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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Nanoplate-assembled CoS (NPCS) is 
prepared via a one-step hydrothermal 
process. 

• NPCS activates Oxone to fully eliminate 
5 mg/L of Bis(4-hydroxy)benzophenone 
(BBP). 

• NPCS outperforms the benchmark 
Co3O4 NP for degrading BBP with Ea =

42.7 kJ/mol. 
• NPCS can be reused up to 5 cycles to 

activate Oxone for degrading BBP 
completely. 

• DFT calculation is performed to eluci
date degradation behaviors of BBP with 
Fukui index.  
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A B S T R A C T   

As UV-light stabilizers, Bis(4-hydroxy)benzophenone (BBP), are extensively consumed to quench radicals from 
photooxidation, continuous release of BPs into the environment poses serious threats to the ecology in view of 
their xenohormone toxicities, and BBP shall be eliminated from water to avoid its adverse effect. Since sulfate 
radical (SR)-based chemical oxidation techniques have been proven as effective procedures for eliminating 
organic emerging contaminants, this study aims to develop useful SR-based procedures through activating Oxone 
for degrading BBP in water. In contrast to the conventional Co3O4, cobalt sulfide (CoS) is particularly proposed as 
an alternative heterogeneous catalyst for activating Oxone to degrade BBP because CoS exhibits more reactive 
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Sulfate radical 
Nanoplate 

redox characteristics. As structures of catalysts predominantly control their catalytic activities, in this study, a 
unique nanoplate-assembled CoS (NPCS) 3D cluster is fabricated via a convenient one-step process to serve as a 
promising heterogeneous catalyst for activating Oxone to degrade BBP. With NPCS = 100 mg/L and Oxone =
200 mg/L, 5 mg/L of BBP can be completely eliminated in 60 min. The catalytic activity of NPCS towards Oxone 
activation also significantly surpasses the reference material, Co3O4, to enhance degradation of BBP. Ea of BBP 
degradation by NPCS-activated Oxone is also determined as a relatively low value of 42.7 kJ/mol. The activation 
mechanism as well as degradation pathway of BBP degradation by NPCS-activated Oxone was investigated and 
validated through experimental evidences and density functional theory (DFT) calculation to offer valuable 
insights into degradation behaviors for developing SR-based processes of BBP degradation using CoS catalysts.   

1. Introduction 

As ultraviolet (UV)-light irradiation reaching the surface of the Earth 
has substantially increased over the past decades (Herman, 2010), 
sunscreens have been a typical personal care product to guard our skin 
from harm of UV irradiation because UV-light stabilizers in sunscreens 
absorb UV-light irradiation. Among various UV stabilizers, hydroxylated 
benzophenones (HBPs) and similar compounds, such as acetophenone 
(Yu et al., 2018), are frequently used as these reagents are low-cost and 
effective for absorption of UV (Tarazona et al., 2010). Nevertheless, as 
HBPs have been extensively consumed and released to various water 
bodies (Balmer et al., 2005), the presence of HBPs has posed serious 
threats on the ecology because HBPs have been categorized as emerging 
contaminants due to their xenohormone toxicities (Janjua et al., 2004; 
Ahmed et al., 2017; Tinwell et al., 2002; Schmutzler et al., 2004; Lee 
et al., 2020; Soto-Vázquez et al., 2019). As bis(4-hydroxy)benzophenone 
(BBP) represents one of the most typical HBPs, BBP has been detected in 
various water bodies (Zheng et al., 2020), and it is crucial to eliminate 
BBP from water. However, very few studies have been ever reported to 
eliminate BBP from water. Therefore, the goal of this work attempts to 
establish effective methods to eliminate BBP from water. 

As advanced oxidation processes (AOPs) have been proven as prac
tical methods for quick and effective elimination of organic pollutants 
from water (Khan et al., 2020; Chen et al., 2020a; Li et al., 2020a), AOPs 
should be also promising for degrading BBP. Recently, sulfate radical 
(SR, SO4

•‒)-based AOPs are increasingly adopted for degrading 
emerging contaminants (Fast et al., 2017) because SR has higher 
oxidation potentials (2.5–3.1 V) with long half-life (Olmez-Hanci and 
Arslan-Alaton, 2013). 

In order to gain SR, Oxone reagent has increasingly adopted as a 
precursor because Oxone is commercially-available, inexpensive, and 
environmentally benign (Hu and Long, 2016). Nonetheless, Oxone ne
cessitates “activation” to be quickly decomposed for production of SR. 
Although Oxone can be activated through a number of procedures, using 
transition metals, namely cobalt (Co), to catalytically activate Oxone is 
the most practical procedure (Anipsitakis et al., 2005; Wei et al., 2015; 
Li et al., 2015; Chen et al., 2020b). Therefore, Co2+ ions are frequently 
used for activating Oxone; however its homogeneous nature would 
make Co2+ ions difficult for recovery (Yang et al., 2009; Cai et al., 2015; 
Lai et al., 2018; Li et al., 2020b; Lin et al., 2015a, 2015b, 2017, 2018a; 
Lin and Lin, 2018; Tuan et al., 2020; Yun et al., 2019). While cobalt 
oxides (e.g., Co3O4) have been then regarded as an alternative to Co2+

for activating Oxone, another solid Co-based material, cobalt sulfides 
(CoS), have also received increasing attention for serving as a hetero
geneous catalyst to Co2+ to activate Oxone because of CoS exhibits more 
reactive redox characteristics (Sun et al., 2013). Thus, CoS has been 
validated to successfully and efficiently activate Oxone to degrade 
emerging contaminants (Li et al., 2020c). 

Nevertheless, studies of using CoS for activating Oxone to degrade 
BBP are extremely rare. Thus, the aim of this study is to develop and 
investigate CoS for activating Oxone to degrade BBP. Since structures of 
heterogeneous catalysts predominantly control their catalytic activities, 
CoS with hierarchical nanostructures should exhibit higher surface 
areas, and surficial reactivity for catalytic applications (Wang et al., 

2016; Sun et al., 2014; Zhu et al., 2018). Therefore, this study attempts 
to develop a special CoS with three dimensional (3D) hierarchical 
nanostructures to activate Oxone for the first time in degrading BBP. 
This nanostructured-CoS can be conveniently fabricated via a one-step 
hydrothermal process to exhibit a morphology of 3D cluster in which 
many nanoplates (NPs) are assembled and stacked, forming a 
NP-assembled CoS (NPCS) cluster. With such an advantageous 
morphology, and high activity of CoS, NPCS should be a useful hetero
geneous catalyst for activating Oxone to degrade BBP. Both experi
mental evaluation and theoretic study of BBP degradation by 
NPCS-activated Oxone are then conducted to further provide insights 
into behaviors and mechanisms of BBP degradation. 

2. Experimental 

For fabricating NPCS via one-step synthesis, a scheme is illustrated in 
Fig. 1(a). Initially, 15 mmol of CoCl2 and 60 mmol of thiocarbamide 
were both added into 100 mL of DI water. The resulting mixture was 
then added to an autoclave, and heated at 180 ◦C for a 12-hr hydro
thermal process. Subsequently, the precipitate was then collected and 
rinsed thoroughly, and dried at 60 ◦C to produce NPCS (Lin et al., 
2018b). Characterizations and experimental protocols of BBP degrada
tion can be found in the supporting information. 

3. Results and discussion 

3.1. Physical and chemical properties of NPCS 

Appearance of the as-synthesized material via the one-step hydro
thermal process can be observed in Fig. 1(b), in which many granules 
with hexagonal shapes can be detected. Sizes of these granules ranged 
from 2 to 5 μm, and a zoom-in image (Fig. 1(c)) further unveiled that 
these hexagonal granules consisted of many interwoven plates. More
over, these plates were quite thin, and the thicknesses was a few tens of 
nanometers. The TEM image (Fig. 1(d)) also validates that this resulting 
product possessed the perfect hexagonal shape, and many NPs were 
interwoven and assembled onto the granule. These results demonstrate 
that the one-step hydrothermal process of Co, and thiocarbamide could 
lead to the formation of hexagonal granules with clear edges, and 
interwoven NPs, forming an interesting 3D-structured cluster. 

To further identify the chemical composition of such a 3D-structured 
cluster, its EDX spectrum was measured and shown in Fig. 2(a), in which 
strong signals of Co, and S could be found, and no other significant el
ements can be detected. On the other hand, its XRD pattern is also shown 
in Fig. 2(b), and noticeable peaks can be observed at 30, 35.3, 46.9, and 
54.4◦, which corresponded to the (110), (101), and (102), and (110) 
planes of CoS based on JCPDS card # 65–3418. These features validated 
that the resulting 3D-structured clustr was CoS, and this simple one-step 
hydrothermal process can conveniently transform Co, and thio
carbamide to the hexagonal nanoplate-assembled CoS (NPCS) cluster. 
The formation of the unique configuration of NPCS can be attributed to a 
series of steps (Lin et al., 2018b; Zheng et al., 2017; Wang et al., 2011). 
Firstly, Co2+ and S2+ from CoCl2 and thiocarbamide, respectively, would 
react and rapidly nucleate to form very fine particles which are then 
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congregated to create spherical cores. Since a particular reagent, thio
carbamide, was added as it can serve as a dual function reactant for 
providing S2− , and acting as a structure-directly agent, thiocarbamide 
has been validated to be selectively adsorbed onto certain facets of co
balt sulfide crystals, promoting the formation of nanoplate-assembled 
structure (Lin et al., 2018b; Zheng et al., 2017; Wang et al., 2011). 

To further study surface chemistry of NPCS, XPS analysis was 
employed and displayed in Fig. 2(c). In particular, the Co2p spectrum 
(Fig. 2(d)) could be then deconvoluted to afford 4 underlying peaks, and 
the peaks at 781.7 and 797.9 eV could be attributed to Co2+ of Co2p3/2, 
and Co2p1/2, respectively (Wang et al., 2016; Dong et al., 2020). Be
sides, the S2p spectrum could be also deconvoluted to reveal 2 under
lying peaks, at 161.7, and 162.9 eV, ascribed to S2− of S2p3/2, and 
S2p1/2 of CoS, respectively (Das et al., 2012), ascertaining the forma
tion of CoS. 

As NPCS possessed this unique NP-assembled 3D cluster, its surficial 
characteristics were then measured using N2 sorption isotherms (Fig. 2 
(e)). The resulting isotherm could be considered as an IUPAC type IV 
isotherm, suggesting that NPCS shall contain pores, probably derived 
from spaces between NPs in NPCS. Moreover, a hysteresis loop could be 
noticed, suggesting the presence of mesopores in NPCS, which could be 
then validated in the pore size distribution (Fig. 2(e)). The BET surface 
area of NPCS was then measured as 11 m2/g and the total pore volume 
was 0.06 cm3/g. 

Besides, the zeta potentials of NPCS were also measured in Fig. 2(f), 
and the surface charge of NPCS at pH = 3 was − 1.0 mV, which then 
decreased with the increasing pH values. Specifically, the zeta potential 
decreased to − 40.0 mV at pH = 5, whereas it further decreased to − 52.5, 
− 60.0, and − 75.5 mV at higher pH = 7, 9 and 11, respectively. This 
suggested that the surface charge of NPCS appeared to be negative in a 

typical range of pH values. 

3.2. BBP degradation by oxone activated using NPCS 

The as-prepared NPCS was then examined for its catalytic activity for 
Oxone activation to degrade BBP. Since BBP might be adsorbed to NPCS, 
leading to adsorptive removal of BBP, it would be critical to verify 
whether adsorption of BBP to NPCS would occur. As NPCS was added to 
an BBP solution, the concentration of BBP remained almost the same 
over 60 min (Fig. 3(a)), revealing that NPCS could not eliminate BBP 
through adsorption. On the other hand, as Oxone was present without 
NPCS, the concentration of BBP seemed unchanged in 60 min, demon
strating that Oxone itself without activation was incapable of elimi
nating BBP at all. Nevertheless, when NPCS and Oxone were both added 
to the BBP solution, the concentration of BBP gradually decreased over 
60 min and its concentration at a certain time t min (Ct) over the initial 
concentration (C0) (i.e., Ct/C0) reached “0” in 60 min. In view of 
incompetence of Oxone itself, this result indicated that Oxone was 
activated by NPCS to generate SR or other derivatives for degrading 
BBP. 

In consideration of Co2+ in NPCS, Co2+ would react with Oxone to 
generate SR as follows (Eqs. (1) and (2)) (Muhammad et al., 2012; Yao 
et al., 2012):  

Co2+@NPCS + HSO5
− → Co3+@ NPCS + SO4

•‒ + OH− (1)  

Co3+@NPCS + HSO5
− → Co2+@ NPCS + SO5

•‒ + H+ (2) 

Moreover, since Co3O4 has been deemed as a reference heteroge
neous catalyst for Oxone, commercial Co3O4 nanoparticles (Fig. S1(a)) 
were employed for comparison with NPCS for activating Oxone. Fig. 3 

Fig. 1. (a) Illustration of preparation scheme for NPCS; (b), (c) SEM images, and (d) TEM image of NPCS.  
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(a) reveals that Co3O4 nanoparticle was also certainly capable of acti
vating Oxone as Ct/C0 at 60 min reached 0.5. Nevertheless, the degra
dation efficiency for BBP by Co3O4 nanoparticle-activated Oxone was 
considerably lower than that of NPCS. 

To further quantitatively distinguish catalytic activities of NPCS and 

Co3O4 nanoparticle, the corresponding reaction stoichiometric effi
ciencies (RSE) were then determined as RSE has been increasingly 
adopted to access catalytic activities of catalysts for activating Oxone to 
degrade pollutants as follows (Trang et al., 2021; Bao et al., 2019): 

Fig. 2. (a) EDX, and (b) XRD of NPCS; XPS analyses of NPCS: (c) Co2p, and (d) S2p high-resolution spectra; (e) N2 sorption isotherm (the inset: pore size distri
bution), and (f) zeta potential of NPCS. 
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Reaction Stoichiometric Efficiency (RSE)=
BBP degraded (mole)
Oxone added (mole)

(3) 

The RSE obtained by NPCS, and Co3O4 nanoparticle as well as Oxone 
itself were than displayed in Fig. 3(b). As the amount of Oxone was the 
same in each case (i.e., 40 mg = 0.26 mmol), NPCS could achieve RSE =
0.018, whereas Co3O4 merely reached 0.010, demonstrating that NPCS 
can utilize Oxone more efficiently to degrade BBP. 

While Co3O4 nanoparticle has been a benchmark heterogeneous 
catalyst for Oxone activation, CoS seemed to exhibit more advantageous 
characteristics than Co3O4 nanoparticle. For instance, the cyclic vol
tammetry (CV) curves of Co3O4 and NPCS were both measured, and 
displayed in Fig. S1(c). In comparison to Co3O4 nanoparticle, NPCS 
showed a much higher current density as well as higher reductive 
capability to implement redox processes (Duan et al., 2018). On the 
other hand, the linear sweep voltammetry (LSV) of NPCS (Fig. S1(d)) 
also exhibited the much more increased current than that of Co3O4 
nanoparticles. These features indicate that NPCS possessed a more su
perior redox property which would then facilitate its catalytic activity 
towards Oxone activation. 

Even though the commercial Co3O4 nanoparticles exhibited very 
small sizes, these nanoparticles aggregated seriously as displayed in 
Fig. S1(a), making the commercial Co3O4 NP possess a very low surface 
of 2 m2/g and pore volume of 0.01 cm3/g due to its low N2 sorption 
(Fig. S1(b)). In contrast, NPCS exhibited the hierarchical structure 

comprised of NPs, enabling NPCS to show a higher surface area of 11 
m2/g, and a pore volume of 0.06 cm3/g. Therefore, NPCS can exhibit 
more reactive surfaces for catalyzing activation of Oxone. These com
parisons further validated that the enhanced textural and redox prop
erties of NPCS enabled it to become a more effective catalyst for 
activating Oxone to degrade BBP. 

3.3. Effects of NPCS and oxone concentrations on BBP degradation 

Even though NPCS could activate Oxone for degrading BBP, it would 
be practical to further examine effects of concentrations of NPCS and 
Oxone for BBP degradation in Fig. 3(c). At first, the concentration of 
NPCS was set to 50, 100 and 200 mg/L with a fixed Oxone concentration 
of 200 mg/L. These three concentrations of NPCS all led to the complete 
elimination of BBP in 60 min, demonstrating that a much lower con
centration of NPCS at 50 mg/L could still activate Oxone to fully elim
inate BBP. 

However, the degradation process seemed much faster at a higher 
concentration of NPCS. To further quantify the degradation kinetics, the 
pseudo first order rate law Ct = C0 exp( − kt) was then adopted (Wang 
et al., 2017), in which k represents the pseudo first order rate constant 
(min− 1) of BBP degradation. As k at NPCS = 50 mg/L was 0.0635 min− 1 

(see the inset), it can noticeably rise up to 0.0818 min-1 at NPCS = 100 
mg/L, and then 0.1040 min− 1 at NPCS = 150 mg/L. The comparison 

Fig. 3. (a) Degradation of BBP by Oxone, adsorption to NPCS, NPCS + Oxone, and Co3O4 NP + Oxone (Catalyst = 100 mg/L, Oxone = 200 mg/L, T = 30 ◦C); (b) RSE 
values Degradation of BBP by NPCS + Oxone: (c) effect of NPCS dosage (Oxone = 300 mg/L, T = 30 ◦C), and (d) effect of Oxone dosage (NPCS = 200 mg/L, T =
30 ◦C). 
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validated that a higher concentration of NPCS considerably enhanced 
degradation kinetics as more active sites were present in the solution to 
speed up the reactions. 

On the other hand, the effect of Oxone concentration was also 
changed to 100, 200, and 300 mg/L with a fixed concentration of NPCS 
of 200 mg/L. Fig. 3(d) demonstrates that a relatively low concentration 
of Oxone as 100 mg/L would lead to incomplete degradation of BBP, and 
also its corresponding k was also relatively low as 0.0241 min− 1 (as 
shown in the inset). As the concentration of Oxone increased from 100 to 
200, and 300 mg/L, the degradation became much faster with higher k 
of 0.0818, and 0.0944 min− 1, respectively. These results ascertained 
that Oxone concentration was critical and ample Oxone was necessitated 
to enable full elimination of BBP, whereas a relatively low dosage of 
NPCS was still useful to activate Oxone to fully eliminate BBP as NPCS 
served as the role of catalyst. 

3.4. Effects of temperature and initial pH on BBP degradation 

Fig. 4(a) further reveals BBP degradation by NPCS-activated Oxone 
at various temperatures. BBP could be all eliminated completely at these 
temperatures ranging from 30 to 50 ◦C. BBP degradation also seemed to 
proceed much faster at higher temperatures. Correspondingly, the k 
value grew considerably at higher temperatures as k rose up from 
0.0818 at 30 ◦C to 0.1300 at 40 ◦C and 0.2345 min− 1 at 50 ◦C (see the 
inset in Fig. 4(a)), confirming the positive effect of higher temperatures. 

To further analyze the relationship between the kinetics, and tem
perature, the Arrhenius equation: Ln k = ln A – Ea/RT was further 
adopted, where Ea represents the activation energy (Ea, kJ/mol) of BBP 
degradation. The plot of 1/T vs. Ln k was displayed as the inset in Fig. 4 
(a) and the data were properly-fitted by the linear regression with R2 =

0.99 and the calculated Ea was 42.7 kJ/mol, suggesting that the rela
tionship between the kinetics and temperature for BBP degradation by 
NPCS-activated Oxone would be interpreted by the Arrhenius equation. 

On the other hand, because BBP degradation and Oxone activation 
occur in aqueous solutions, pH shall be an essential parameter, and thus 
the effect of pH on BBP degradation was then examined. Fig. 4(b) dis
plays that BBP degradation was almost not influenced in weakly acidic 
and basic environment at pH = 5 and 9 as the corresponding k slightly 
changed from 0.0818 to 0.0583, and 0.0700 min− 1, respectively while 
BBP could be still completely eliminated in 60 min with unchanged RSE 
(Fig. 4(c)) under these conditions. This indicates that NPCS exhibited 
resilience to accommodate slight variation in the solution pH. 

On the other hand, when pH was further decreased to pH = 3, 
degradation of BBP was noticeably affected as k, and RSE were consid
erably decreased because Oxone is prone to remain stable in highly 
acidic environments, making it less possible to be activated (Guo et al., 
2013). In the case of BBP degradation at higher pH = 11, BBP degra
dation was significantly suppressed, as the corresponding RSE became 

merely 0.002 with an insignificant k. A number of previous studies have 
indicated that Oxone would be prone to self-decomposition without 
generation of SR under highly alkaline conditions (Guo et al., 2013; 
Rastogi et al., 2009). Therefore, the amount of SR might be insufficient 
for degrading BBP under the alkaline conditions. On the other hand, the 
higher pH would also cause the surface of NPCS to be much more 
negatively-charged because of deposition of hydroxyl ions on the cata
lyst surface as seen in the zeta potentials (Fig. 2(e)), increasing the 
electrostatic repulsion to refrain contact between SO5•‒ and NPCS. 

3.5. Effect of water sources, and the recyclability of NPCS 

Moreover, as UV-light stabilizer might be present in different types of 
water, Fig. 5(a) further examines the effect of water types on BBP 
degradation by NPCS-activated Oxone. As BBP is a common UV stabi
lizer and contained in many sunscreens, BBP might be released to 
various water bodies, including ocean, lake, etc. Therefore, it would be 
useful to examine whether the proposed technique would be applied for 
removing BBP from seawater. In the case of seawater which contains 
Na+, Cl− , and other anions, BBP could be still degraded effectively even 
though the kinetics, and RSE were both slightly affected. On the other 
hand, BBP in tape water which typically contains chlorine was also 
tested, and BBP could be fully eliminated in 60 min while the kinetics 
was also slightly influenced. These results suggest that even though co- 
existing compounds in water might slightly interfere BBP degradation 
and Oxone activation, NPCS remained quite effective to activate Oxone 
to degrade BBP. 

On the other hand, as NPCS was proposed as a heterogeneous cata
lyst, NPCS shall be reusable, and then its recyclability was then exam
ined. Fig. 5(b) reveals BBP degradation using the used NPCS for 5 cycles, 
and BBP could be quickly and completely eliminated in each cycle. This 
indicates that the used NPCS was very stable, and remained catalytically 
active. Fig. 5(c–d) further displays the SEM image, and XRD pattern of 
the used NPCS, which were comparable to those of the fresh NPCS. 
These results validated that NPCS was a reusable, and durable hetero
geneous catalyst for activating Oxone to degrade BBP. 

3.6. A proposed mechanism of BBP degradation by NPCS-activated oxone 

While NPCS-activated Oxone successfully and efficiently eliminate 
BBP, it would be essential to further elucidate the degradation mecha
nism. Although activation of Oxone typically produces SR (SO4

•− ), SR 
would also lead to other derivative reactive oxygen species (ROS). For 
instance, SR reacts with H2O would generate •OH through SO4

•− + H2O 
→ SO4

2− + •OH + H+ (Xu et al., 2015); thus •OH might also occur and 
contribute to BBP degradation. On the other hand, non-radical-type 
ROS, such as, 1O2, is also increasingly reported to be derived from 
Oxone (Liang et al., 2017; Luo et al., 2019; Yang et al., 2018). Therefore, 

Fig. 4. Degradation of BBP by NPCS + Oxone: (a) effect of temperature (NPCS = 100 mg/L; Oxone = 200 mg/L), and (b) effect of pH value on degradation kinetics 
and (c) RSE (NPCS = 100 mg/L; Oxone = 200 mg/L; T = 30 ◦C). 
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it was important to investigate degradation mechanism of BBP by 
NPCS-activated Oxone. To this end, effects of ROS inhibitors were then 
examined by using various reagents, namely, tert-butyl alcohol (BuOH), 
methanol (MeOH), and NaN4 for determining their inhibiting effect on 
•OH, SO4

•− , and 1O2, respectively. 
When BuOH was adopted, BBP degradation was slightly influenced 

as k decreased from 0.0818 to 0.0312 min− 1 (Fig. 6(a–b)), and the 
corresponding RSE decreased from 0.0180 to 0.0144, implying that •OH 
might exist, derived from SR. However, •OH seemed not the primary 
ROS contributing to BBP degradation as the inhibition by BuOH was not 
significant. Next, when MeOH was then used, BBP degradation was 
significantly suppressed as k and RSE became very low to 0.0037 min-1, 
and 0.0043, respectively, indicating that SR was present and derived 
from NPCS-activated Oxone, serving an important ROS for BBP degra
dation. In addition, when NaN3 was adopted, the corresponding k and 
RSE were also considerably reduced, suggesting that 1O2 shall be also 
present to contributed to BBP degradation. 

To further identify ROS derived from NPCS + MPS, Electron spin 
resonance (ESR) analysis was then employed as displayed in Fig. 6(c). 
Firstly, as 5,5-Dimethyl-1-Pyrroline-N-Oxide (DMPO) was employed as 
a spin-trapping agent, no distinct signal was detected in the system of 
DMPO and Oxone alone. However, while Oxone and NPCS were both 
present, a perceptible pattern could be noted, ascribed to the hyperfine 
splitting of oxidation adduct products of DMPO-SO4, and DMPO-OH 
(Peng et al., 2018; Lan et al., 2019; Duan et al., 2015). Furthermore, 

when 2,2,6,6-Tetramethylpiperidine (TEMP) was then adopted as a 
spin-trapping agent in Fig. 6(d), and a distinct pattern of the triplet 
signal was obtained and corresponding to 2,2,6,6-Tetramethylpiperidi
nyloxy (TEMPO), validating that the presence of 1O2 (Latch and 
McNeill, 2006). These results also ascertained that BBP degradation by 
NPCS-activated Oxone could be attributed to several ROS, such as SR, 
•OH, and 1O2 as illustrated schematically in Fig. 6(e). 

3.7. DFT calculation, and a potential degradation route for BBP 

To further investigate the possible degradation route of BBP by 
NPCS-activated Oxone, density functional theory (DFT) calculation was 
adopted for probing into attack of ROS on BBP. The details of DFT 
calculation can be found in the supporting information, and the opti
mized structure of BBP is displayed in Fig. 7(a) with its HOMO, and 
LUMO orbitals visualized in Fig. 7(c). As the green-colored, and red- 
colored zones indicated electron-poor, and electron-rich zones of BBP. 
In particular, the HOMO resided on the benzene ring tends to release 
electrons; therefore, BBP would be attacked by electrophilic ROS, 
namely, SR, and •OH. Fig. 7(b) summarizes Fukui indices of various 
reaction sites of BBP. In general, a site with a higher value of Fukui index 
signifies that this particular site would be more easily attacked. While 
the site of 3O exhibits the highest value of Fukui index than any other 
sites, the site of 3O is a saturated site, making it unlikely accept radical 
addition. In contrast, the site of 5C also shows a significantly higher 

Fig. 5. (a) Effects of water sources; (b) recyclability test of NPCS for degradation of BBP (NPCS = 100 mg/L; Oxone = 200 mg/L; T = 30 ◦C); (c) SEM, and (d) XRD 
pattern of the spent NPCS. 
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Fukui index than other sites, making it the most possible site for radical 
attack. Thus, BBP degradation would be possibly induced by the 
breakage of the bond between ketone group and benzene ring. Besides, 
the electrostatic potential distribution of BBP (Fig. 7(d)) also implies the 
region around 5C would attract the anionic SR, leading to the radical 
attack. 

To further identify the degradation route of BBP by NPCS-activated 
Oxone, degradation intermediates were then analyzed by mass spec
trometry, and summarized in Table S1. In view of these intermediates, a 

potential degradation route of BBP was conceived as Fig. 7(e). As dis
cussed earlier, BBP degradation was initiated by the cleavage of the 
bond between ketone group and benzene ring to produce two in
termediates, P1 (4-hydroxybenzoic acid), and P2 (phenol). Both P1, and 
P2 would be further oxidized to become P3 (hydroquinone). Subse
quently, P3 would be then attacked and underwent a ring-opening re
action to afford P5 (maleic acid), which could be then degraded to result 
in smaller molecules, including P6 (oxalic acid). Via further oxidation, 
these smaller molecules would be then broken down into CO2 and H2O 

Fig. 6. Effects of radical inhibitors on BBP (a) degradation kinetics, and (b) RSE (NPCS = 100 mg/L; Oxone = 200 mg/L; T = 30 ◦C); EPR analysis using (b) DMPO 
((■: DMPO-OH; ●: DMPO- SO4), and (d) TEMP; (e). a scheme for illustrating the potential mechanism of BBP degradation by NPCS-activated Oxone. 
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eventually. 

4. Conclusions 

In this study, a unique nanoplate-assembled CoS (NPCS) 3D cluster 
was fabricated via a convenient one-step process to serve as an inter
esting and promising heterogeneous catalyst for activating Oxone to 
degrade BBP. With NPCS = 100 mg/L and Oxone = 200 mg/L, 5 mg/L of 
BBP can be completely eliminated in 60 min, affording a RSE of 0.018. 
The catalytic activity of NPCS towards Oxone activation also signifi
cantly surpassed the reference material, Co3O4, to enhance degradation 
of BBP. Ea of BBP degradation by NPCS-activated Oxone was also 
determined as a relatively low value of 42.7 kJ/mol. The activation 
mechanism as well as degradation pathway of BBP degradation by 
NPCS-activated Oxone was investigated and validated through experi
mental evidences and DFT calculation to offer insights for developing 
SR-based processes of BBP degradation using CoS catalysts. 
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Fig. 7. Natural bond orbital analysis for the BBP molecule at B3LYP/6-31 + G(d) level. (a) BBP molecule structure; (b) Natural population analysis (NPA) charge 
populations and condensed Fukui index distribution for electrophilic attack (f –); (c) The highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO); (d) Electrostatic potential (ESP)-mapped molecular surface of BBP; (e) A potential degradation pathway of BBP degradation by NPCS 
+ Oxone. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemosphere.2021.132427. 
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