoFey04-EG SMX (10) 0.24 99 20 (Xuet al.,
2019)
CoSx@SiO, SMX (5) 0.12 100 6 This work

4. Conclusions

In all, the amorphous CoS;@SiO, nanocage was successfully syn-
thesized from ZIF-67 as precursor. The amorphous CoSy@SiO exhibited
an excellent stability and high catalytic activity on the SMX degradation
in a wide range of pH from 2.0 to 10.0. Under the optimum conditions
(pH =8, PMS =0.2mM, catalyst =0.2 g/L, SMX =5 mg/L), 100%
SMX degradation in CoSy@SiOy/PMS system was achieved within
6 min. The CI~ and HCO3~ with low-concentration could facilitate the
degradation of SMX, whereas the NO3~ exerted a negligible effect on
SMX removal. A possible reaction mechanism for SMX degradation in
CoSx@SiO2/PMS system was explored through quenching experiments
and ESR, revealing that the SO4-~ and 102 were the main ROS for SMX
degradation in CoSx@SiOy/PMS system. In addition, the $27/8,2" in
CoS4@Si0, nanocages was beneficial for Co®t/Co?' recycling so that
PMS could be effectively activated for SMX degradation. It was found
that the presence of SiO5 shell in CoSx@SiO5 could effectively prevent
the Co leaching to improve the stability. This work will provide valuable
strategy in practical treatment toward wastewater containing organic
pollutants with MOF-derived materials.
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