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Abstract: Bis(4-hydroxyphenyl)methanone (BHPM), a common ultraviolet stabilizer and filter (USF),
is extensively added in sunscreens; however, BHPM is proven as an endocrine disruptor, posing a
serious threat to aquatic ecology, and BHPM should be then removed. As sulfate radical (SO4

•−)
could be useful for eliminating emerging contaminants, oxone appears as a favorable source reagent of
SO4

•− for degrading BHPM. Even though cobalt is a useful catalyst for activating oxone to generate
SO4

•−, it would be even more promising to utilize ambient-visible-light irradiation to enhance
oxone activation using cobaltic catalysts. Therefore, in contrast to the conventional cobalt oxide,
cobalt titanium oxide (CTO) was investigated for chemical and photocatalytic activation of oxone to
eliminate BHPM from water. Especially, a special morphology of nanosheet-assembled configuration
of CTO was designed to maximize active surfaces and sites of CTO. Thus, CTO outperforms Co3O4

and TiO2 in degrading BHPM via oxone activation. Furthermore, the substituent of Ti enabled
CTO to enhance absorption of visible light and possessed a much smaller Eg. These photocatalytic
properties intensified CTO’s activity for oxone activation. CTO possessed a significantly smaller
Ea of degradation of USFs than other catalytic systems. Mechanistic insight for degrading BHPM
by CTO + oxone was explicated for identifying contribution of reactive oxygen species to BHPM
degradation. The BHPM degradation pathway was also investigated and unveiled in details via the
DFT calculation. These results validated that CTO is a superior cobaltic alternative for activating
oxone to eliminate BHPM.

Keywords: UV filters; oxone; photocatalysis; titanium; cobalt; visible light

1. Introduction

For reducing harmful exposure to sunlight irradiation, sunscreens, containing ultra-
violet stabilizers and filters (USFs), have become essential personal healthcare products.
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Nevertheless, the extensive consumption of sunscreens has led to continuous discharge
of USFs into various water bodies [1]. Unfortunately, many of these USFs have been
proven as emerging contaminants because of their endocrine-disrupting effects and even
carcinogenicity [2].

Amidst numerous USFs, benzophenones are the largest category and widely added in
sunscreens [3]. Specifically, a particular benzophenone, bis(4-hydroxyphenyl)methanone
(BHPM), appears as one of the most common benzophenones because BHPM is intensively
adopted not only in cosmetics but also several products, including plastics, films, and
fibers, for protecting these products from damage of light irradiation [3]. However, BHPM
has been validated as an environmental hormone due to its endocrine-disrupting effect [4].
For preventing its negative impact on the water environment and even on public health, it
would be necessary to eliminate BHPM from water.

As chemical oxidation technology is validated as an useful approach for removing
toxic pollutants [5], sulfate radical (SO4

•−)-involved chemical oxidation technologies are
appealing for eliminating emerging contaminants owing to the higher oxidation powder
and longer half-life of sulfate radicals [6–8]. For generating SO4

•−, the commercial reagent,
industrially available oxone has become favorable. Nonetheless, spontaneous generation of
SO4

•− from oxone would be extremely slow and inefficient; thus, oxone would require “ac-
tivation” for expediting production of SO4

•− to eliminate contaminants. To date, activation
of oxone can be implemented by numerous approaches; nevertheless, applying metallic
catalysts for accelerating oxone activation is recognized as the most factual means [9,10].
Amid various metallic materials, cobalt is the most potent metal in oxone activation [11],
and conventionally, Co ions would be adopted as homogeneous catalysts for activating
oxone. Unfortunately, addition of Co ions to solutions usually ends up causing serious
concerns, namely extremely challenging collection of homogeneous metal ions as well
as subsequent metal contamination. Therefore, tricobalt tetraoxide (Co3O4) has been em-
ployed as an alternative to Co ions for oxone activation [12], and the Co3O4 nanoparticle
(NP) had been developed as a heterogeneous catalyst to activate oxone [13]. Nevertheless,
Co3O4 NPs tend to agglomerate severely even in aqueous solutions and then possess much
fewer active surfaces and sites for activating oxone [14,15].

As catalytic behaviors of heterogeneous catalysts would be correlated to morphologies,
textural characteristics, as well as other properties, Co3O4 can be fabricated to enhance
its catalytic activities through designing Co3O4 with advantageous morphologies and
physiochemical properties [7,12,16]. Thus, it would be promising to fabricate Co3O4 into
superior nanostructures, which would provide large contact surfaces and active sites. On
the other hand, while Co3O4 would be a suitable activator for oxone, recently, facilitating
oxone activation via photocatalysis, especially by ambient visible light, can be a readily ac-
cessible strategy for enhancing degradation of contaminants [17,18]. Therefore, it would be
even more useful to develop a Co-based catalyst with an advantageous nanostructure and
ambient-visible-light-driven photocatalytic activity. To this end, a Ti-substituted analogue
to Co3O4, cobalt titanium oxide (Co2TiO4) (CTO), is particularly developed here, as CTO
is still comprised of Co species, but the substituent of Ti in CTO enhances photocatalytic
activities of CTO, making it a dual-functional heterogeneous Co-based catalyst [19,20].
Specifically, a unique nanostructure of CTO would be configured here to afford a CTO con-
sisting of nanosheets (NSs), which would be assembled and interpenetrated to produce an
NS-assembled nanocluster. Such a CTO would be an auspicious activator for oxone under
ambient visible light to enhance eliminating organic contaminants from water [21–24]. As
very few studies have ever looked into visible-light-mediated activation of oxone by CTO
for degradation of USFs, the present study can for the first time offer valuable insights
for further realizing the catalytic and photo-catalytic behaviors of CTO in comparison to
conventional Co3O4 and TiO2 NPs. The detailed degradation mechanism of BHPM by CTO
are also discussed via experimental and theoretical investigations.
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2. Experimental

In this study, reagents and materials all were purchased and employed directly without
purification. Preparation of NS-assembled CTO by a hydrothermal protocol is illustrated in
Figure 1a. The details of preparation and characterization of materials, BHPM degradation
by oxone, and computer-aided computation are described in the supplementary material.
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3. Results and Discussions
3.1. Physical and Chemical Properties of CTO

At first, the appearance of CTO is displayed in Figure 1b, in which several granules
can be observed. Visibly, these granules were sub-micrometer-sized and comprised of
irregularly curved sheets. The detailed image in Figure 1c then demonstrates that those
sheets were very thin, with a thickness of ~10 nm, and these NSs were interpenetrated
and assembled to afford a granule. Figure 1d shows the chemical composition of the
NS-assembly, and Co, Ti, and O elements could be detected without other elements. More
importantly, its crystalline structure was obtained (Figure 1e), and a series notable peaks
were detected and indexed to Co2TiO4 (PDF#: 39-1410), confirming that this Co/Ti/O-
containing material was Co2TiO4 (CTO). Figure 2 further reveals the elemental mapping
analyses of NS-assembled CTO, and Co, Ti, and O elements can be evenly distributed
over the scanned area of CTO. These results indicate that the NS-assembled CTO were
successfully fabricated.

As a large amount of glycerol was employed here, glycerol would be converted to
glycerate, which would coordinate with Co2+/Ti4+ to form spherical granules [25]. On the
other hand, since ethylenediamine (EDA) was also added during the preparation of CTO,
EDA would temporarily coordinate with metal ions (e.g., Co2+ and Ti4+) to influence the
growth rate of Co2+/Ti4+-glycerate coordination [26]. Thus, the addition of EDA would
usually enable the formation of sheet-like structures, which might be further self-assembled
to afford flower-like clusters as CTO prepared in this study [26].

For comparisons, the commercial TiO2 and Co3O4 NPs were also employed here.
Figure S1 displays the morphology of Co3O4 NP, which were in sizes of a few tens of
nanometers, and its crystalline structure (Figure S1b) was well-indexed to Co3O4 (PDF#
78-1970) [27–30]. On the other hand, the commercial TiO2 NP (i.e., P25 TiO2) is shown in
Figure S2a, exhibiting sizes of a few tens of nanometers, and its corresponding XRD result
could be properly in line with the reported result of P25 TiO2 comprised of rutile (R) and
anatase (A) phases.

As CTO exhibited an interesting and distinct morphology compared to conventional
spherical NPs, its textural properties were then examined and further compared with Co3O4
and TiO2 NPs. Figure 3a reveals a gas adsorption isotherm of CTO that led to a significant
amount of N2 adsorption with a notable hysteresis loop, as the sheet-like nanostructures
would enable CTO to exhibit a large surface; thus, CTO can show a substantially high
surface area of 232 m2/g. Its distribution of porosity shown in Figure 3b further validates
that NS-assembled CTO exhibited mesoscale pores in the range of 2~60 nanometers, and
the porosity of CTO was 0.50 cc/g. Moreover, a closer view of the sheet of CTO (Figure 1c)
actually unveiled some fissures on these sheets; these fissures would further provide very
small pores as observed in the pore size distribution (Figure 3a) to increase surface areas.
The gas adsorption isotherms of Co3O4 as well as TiO2 NPs were also measured and
included in Figure 3a. Nevertheless, N2 adsorption to TiO2 was noticeably lower than that
to CTO, whereas N2 sorption to Co3O4 was even much lower, probably attributed to serious
aggregation of NPs. Therefore, the surface areas of TiO2 and Co3O4 were 42 and 2 m2/g,
respectively. Furthermore, the pore volumes of TiO2 and Co3O4 were also much smaller
as 0.47 and 0.01 cc/g. These results indicate that CTO revealed much more advantageous
textural properties than Co3O4 and TiO2 owing to its NS-assembled configuration.
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Moreover, the diffuse reflectance spectra (DRS) of these catalysts were then obtained
in Figure 3c. In the cases of pristine TiO2 and Co3O4 without modifications, the pristine
TiO2 showed a narrow absorption range from 200 to 400 nm, whereas the pristine Co3O4
NP revealed a wide and broad absorption range from 200 to 800 nm [31]. On the other
hand, CTO also exhibited a broad absorption range from 200 to 800, indicating that CTO
can adsorb irradiation of the visible-light range. Correspondingly, their Tauc plots are
displayed in Figure 3d–f for further determining their energy band gaps (Eg). Eg of TiO2
was calculated as 3.20 eV, which was consistent to the reported value of P25 TiO2 [32–34],
whereas Eg of Co3O4 was estimated as 1.76 eV, which was in line with Eg reported in
literatures [31]. Eg of CTO was then determined as 1.60 eV, which would be slightly
lower than the pristine Co3O4 and TiO2, demonstrating that CTO would be a favorable
photocatalyst [35].

Furthermore, as electrochemical property plays an important role in oxone activation,
electrochemical characteristics of these catalysts were then characterized to determine their
redox potentials, electron transports, and possible active areas. At first, cyclic voltammetry
(CV) curves of CTO, TiO2, and Co3O4 in a potential window of −0.2~0.6 V using 1 M KOH
are displayed in Figure 4a. Noticeably, CTO exhibited a significantly higher current area
than Co3O4 and TiO2, demonstrating that CTO possessed a higher interfacial reaction rate.
This would be because CTO had the much larger surface and pores, which then serve as ion
reservoirs, minimizing the diffusion distance to the inner surface and expediting the diffu-
sion process of ions in the electrode. Thus, CTO could exhibit much more advantageous
electrochemical characteristics [36]. Moreover, the CV curves of CTO at multiple scanning
rates are shown in Figure 4b. When the scanning rate became higher, peak currents of
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oxidation and reduction increased due to the change in the diffusion layer thickness. The
results of the linear sweep voltammogram (LSV) are then revealed in Figure 4c, in which
CTO also showed a much smaller overpotential (at 1.0 mA), validating that CTO exhibited
more advantageous electron transport and mass transfer efficiency than TiO2 and Co3O4.
Additionally, the Nyquist plots of these catalysts were then obtained to examine the charge
transfer abilities of these catalysts (Figure 4d), and CTO exhibited the smaller diameter of
the semi-circle at a higher-frequency region, which represented a lower charge-transfer
resistance, indicating that CTO had a much faster electron transfer rate [37].
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plots of different catalysts. A 1 M KOH was used as the electrolyte; (e) ECSA curves and (f) Tafel
plots of CTO, TiO2, and Co3O4.
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For examining the active sites of these catalysts, the double-layer capacitance (CDL)
would be then investigated with an electrolyte containing 200 mg/L oxone and 0.5 M
Na2SO4 to further determine the electrochemical surface area (ECSA). The scan rate-
dependent CV curves of CTO, TiO2, and Co3O4 in the non-Faradaic region are displayed
in Figure S3a–c. The CDL value was then calculated by CDL = Jm/v, where Jm denotes
current density, and v indicates the scanning rate. Jm would be obtained by averaging
values between anodic and cathodic current densities with the central potential based
on Jm = (|Ja| + |Jc|)/2. Through regressing Jm with v, slopes of the fitted curves (CDL)
of these catalysts are expressed in Figure 4e. CTO exhibited a significantly higher CDL
value (89 µF/cm2) than Co3O4 and TiO2, validating that CTO had more active site areas.
These characterizations demonstrate that this NS-assembled CTO exhibited much superior
physiochemical properties than the pristine Co3O4,and TiO2, making it a promising oxone
activator to degrade BHPM. Moreover, the electro-catalytic behaviors of these catalysts
were then examined by Tafel analyses, and their Tafel slopes are displayed in Figure 4f, in
which CTO exhibited a considerably smaller slope of 44.9 mV dec−1 than the Tafel slopes
of Co3O4 (i.e., 111.5 mV) and TiO2 (59.5 mV). This suggests that CTO possessed a much
more superior electron transfer kinetics than the commercial Co3O4 and TiO2.

3.2. Degradation of BHPM and Decomposition of Oxone by CTO

Firstly, it would be imperative to test whether BHPM might be removed by CTO due
to adsorption and photocatalytic decomposition. Figure 5a shows that when CTO alone
existed in an BHPM solution under ambient-visible-light irradiation, BHPM concentration
was slightly decreased to Ct/C0 = 0.87, suggesting that CTO itself was not efficient for
eliminating BHPM within 20 min either through adsorption or photocatalysis. In the
case of oxone present under light irradiation, BHPM was barely degraded within 20 min,
demonstrating that auto-dissociation of oxone could not effectively eliminate BHPM. Next,
when CTO and oxone were simultaneously added under light irradiation, BHPM was
expeditiously eliminated and completely removed in 10 min. Thus, CTO seemed to activate
oxone for producing reactive oxygen species (ROS) to quickly eliminate BHPM. Further,
when the light irradiation was off, BHPM could be still quickly eliminated, and Ct/C0
could also approach zero within 20 min. These results demonstrate that CTO itself could
already activate oxone to degrade BHPM, and the light irradiation might enable CTO to
exert additional photocatalytic activities for BHPM degradation.

For comparisons, the commercial Co3O4 and TiO2 NPs were also examined for their
activities of activating oxone. Figure 5a displays that TiO2 NP almost could not cause
degradation of BHPM, as the light irradiation was in the visible range instead of ultraviolet
range. Co3O4 NP, on the other hand, could slightly cause decomposition of BHPM, and
the corresponding Ct/C0 approached 0.66 within 20 min. These results both indicated that
the pristine commercial TiO2 and Co3O4 NPs under the light irradiation were incapable of
activating oxone to degrade BHPM efficiently. For further distinguishing catalytic activities
of these catalysts for degradation of BHPM, the pseudo-first-order equation: Ct = C0·e−kt

was adopted, where k represents an observed rate constant. As the k for BHPM elimination
by CTO under light irradiation would be 0.979 min−1 (Figure 5b), the k by CTO without
light would be slightly lower (i.e., 0.340 min−1), validating that light enhanced oxone
activation and BHPM elimination. Moreover, the corresponding k for Co3O4 NP and TiO2
NP under light irradiation were significantly smaller as 0.021, and 0.007 min−1, respectively,
confirming that both the pristine Co3O4 and TiO2 exhibited much lower catalytic activities
than CTO for oxone activation.
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Moreover, it would be interesting to further explore the dissociation of oxone induced
by these catalysts. Figure 5c shows oxone dissociation by catalysts as a function of time,
and CTO would quickly cause dissociation of oxone either under light irradiation or
not; nevertheless, the light irradiation certainly enhanced the dissociation of oxone with
a higher rate constant, as shown in Figure 5d. This suggests that the light irradiation
might contribute to photocatalytic activation of oxone by CTO. On the other hand, oxone
dissociation by the pristine Co3O4 and TiO2 NPs were significantly slower, validating
that these pristine NPs were much less efficient than CTO. These results all indicate that
CTO exhibited much higher catalytic activities for oxone activation than Co3O4, and TiO2,
possibly because of more superior electrochemical and photocatalytic properties of CTO.

Generally, oxone activation by cobalt-based catalysts would be associated with contri-
bution of Co species through the following reactions [38]:

CoII@catalyst + HSO5
− → CoIII@catalyst + SO4

•− + OH− (1)

CoIII@catalyst + HSO5
− → CoII@catalyst + SO5

•− + OH− (2)

SO5
•− → SO4

•− +
1
2

O2 (3)
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Hence, it was interesting to further analyze surface chemistry of CTO. Figure 6a first
unveils the Co2p curve of CTO, and it could be then analyzed to reveal a series of notable
peaks at 778.2, 780.6, 795.4, and 796.8 eV. These peaks at 778.2 as well as 795.4 eV were
related to Co3+ of Co2p3/2 and Co2p1/2, while the peaks at 780.6 and 796.8 were both Co2+

of Co3O4. On the other hand, the Ti2p spectrum of CTO (Figure 6b) was also obtained,
and it was analyzed to reveal distinct peaks at 457.5 as well as 463.3 eV, and the difference
between these two peaks, i.e., 5.8 eV, indicated that those peaks would correspond to Ti3+,
which was consistent to the reported species [39]. Furthermore, the O1s spectrum of CTO
was then also analyzed (Figure 6c), and two peaks can be afforded at 529.4 and 530.8 eV,
corresponding to the lattice oxygen (OL) and the chemisorbed oxygen (OC).

Water 2022, 14, x FOR PEER REVIEW 10 of 25 
 

 

time, and CTO would quickly cause dissociation of oxone either under light irradiation or 
not; nevertheless, the light irradiation certainly enhanced the dissociation of oxone with a 
higher rate constant, as shown in Figure 5d. This suggests that the light irradiation might 
contribute to photocatalytic activation of oxone by CTO. On the other hand, oxone disso-
ciation by the pristine Co3O4 and TiO2 NPs were significantly slower, validating that these 
pristine NPs were much less efficient than CTO. These results all indicate that CTO exhib-
ited much higher catalytic activities for oxone activation than Co3O4, and TiO2, possibly 
because of more superior electrochemical and photocatalytic properties of CTO. 

Generally, oxone activation by cobalt-based catalysts would be associated with con-
tribution of Co species through the following reactions [38]: 

CoII@catalyst + HSO5— → CoIII@catalyst + SO4•‒ + OH— (1)

CoIII@catalyst + HSO5— → CoII@catalyst + SO5•‒ + OH— (2)

SO5•‒ → SO4•‒ + ½O2 (3)

Hence, it was interesting to further analyze surface chemistry of CTO. Figure 6a first 
unveils the Co2p curve of CTO, and it could be then analyzed to reveal a series of notable 
peaks at 778.2, 780.6, 795.4, and 796.8 eV. These peaks at 778.2 as well as 795.4 eV were 
related to Co3+ of Co2p3/2 and Co2p1/2, while the peaks at 780.6 and 796.8 were both Co2+ of 
Co3O4. On the other hand, the Ti2p spectrum of CTO (Figure 6b) was also obtained, and 
it was analyzed to reveal distinct peaks at 457.5 as well as 463.3 eV, and the difference 
between these two peaks, i.e., 5.8 eV, indicated that those peaks would correspond to Ti3+, 
which was consistent to the reported species [39]. Furthermore, the O1s spectrum of CTO 
was then also analyzed (Figure 6c), and two peaks can be afforded at 529.4 and 530.8 eV, 
corresponding to the lattice oxygen (OL) and the chemisorbed oxygen (OC). 

 
Figure 6. XPS analyses: (a) Co2p, (b) Ti2p, and (c) O1s of CTO. 

These analyses suggested that activating oxone using CTO was partially ascribed to 
these Co species (Co3+ and Co2+) for decomposing oxone to produce ROS (e.g., SO4•‒) even 
without light irradiation. Thus, Figure 5a displays that CTO without light irradiation also 
caused rapid BHPM elimination within 20 min. Nevertheless, since CTO could exhibit 
photocatalytic activities, oxone might be also activated by the CTO-induced photocata-
lytic process, in which photo-catalytically induced e− as well as h+ would be generated 
based on the following reactions [40]: 

CTO + hv → e− + h + (4)

These resulting e−/h+ would then encounter with oxone for producing ROS via the 
following reactions [41]: 

Figure 6. XPS analyses: (a) Co2p, (b) Ti2p, and (c) O1s of CTO.

These analyses suggested that activating oxone using CTO was partially ascribed to
these Co species (Co3+ and Co2+) for decomposing oxone to produce ROS (e.g., SO4

•−)
even without light irradiation. Thus, Figure 5a displays that CTO without light irradiation
also caused rapid BHPM elimination within 20 min. Nevertheless, since CTO could exhibit
photocatalytic activities, oxone might be also activated by the CTO-induced photocatalytic
process, in which photo-catalytically induced e− as well as h+ would be generated based
on the following reactions [40]:

CTO + hv→ e− + h+ (4)

These resulting e−/h+ would then encounter with oxone for producing ROS via the
following reactions [41]:

HSO5
− + e− → SO4

−• + HO− (5)

HSO5
− + h+ → SO5

−• + H+ (6)

The high oxidation potentials of these ROS would then attack and cause decomposition
of BHPM.

3.3. Influence of Catalysts/Oxone Dosages on BHPM Elimination

While CTO efficiently activated oxone to eliminate BHPM, it would be interesting to
investigate how CTO and oxone dosage influenced BHPM elimination. Figure 7a reveals
BHPM degradation efficiency, which was obviously enhanced by increasing CTO dosage.
Specifically, at 100 mg/L of CTO, BHPM was gradually eliminated as Ct/C0 reached
zero in 20 min. The k would be calculated as 0.7425 min−1. Once CTO is augmented to
200 mg/L, BHPM would be fully removed in a shorter time. Complete removal could
be reached within a much briefer period (i.e., ~5 min) at 300 mg/L. k was 0.979 min−1

and then 1.411 min−1 at CTO = 200 and then 300 mg/L, indicating the merit of higher
CTO concentration in BHPM elimination as a result of relatively abundant catalytic sites to
expedite activation of oxone to produce ROS. A higher CTO dosage would lead to much
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faster kinetics of BHPM degradation. Such a phenomenon has been also observed in several
studies of using oxone to degrade contaminants because a higher dosage of catalyst would
provide more reactive surface areas of catalysts, which would facilitate oxone activation
and then enhance degradation [42–44].
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Furthermore, the effect of oxone dosage on BHPM elimination would be investigated
would be examined (Figure 7b). When a relatively low amount of oxone (i.e., 100 mg/L)
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was present, merely 80% of BHPM would be degraded in 20 min due to the insufficiency of
radicals [43,44]. When oxone dosage was then increased to 200 mg/L, BHPM elimination
was completed in 10 min. An even higher oxone at 300 mg/L would also cause even faster
full elimination of BHPM (Figure 7b). In addition, the corresponding k with different oxone
dosages were summarized in the inset. Its k at 100 mg/L of oxone would be estimated
to be 0.490 min−1. It would be considerably increased to 0.979 and 1.577 min−1 at oxone
concentrations of 200 and 300 mg/L, respectively, thereby indicating the importance of suf-
ficient oxone dosage for full removal of BHPM. Although a higher dosage of oxone would
improve degradation, the degradation efficiency and kinetics would not be proportional
to the dosage of oxone, as there would be a saturation for oxone present on the surface
of catalysts [43,44]. Therefore, the improvement of degradation kinetics would be limited
even though an even higher oxone dosage is employed [8,45,46].

3.4. Influences of Temperature and pH to BHPM Elimination

For further investigating catalytic behaviors of CTO, BHPM degradation was then
implemented at various temperatures (300, 308, and 316 K) in Figure 7c. In general, the
BHPM degradation was considerably accelerated at higher temperatures. Specifically, at
300 K, the full elimination of BHPM would be achieved quickly with a k of 0.979 min−1.
Since it was further elevated to 308 K and 316 K, BHPM degradation became much faster,
as Ct/C0 became zero in much shorter times, and the k values would be considerably
increased to 1.360 min−1 (308 K) as well as 1.630 min−1 (316 K).

Further, since the k rose at higher temperatures, the correlation of k with T was then
associated for obtaining Ea by the following equation:

Lnk − lnA = −Ea/RT (7)

The inset of Figure 7c shows the relationship between Ln k and 1/T, which was
properly fitted linearly (R2 > 0.95). Thus, the Ea of BHPM degradation would be 25.1 kJ/mol,
which was smaller than most of the reported Ea of USF degradation by other processes in
Table S1 [47–49], thereby confirming that CTO was certainly an advantageous and highly
useful catalyst for degrading BHPM.

On the other hand, it was also critical to examine how pH would affect BHPM elimi-
nation. Figure 7d unveils that BHPM was fully eliminated rapidly under the neutral status
with k of 0.979 min−1 (Figure 7e). As pH was adjusted to 5, BHPM elimination also pro-
ceeded very rapidly with a k of 0.930 min−1; nevertheless, BHPM elimination was slightly
affected (Ct/C0 at 20 min = 0.026), and BHPM was not completely eliminated in 20 min.
When the solution became pH = 3, Ct/C0 was 0.4, and k decreased to 0.051 min−1. BHPM
elimination by CTO-activated oxone is thus less effective under the low-pH condition,
probably because oxone becomes relatively inert under the low-pH condition [50], thus
inhibiting oxone activation. Moreover, the resulting ROS (e.g., SO4

•−, •OH) would be
rapidly depleted by H+ according to the following equations, leading to the less efficient
BHPM elimination:

H+ + •OH + e− → H2O (8)

H+ + SO4
•− + e− → HSO4

− (9)

In addition, as pKa of BHPM is 7.6 [51], BHPM might exhibit positive charges under
acidic conditions. Thus, the less effective degradation of BHPM at pH 3 would be related
to the more intensive revulsion between CTO and BHPM at low pH. Furthermore, H+

might react with free radicals at low pH, thus suppressing BHPM elimination. Furthermore,
hydrogen bonding of O-O and H+ on oxone itself in acidic environments would limit
reactions of oxone with CTO [52].

Furthermore, BHPM elimination was also influenced under alkaline conditions. Specif-
ically, at pH = 9, BHPM elimination was marginally influenced, as Ct/C0 was 0.06 at 20 min,
and its k was 0.840 min−1. Moreover, once pH changed to 11, a highly alkaline condition,
BHPM was barely degraded in 20 min. This validates the negative impact of alkaline
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environment on BHPM elimination, which would be possibly correlated to the much more
intensive electrostatic repulsion between the relatively anionic surface of CTO and SO5

2−,
as pH exceeded the pKa of oxone = 9.4, as revealed in Figure 7f, then constricting the
production of ROS [53]. More importantly, in alkaline environments, SO4

•− also tends
to interact with OH− (as the following equation) to afford •OH, which exhibits smaller
half-life and redox power, causing less SO4

•− participating in BHPM elimination.

SO4
•− + OH− → SO4

2− + •OH (10)

3.5. Reusability of CTO for Degradation of BHPM

Figure 8a shows BHPM degradation by using CTO for five cycles, and the used CTO
could activate oxone to fully degrade BHPM continuously, confirming the recyclability of
CTO. The used CTO was examined for its crystalline structure (Figure S4), which appeared
similar to that of the original CTO. Additionally, its stability was also examined by analyzing
whether Co was leached out. These analyses validate that CTO was a durable as well as
stable activator for oxone to eliminate BHPM.

3.6. Mechanistic Insights into BHPM Elimination by CTO-Activated Oxone

Mechanistic investigation of CTO for oxone activation is also necessary. Essentially,
oxone activation would afford sulfate radicals, which would evolve to other ROS. For
instance, they might react with H2O to produce •OH radicals through the reaction of
SO4

•− + H2O → SO4
2− + •OH + H+ [54]. Thus, •OH might also participate in BHPM

elimination. Several other ROS, namely superoxide (•O2
−) and singlet oxygen (1O2), might

also exist for degrading organic contaminants [55–57]. Therefore, it would be critical
to probe into elimination mechanism of BHPM using CTO-activated oxone. To do so,
the influence of radical inhibitors to BHPM degradation were scrutinized by multiple
indicators, including tert-butyl alcohol (TBA), methanol, benzoquinone, as well as NaN3,
to identify their inhibitory influence on •OH, SO4

•−, •O2
−, and 1O2, respectively.

Initially, as TBA was firstly employed, BHPM elimination was marginally affected
because k dropped to 0.204 min−1 (Figure 8b), indicating that •OH might be present and
contributing to BHPM elimination. Nevertheless, the hydroxyl radical was not reckoned as
the primary ROS responsible for BHPM degradation. Additionally, when methanol was
then used, BHPM elimination was significantly suppressed (k = 0.006 min−1) (Figure 8c),
suggesting that sulfate radicals were present and primarily responsible for BHPM elimi-
nation. Subsequently, as benzoquinone (BQ) and sodium azide (NaN3) were then added
and tested for their inhibitory effects, BHPM elimination was also noticeably affected, and
the resulting k dropped to 0.101 and 0.011 min−1. These results also demonstrate that
•O2

− as well as 1O2 might also be present and formed from CTO-activated oxone during
BHPM degradation.

For further clarifying ROS from CTO-activated oxone, EPR tests were also conducted
in Figure 8d–f. Initially, the first spin-trapping agent, 5,5-Dimethyl-1-Pyrroline-N-Oxide
(DMPO), was adopted, and no distinct pattern was noted as oxone alone. However,
when oxone as well as CTO were simultaneously added, a distinct signal was then found
corresponding to DMPO-SO4 and DMPO-OH.
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Moreover, when the aforementioned test was conducted in a solvent of methanol, then
another sextet pattern was then detected in Figure 8e corresponding to the existence of
•O2

− [58]. Furthermore, when another spin-trapping agent, 2,2,6,6-Tetramethylpiperidine
(TEMP), was adopted, another noticeable signal of the triplet signal was noted (Figure 8f)
corresponding to the formation of 2,2,6,6-Tetramethylpiperidinyloxy (TEMPO), which was
derived from the existence of singlet oxygen [59]. These analyses demonstrated that BHPM
elimination by CTO-activated oxone could be ascribed to multiple ROS, namely sulfate,
hydroxyl, and superoxide radicals, as well as singlet oxygen, as depicted in Figure 9.



Water 2022, 14, 3318 15 of 24

Water 2022, 14, x FOR PEER REVIEW 15 of 25 
 

 

oxone as well as CTO were simultaneously added, a distinct signal was then found corre-
sponding to DMPO-SO4 and DMPO-OH. 

Moreover, when the aforementioned test was conducted in a solvent of methanol, 
then another sextet pattern was then detected in Figure 8e corresponding to the existence 
of •O2− [58]. Furthermore, when another spin-trapping agent, 2,2,6,6-Tetramethylpiperi-
dine (TEMP), was adopted, another noticeable signal of the triplet signal was noted (Fig-
ure 8f) corresponding to the formation of 2,2,6,6-Tetramethylpiperidinyloxy (TEMPO), 
which was derived from the existence of singlet oxygen [59]. These analyses demonstrated 
that BHPM elimination by CTO-activated oxone could be ascribed to multiple ROS, 
namely sulfate, hydroxyl, and superoxide radicals, as well as singlet oxygen, as depicted 
in Figure 9. 

 
Figure 9. The mechanistic scheme of BHPM degradation by CTO-activated oxone. 

3.7. Possible BHPM Degradation Pathways and Computational Calculation 
The degradation behavior of BHPM is dominated by its active sites on the structure 

due to the susceptibility of these sites, which can be indicated by high Fukui indexes (f−, 
f0, f+) obtained from DFT calculation in Figure 10. 

As can be seen from the BHPM structure in Figure 10a, a total of 26 atoms distributed 
at different sites are well-labeled, with cardinal numbers from 1 to 26 corresponding to 
different atoms. The ESP-mapped surface in Figure 10b highlights two distinct zones char-
acteristic of electron-poor and electron-rich sites showed by light blue and maroon, re-
spectively. Thus, three hydroxyl groups are regarded as most vulnerable. 

For further investigating nucleophiles and electrophiles of BHPM, HOMO and 
LUMO are used as illustrated in Figure 10c,d. HOMO in Figure 10c shows the electron-
enriched nucleophiles mapped by maroon, whereas LUMO in Figure 10d exhibits the elec-
trophiles with insufficiency of electrons at atoms mapped by cyan, both of which are in-
dexed by f+ and f− in Figure 10e. From these values, C1, O2, C4, C6, C7, O9, C12, C13, and 
O16 are readily able to be removed under attacks from ROS to form smaller molecules 
due to the high f0 at these atoms. Meanwhile, high f− at C1, O2, C5, C6, C7, O9, C12, C13, 
C14, and O16 allows these atoms to combine with their counterparts at those with high f+, 
such as C1, O2, C4, C6, C8, O9, C11, C13, C15, and O16 and the nucleophile OH− in the 
aqueous solution. 

Figure 9. The mechanistic scheme of BHPM degradation by CTO-activated oxone.

3.7. Possible BHPM Degradation Pathways and Computational Calculation

The degradation behavior of BHPM is dominated by its active sites on the structure
due to the susceptibility of these sites, which can be indicated by high Fukui indexes (f−,
f 0, f +) obtained from DFT calculation in Figure 10.

As can be seen from the BHPM structure in Figure 10a, a total of 26 atoms distributed
at different sites are well-labeled, with cardinal numbers from 1 to 26 corresponding to
different atoms. The ESP-mapped surface in Figure 10b highlights two distinct zones
characteristic of electron-poor and electron-rich sites showed by light blue and maroon,
respectively. Thus, three hydroxyl groups are regarded as most vulnerable.

For further investigating nucleophiles and electrophiles of BHPM, HOMO and LUMO
are used as illustrated in Figure 10c,d. HOMO in Figure 10c shows the electron-enriched
nucleophiles mapped by maroon, whereas LUMO in Figure 10d exhibits the electrophiles
with insufficiency of electrons at atoms mapped by cyan, both of which are indexed by
f + and f− in Figure 10e. From these values, C1, O2, C4, C6, C7, O9, C12, C13, and O16
are readily able to be removed under attacks from ROS to form smaller molecules due
to the high f 0 at these atoms. Meanwhile, high f− at C1, O2, C5, C6, C7, O9, C12, C13,
C14, and O16 allows these atoms to combine with their counterparts at those with high f +,
such as C1, O2, C4, C6, C8, O9, C11, C13, C15, and O16 and the nucleophile OH− in the
aqueous solution.

Based on the LCQ-LC/MS spectra of BHPM degradation intermediates (Figure S5)
and the above DFT calculation, there are eight degradation pathways of BHPM in total:
(I) hydroxylation at O2, C5, C7, C12, and C14 with high f−; (II) hydroxylation at O2 (high
f−) and de-hydroxylation at C6 and C13 (high f 0 at O9 and O16); (III) hydroxylation at O2,
C12, and C14 (high f− at O2, C12, and C14) and breaking at C4-C5 and C6-C7 (high f 0 at
C4) and C11-C12 and C12-C13 (high f 0 at C12); (IV) breaking at C3-C4 and C4-C5 (high f 0

at C4, C7), C6-C7 and C7-C8 (high f 0 at C7), and C11-C12 and C12-C13 (high f 0 at C12); (V)
de-hydroxylation at C6 and C13 (high f 0 at O9, O16); (VI) de-hydroxylation at C13 (high
f 0 at O16) and breaking at C4-C5 and C6-C7 (high f 0 at C4, C7); (VII) hydroxylation at O2
(high f−), de-hydroxylation at C13 (high f 0 at O16), and breaking at C4-C5 and C6-C7 (high
f 0 at C4, C7) and C11-C12 and C12-C13 (high f 0 at C12); and (VIII) combination at O2 (high
f− and high f + at O2). These degradation pathways are schematically drawn in Figure 11,
and all the intermediates are also listed in Table S2.
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attack (f 0), and nucleophilic attack (f +).

In pathway I, the deficiency of electrons at C5, C7, C12, and C13 allowed these atoms
to combine with OH−, leading to the formation of six main intermediates from D2 to D7
(at C5, C7 for D2; at C12, C13 for D3; at C5, C13 for D4; at C7, C12 for D5; at C5, C12 for D6;
and at C7, C13 for D7). From D2 in Figure S7, nine smaller molecules (D8, D21, D48, D82,
D89, D116, D117, D124, and D125) were formed due to the atom detachment at C13 (for
D8, high f 0 at C13); breaking at C10-C11 and C13-C14 (for D21, high f 0 at C10 and C14);
breaking at C10-C11 and C13-C14 and de-hydroxylation at C4 and C6 (for D48, high f 0 at
O8, C10, C14, and O16); breaking at C10-C11 and C13-C14, de-hydroxylation at C4 and
C6, and atom removal at C5 (for D82, high f 0 at C5, O8, C10, C14, and O16); breaking at
C10-C11 and C13-C14 and de-hydroxylation at C4, C6, and O18 and atom removal at C5
(for D89, high f 0 at C5, O8, C10, C14, O16, and O18); atom removal at C4, C6, C10, and
C13 and de-hydroxylation at O18 (for D116, high f 0 at C4, C6, C10, C13, and O19); atom
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removal at C4, C7, C11, and C13 and de-hydroxylation at O18 (for D117, high f 0 at C4, C7,
C11, C13, and O19); atom removal at C3, C6, C11, and C13 and de-hydroxylation at O18
(for D124, high f 0 at C3, C6, C11, C13, and O19); and atom removal at C4, C6, C11, and
C14 and de-hydroxylation at O18 (for D125, high f 0 at C4, C6, C11, C14, and O19). For D3
(Figure S8), similar transformation behaviors, including de-hydroxylation, breaking, and
C chain fracture, were also observed, which caused the formation of D9, D10, D22, D49,
D83, D90, D116, and D124. Under further attacks from ROS, these molecules continued to
degrade and mineralized into CO2 and H2O. Meanwhile, D4 underwent the transformation
through concurrent de-hydroxylation at C6, C12, and O18 (high f 0 at O15, O17, and O19)
and atom removal at O18 and O19 with high f 0 to form corresponding different smaller
molecules (D13, D29, and D30; see Figure S9). After formation from de-hydroxylation at
C6, C12, and O18 on the structure of D4, the transformation of D13 relied on the behavior
of D34 after being de-hydroxylated at C13 (high f 0 at O20, Figure S15). The D34 later went
into de-hydroxylation at C12 (high f 0 at O15, Figure S34) to form D46 (one of the main
intermediates in pathway V). D30 also degraded because of the same reason as that for
D34, which led to the appearance of D46 as abovementioned. D29, on the other hand,
transformed into different smaller molecules before terminating at D69 although D69 could
also be formed directly from D29 after de-hydroxylation at C5 and C12 (high f 0 at O18
and O22) and C chain breakdown at C10-C11 and C11-C12 (high f 0 at C11) (Figure S28).
During this transformation, D58 and D68 were generated owing to de-hydroxylation at
C5 and C12 (for D58, high f 0 at O18 and O22), de-hydroxylation at C5 and C12m and C
atom detachment at C4 with high f 0 for D68. Besides forming from D29, D68 also appeared
after C atom removal at C12 (with high f 0) on the D58 structure (Figure S42). With high f 0

at O8, O15, O16, O17, and O19, D5 was easily able to be de-hydroxylated at C4, C5, C11,
and O18 to become D31 and at C4, C5, and C11 (Figure S10) to become D11 in pathway
II. In addition, high f 0 at C4 and C12 also made C atom at these sites to detach, forming
D23. Quite similar to D23, D45 was also found to be formed after the O18-O19 bond was
fractured further from D5. However, D50 was formed under the same attacks as those for
D23, but two more hydroxyl groups at C5 and C13 on the structure of D5 were removed.
D68 and D69 from D4 along with D23, D45, and D50 from D5 later went into mineralization
to CO2 and H2O. Conversely, D31 from D5 was continued to be de-hydroxylated at C6
(high f 0 at O9, Figure S30) before ending at D46 in pathway V, the same as D30 and D34.
Apart from transforming into D27 in pathway II due to simultaneous de-hydroxylation at
C5, C6, C12, and C13 into D12 due to de-hydroxylation at C6, C12, and C13 and into D46
due to de-hydroxylation at C5, C6, C12, C13, and O18 (high f 0 at O8, O15, O16, O17, and
O19, Figure S11), D6 also degraded into other molecules under the same behavior, but less
hydroxyl groups and one or two more O atoms of O18 and O19 detached one OH− at C13
and two O atoms at C1 for D14, two OH− at C12 and C13 and one OH− at O18 for D15,
two OH− at C12 and C13 and two O atoms at C1 for D32, three OH− at C6, C12 and C13
and one OH− at O18 for D34 (due to high f 0 at these atoms). After formation, D14 and
D32 followed the degradation pathway of D58, while D15 followed that of D34. Finally,
the last initiator of the pathway I (i.e., D7) took part in variety of transformations, such
as de-hydroxylation at C4, C5, and C12 for D16; at C5, C12, and O18 for D17; at C4, C5,
C11, and C12 for D27 in pathway II; at C4, C5, C12, and O18 for D33; at C4, C5, C11, C12,
and O18 for D46; at C4, C5, C11, C12, and O atom removal at C1 for D58 (Figure S12). In
contrast, OH− detachment at C5 and C1-O18 cleavage accounted for the presence of D18.
D35, on the other hand, was formed due to one more OH at C12 being detached besides
those transformations for the appearance of D18. Similar to D15 from D6, the degradation
of D17 and D33 also agreed with that of D34, while D18 and D35 degraded the same as
D58 did. D16, on the contrary, became D27 after de-hydroxylation at C6 (high f 0 at O18,
Figure S18).
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In pathway II, both hydroxylation and de-hydroxylation dominated the transformation
of BHPM, which directly allowed D11, D12, and D27 to be formed. All the reactions
occurring for the presence of these molecules were mainly because of hydroxylation at
C1 and de-hydroxylation at C13 for D11, hydroxylation at C1 and de-hydroxylation at C6
for D12, hydroxylation at C1, and de-hydroxylation at both C6 and C13 for D27. Later
transformations of D11 were associated with the existence of D40, D51, D91, D99, and
D110, which stemmed from breakdown at C5-C6 and C6-C7 and C10-C11 and C11-C12
(high f 0 at C6, C11) for D40; breakdown at C5-C6 and C6-C7 (high f 0 at C6), C10-C11 and
C11-C12 (high f 0 at C11), and de-hydroxylation at C5 (high f 0 at O14) for D51; breakdown
at C4-C5 and C6-C7 (high f 0 at C5 and C6) and C10-C11 and C11-C12 (high f 0 at C11) for
D91; breakdown at C2-C3 and C2-C7 (high f 0 at C2 and C3) and C10-C11 and C11-C12
(high f 0 at C11) for D99; breakdown at C2-C3 and C2-C7 (high f 0 at C2 and C3) and C10-
C11 and C12-C13 (high f 0 at C11 and C12) for D116 (see Figure S13). These compounds
then degraded further and turned into CO2 and H2O as the final products. Moreover,
the transformation of D11 was also involved in the formation of D27, D31, and D46 as
a result of de-hydroxylation at C5 (for D27), at O15 (for D31), and at both C5 and O15
for D46. For D12, the O atom removal at C1; C atom removal at C10, C11, and C12; and
de-hydroxylation at C11 and O15 were found to be the main reasons for its changes in the
structure, forming D27, D46, D70, and D71 (Figure S14). Similarly, D27 was also broken
down at the sites with high f 0 (C3, C5, C6, C11, C12, O14, and O15 in Figure S26) to form
D46, D52, D59, D72, D84, D85, D92, and D105. These products (except for D46) would
be subsequently mineralized into CO2 and H2O to complete the degradation of D27 in
this pathway.

The next pathway contributing to the BHPM degradation was concurrent occurrence
of hydroxylation and breaking initiated by the presence of five primary intermediates,
including D19, D20, D47, D103, and D104. Being produced from hydroxylation and break-
down of BHPM at O and C, respectively, D47 made further degradation of BHPM more
complete by participating in various reactions, dominated mainly by de-hydroxylation
and C chain cleavage. The later by-products related to the transformation of D47 included
D78, D79, D80, D107, D108, D109, D110, D111, D115, D132, D133, and D134. Among these,
D78, D79, D80, D110, D111, and D115 were formed by C chain cleavage, while the others
were formed by de-hydroxylation and cleavage at the same time. The formation of these
by-products was due to the existence of active sites on the D47 structure, as shown by those
with high f 0 at C4, C5, C8, C10, and O11-13 in Figure S40. After that, they continued to
be destructed until the evolution of CO2 and H2O as the final products of D47 transfor-
mation. Similarly, D19 also behaved in the ways as those D47 did, which were directed
predominantly by de-hydroxylation and breakdown, resulting in the formation of D41,
D62, D86, D114, D119, D120, D131, and D137. D19 was no exception: high f 0 at C1, O2,
C4, C6, C10, C12, C14, O15, and O16 on its structure (Figure S21) left it most vulnerable,
thereby being destroyed into different above smaller molecules. These molecules were
continually broken down so that CO2 and H2O appeared at the end. Having high f 0 at
different sites on the structure (Figure S22), D20 followed the degradation pathways that
were triggered primarily by de-hydroxylation and breakdown, leading to the presence of
D36, D37, D42, D54, D55, D64, D65, D77, D87, D101, and D114. While the presence of D42
was due to de-hydroxylation at C5, breakdown was the main cause for the formation of
D36, D37, D77, and D114. In contrast, D54, D55, D64, D65, D87, and D101 were formed
because of the simultaneous occurrence of both de-hydroxylation and breakdown. After
all, the above changes worked together, causing D20 to degrade more completely so as to
leave CO2 and H2O at the end. For D103, de-hydroxylation at C4 and C5 and benzene ring
opening obtained from C atom removal at C1 and C4 (Figure S44) were responsible for its
destruction, resulting in the existence of D113 (ring opening at C1), D121 (ring opening at
C4), D122 (ring opening at C1 and de-hydroxylation at C5), and D123 (ring opening at C1
and de-hydroxylation at C4). These products along with D104, another first intermediate
of BHPM in this pathway, were finally mineralized into CO2 and H2O.



Water 2022, 14, 3318 20 of 24

The fourth pathway was started by the participation of five major intermediates,
including D24, D25, D26, D43, and D44 as a result of fracturing BHPM at C7 (for D24), C12
(for D25), C4 (for D26), C7 and C12 (for D43), and C4 and C12 (for D44). The transformation
of D24 into D74, D90, D93, D96, D126, and D128, which resulted from the detachment of
OH− and C chain cleavage at the sites with high f 0 (Figure S23), brought about complete
degradation of BHPM by the presence of CO2 and H2O afterwards. Transforming into
by-products with a total quantity of one less than D24, D25 underwent the pathways
so that D75, D89, D94, D129, and D130 appeared subsequently, caused by breakdown,
de-hydroxylation, and C atom removal at vulnerable sites with high f 0 in Figure S24 (de-
hydroxylation at C9 and C13 and C atom removal at C10 for D75; C atom removal at
C8 and C13 for D89; breakdown at C2-C12 bond, de-hydroxylation at C9, and C atom
removal at C10 and C13 for D94; breakdown at C1-C3 bond and de-hydroxylation at C9
for D129; and C atom removal at C5, C8, C10, and C13 for D130). Five above by-products
continued to be destroyed until CO2 and H2O as the final products of D25 were reached.
Aside from forming by C atom removal at C5 and de-hydroxylation at C9 of D24, D96
was also found to be formed from D26 as a result of breakdown at C4-C15 bond and
de-hydroxylation at C8 (high f 0 at C4 and O11, Figure S25). In addition, the presence of
other smaller products, such as D56, D76, D95, D106, and D118, also contributed to the
D26 degradation through bond cleavage and removal of C and OH−. While C and OH
removal at C8, C12, and C13 was for D76, C removal at C8 and C13 was for D95. D56, on the
other hand, was formed by C4-C15 cleavage and OH− removal at C8. Same as D95, D106
was also formed by C removal but at C6 and C10. Through the same way leading to the
formation of D106, D118 appeared after additional C removal at C12 and de-hydroxylation
at C13. All these molecules were then further degraded and mineralized into CO2 and H2O,
which were also the final products of degrading D43 and D44 but through different ways.
These ways were initiated by the presence of D53, D62, D86, D119 for D43 and D54, D63,
D64, D87, and D100 for D44. The reasons for the degradation of the above two primary
intermediates (i.e., D43 and D44) could be explained by the availability of active sites on
the corresponding structure (Figures S37 and S38), which caused two possible changes in
the structure, including C atom removal and de-hydroxylation, to appear. Compared to
D53, D86, D119 (in case of D43) and D54, and D100 (in case of D44), which were formed
because of only C atom removal (at C13 for D53; C5 and C13 for D86; C3 and C13 for D119;
C13 for D54; C7, C11, and C13 for D100), the formation of D62, D63, D64, and D87 was the
result of combining both C atom removal and de-hydroxylation (C atom removal at C13
and de-hydroxylation at C5 for D62; C atom removal at C13 and de-hydroxylation at C12
for D63; C atom removal at C13 and de-hydroxylation at C6 for D64; C atom removal at
C13 and C7 and de-hydroxylation at C6 for D87). Ultimately, the evolution of CO2 and
H2O would then occur to terminate the next degradation of these smaller molecules.

The next pathway of degrading BHPM would be de-hydroxylation, which was directly
related to D38, D39, and D46. As against D38 and D39, which were formed due to de-
hydroxylation at either C13 (for D38) or C6 (for D39), the presence of D46 came from
de-hydroxylation at both C6 and C13. Before being mineralized into CO2 and H2O, the
above three intermediates were subjected to various transformations, which involved the
formation of D46, D60, and D74 for D38; D46, D61, and D73 for D39; and D126 and D127
for D46. The remaining OH− on the structure possessed a high f 0 value (Figures S35 and
S36) that allowed D38 or D39 to be further de-hydroxylated at C13 or C6, respectively,
forming D46, which later carried the role of degrading D38 and D39 into D126 and D127
through C chain cleavage at C1-C9 (high f 0 at C1) and C atom removal at C6 (high f 0 at C6)
in case of D126 and C chain cleavage at C1-C3 (high f 0 at C1) and C atom removal at C12
(high f 0 at C12) in case of D127 (Figure S39). Besides converting into D46, D38 completed
its degradation by leaving the presence of D60 and D74 as a result of removing C at C6, C7,
and C13 (for C60) and at C6, C7 (for D74). Meanwhile, C atom removal at C6, C11, and C12
accounted for the generation of D61 from 39. Further, D73 was also produced by the same
ways as D61 but without C atom removal at C6.
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Next, de-hydroxylating and breaking down at C13 (high f 0 at O16) and C4-C5 and
C6-C7 (high f 0 at C4, C6, and C7), respectively, initiated the BHPM degradation in pathway
VI through which D67 was formed as the primary intermediate. The transformation of D67
later depended on D56 in pathway IV and D126 in pathway V. As C1, C5, C6, and C10 had
high f 0 (Figure S43), D56 was formed because of the detachment of C5 and C6 at the same
time, while the disappearance of C10 as well as the fracture of C1-C3 contributed to the
presence of D126.

The degradation of BHPM was further enhanced by hydroxylation at O2 (high f−),
de-hydroxylation at C13 (high f 0 at O16), and breaking at C4-C5 and C6-C7 and C11-C12
and C12-13 (high f 0 at C4, C6, C12, and C13), which simultaneously caused D57 to appear.
Afterwards, D88, D102, and D112 appeared as a result of destroying D57 through removal
of C10 (for D88); C8 and C10 (for D102); and C5, C8, and C10 (for D112) (due to high f 0 at
C5, C8, and C10 in Figure S41). These three molecules were then destroyed and mineralized
into CO2 and H2O to finish the BHPM degradation in pathway VII.

Finally, the combination of a nucleophile with an electrophile from the BHPM molecule
at O2 through donating (for nucleophile) and accepting (for electrophile) an electron pair
resulted in the formation of D1, which was then deoxygenated at C1 and C32 (high f 0 at
O2 and O31, Figure S6) to form D28. From here, nine other smaller molecules, including
D58 (in pathway I), D132 (in pathway III), D56, D66, D81, D97, D98, D135, and D136, were
produced via de-hydroxylation at C5 and C12; C atom removal at C3, C4, C6, C10, C11,
and C13; and breakdown at C4-C5 and C12-C13 (because of high f 0 at C3, C4, C6, O8,
C10, C11, C13, and O15 in Figure S27). Without breakdown and C atom removal, the
de-hydroxylation at both C5 and C12 gave rise to D58. In contrast, D56 needed C atom
removal at C6 and C11 for it to be formed. Further removal of C10 compared to D56
resulted in the appearance of D66. For D132 and D136, C atom removal was responsible
for their formation, in which the removal of C at C4, C6, C11, and C13 caused D132 to
appear, while C atom removal at C4, C6, and C10 and bond cleavage at C12-C13 led to
the formation of D136. D135, on the other hand, was formed from removal of C at C3,
C6, and C11 and bond cleavage at C12-C13. The remaining three compounds, consisting
of D81, D97, and D98, were generated by de-hydroxylation at C5 and C12 and C atom
removal at C13 (for D81); de-hydroxylation at C12, C atom removal at C6 and C13, and
bond breakdown at C4-C5 (for D97); and de-hydroxylation at C5, C atom removal at C6
and C11, and bond breakdown at C12-C13 (for D98). The later mineralization of these
compounds into CO2 and H2O would complete the BHPM degradation via D1 and D28 as
primary and secondary intermediate, respectively, in pathway VIII.

4. Conclusions

Herein, CTO was investigated for the first time as a chemical and photocatalytic
catalyst for oxone activation to eliminate an important USF, namely BHPM, from water.
Especially, a special morphology of NS-assembled configuration of CTO was designed
to maximize active surfaces and sites of CTO. Thus, CTO outperformed the conventional
Co3O4 and TiO2 NP to activate oxone to eliminate BHPM. Moreover, the substituent of
Ti enabled CTO to enhance absorption of visible light and possess a much smaller Eg.
These photocatalytic properties further intensified CTO’s activity for oxone activation via
photocatalysis. CTO also possessed a smaller Ea of elimination of USFs than the reported
catalytic systems, revealing its advantage over the existing reported catalysts. Moreover, the
degradation mechanism of BHPM by CTO-activated oxone was also elucidated using the
tests of scavengers and EPR for identifying the presence and contribution of ROS to BHPM
degradation. The BHPM degradation mechanism was elucidated, and the degradation
pathway was also investigated and unveiled in details via the DFT calculation. These results
validate that CTO appeared as a superior heterogeneous catalyst for oxone activation to
eliminate BHPM.
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