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Background: As the most widely-used oral anesthetic, benzocaine (BZC), is increasingly detected in municipal
wastewater and regarded as an emerging contaminant. Thus, it would be highly imperative to develop useful
methods to eliminate BZC from water. However, very few studies have been ever reported, and only photo-
catalysis of BZC was attempted. Therefore, this present study aims to be the first study of developing the sulfate-
radical-based chemical oxidation technology (SR-COT) for degrading BZC.

Methods: For establishing a useful SR-COT, the oxidant, Oxone, is then adopted and a facile nanostructured Co3O4
is then developed for maximizing catalytic activities of Oxone activation by creating a hollow fluffy Co304
nanostructure using CoOMOF as a template, followed by a carving-architected treatment to afford the hollow fluffy
Co304 (HFCC).

Significant findings: In comparison to the solid (non-hollow) Co304 (SCC), HFCC possesses not only the excellent
textural properties, but also superior electrochemical properties and highly reactive surfaces, making HFCC
exhibit the significantly higher catalytic activity than SCC as well as traditional Co304 nanoparticle in activating
Oxone to degrade BZC. The density function theory calculation is performed to investigate the degradation
pathway, and the corresponding eco-toxicity is also studied to realize the degradation implication of BZC by
HFCC-activated Oxone.

1. Introduction photocatalysis [2,3], sorption [4], and filtration [5]. While photo-

catalysis might be feasible for degrading BZC, sulfate-radical-based

Benzocaine (BZC) is also the most common over-the-counter oral
drug for relieving oral pains, making it an essential pharmaceutical and
personal care product. The extensive consumption of BZC has increased
the presence of BZC in wastewater [1]; unfortunately, BZC is validated
to exhibit many adverse effects, making BZC an emerging contaminant
[1]. While BZC is increasingly detected in wastewater, very few studies
have been conducted to eliminate BZC from water except for those on
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chemical oxidation technologies (SR-COTSs) receive increasing favors
for treating emerging contaminants as SR can exhibit higher redox po-
tentials (Eg of SO3"= 2.5-3.1 V vs NHE), making SR-COTs a promising
approach for eliminating BZC. However, no existing studies have been
ever conducted of developing SR-COTs for degrading BZC.

Thus, the aim of this study would attempt to develop useful a SR-COT
to treat BZC in water.
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For producing SR, the oxidant, Oxone, is a popular precursor reagent;
however, Oxone must be activated for quickly releasing SR and other
derivative reactive oxygen species (ROS). Therefore, for successfully
eliminating BZC from water using Oxone-based SR-COT, a useful and
effective activator must be required [6,7]. Because cobaltic catalysts
have been proven to be the most useful materials for Oxone activation in
water [7-10], and no literature has ever been reported for using
Co-activated Oxone for BZC degradation, it is imperative for establishing
useful Co-based materials to optimize Oxone activation in BZC
degradation.

Conventionally, Co304 is proven as a useful heterogeneous catalyst
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for activating Oxone [11,12]; however, Co3O4 NPs tend to aggregate,
even in aqueous solutions [13]. Given that textural characteristics (i.e.,
surface areas and porosities) and surface chemistry are major factors to
determine activities of heterogeneous catalysts, recently,
hollow-architected nanomaterials have received increasing favors
because the hollow configuration exhibits higher contact areas and po-
rosities without redundant weights. Besides, the hollow structure would
also configure Co304 NPs into a well-defined shape to avoid aggregation.
Therefore, it would be advantageous to fabricate such a
hollow-structured Co304 for activating Oxone to degrade BZC.

To this end, the present study offers a facile method for fabricating

Solid Cubic Co;0, (SCC)

Solid

[Hellow

Hollow Fluffy Cubic Co;0,

Fig. 1. (a) Preparation scheme of HFCC from CoMOF; images of (b, ¢) CoMOF, (d, e) SCC, and (f, g) HFCC.
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such a hollow-structured Co304 by using a cubic Co-based metal organic
framework (CoMOF) as a template, which would be then chemically-
carved using a plant extract, gallic acid (GA), and subsequently
calcined, for architecting a unique hollow and fluffy cubic Co304
(HFCC). Moreover, an analogue to HFCC without the hollow structure as
a solid cubic Co304 (SCC) would be also fabricated for comparing with
HFCC to investigate the structure-property relationship. More impor-
tantly, the corresponding degradation pathway of BZC by HFCC/Oxone
is also explored using experimental analysis and computer-aided in-
vestigations; the eco-toxicity evaluation of the possible intermediates
would be also performed.

2. Experimental
2.1. Catalyst preparation

Carving-architected hollow fluffy cubic Co304 (HFCC) was prepared
as illustrated in Fig. 1(a). Firstly, the COMOF was first prepared using the
previously-reported method [14-16]. Then, 200 mg CoMOF were
soaked in 200 mL of DI water/95% ethanol (v/v = 1/1) and 200 mg GA
for 10 min. The time of the carving treatment would have a great effect
on the resultant structure of the product. The longer the time is, the
hollower the structure becomes until at some point it would completely
vanish by the carving effect of gallic acid. Since our goal was to produce
the hollow-structured Co304 (i.e., the interior was void and the outer
layers were remained). According to our investigations by changing
times, we found that 10 mins would be an ideal duration for the carving
treatment in order to afford such as hollow structure. Anytime longer
than 10 min would over-etch COMOF, whereas anytime shorter than 10
min would not create enough internal spaces in CoOMOF. The resultant
carved product was centrifuged, rinsed with ethanol, and dried at 65 °C,
followed by calcination at 600 °C in the air for 4 h to afford HFCC. The
solid nanocuble (NC) of Co304 (denoted as SCC) was prepared by
directly calcining the solid CoMOF NC without the carving treatment
using the same calcination condition as above.

2.2. BZC degradation procedure

BZC degradation was conducted in a 100 mL glass beaker containing
100 mL of 10 pM BZC under stirring at 30 °C without pH adjustment. The
reaction took place after adding 2.5 mg HFCC followed by 20 mg Oxone.
Aliquot was taken out periodically and passed through a filter (PVDF,
0.22 pm). The BZC conc. was measured with an UV-vis spectropho-
tometer at 275 nm. The effects of different parameters (catalyst/Oxone
dosages, temperatures, pH, waters, anions, and inhibitors) on BZC
degradation were examined by repeating the same procedure but
changing the specific parameters to the target values for catalyst/Oxone
dosages, temperatures, and pH before reaction. For waters, DI water was
replaced with tap water and seawater. Meanwhile, effects of anions and
inhibitors were examined by adding their specific amount along with
BZC to the solution.

The degradation kinetics of BZC was analyzed by employing the
pseudo-first-order reaction:

Ln(C, | Co) = —kt (€]

In reusability test, the experiment was conducted as abovementioned
but the scale was multiplied by ten times to prevent catalyst loss. The
catalyst-containing solution after reaction was filtered with a 0.45 pm
filter paper and washed with EtOH/DI water between cycles before
being dried at 65 °C for 1 h. The decomposition of Oxone was conducted
using the same procedure as that used for BZC degradation but the so-
lution in this case was DI water. Total organic carbon was analyzed using
total organic carbon analyzer (Shimadzu TOC-VSH, Japan).
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3. Results and discussion
3.1. Characterizations

CoMOF with cubic configuration and the solid texture were first
observed in Fig. 1((b and c)). After calcination, the overall configuration
was still preserved but the surface became roughened (Fig. 1(d and e)).
On the other hand, when CoMOF underwent the carving treatment, GA
reacted partly with Co?* released outwards and on the surface to result
in hollow configuration with cubic structure and fluffy appearance of
HFCC after calcination (Fig. 1(f and g)).

The XRD of CoMOF in Fig. 2a were properly-indexed to simulated
ZIF-67 [17], validating the successful formation of COMOF. Meanwhile,
that of SCC and HFCC afforded a series of peaks ascribed to Co304
(JCPDS#43-1003), indicating that the form of Co304 in HFCC and SCC
was a spinel structure [18], suggesting the solid cubic Co304 and hollow
fluffy cubic Co304, respectively. Fig. 2(b) exhibited the elemental con-
stituents of SCC and HFCC were merely Co and O, confirming the suc-
cessful preparation of SCC and HFCC.

Fig. 2(c) reveals the amount of N sorption to HFCC was high with a
hysteresis loop, indicating that HFCC would exhibit a high surface area
with a large porosity, particularly mesopores as displayed in Fig. 2(d).
The surface area of HFCC was 66 cm?/g with a porosity as 0.39 cc/g.
Nonetheless, the amount of Ny adsorbed to SCC was significantly less as
shown in Fig. 2(c); therefore, SCC only showed 36 m?/g with a porosity
of 0.25 cc/g. These comparisons also confirm that the carving treatment
would enable HFCC for revealing a much more advantageous textural
properties, especially the porous structure, which would maximize its
active surface for catalytic activation of Oxone. The traditional Co304
NP was also employed here for comparisons and its Ny sorption was
extremely low as shown in Fig. 2(c) with the significantly low pore
volume (Fig. 2d). Therefore, the surface area of Co304 NP was merely 2
m?/g with 0.01 cc/g, possibly because these Co304 NPs were seriously
aggregated as shown in Fig. S6.

Fig. 2(e) displayed Raman spectra of HFCC, SCC, and Co304 NP. All
of these were comprised of similar patterns with noticeable bands at
192, 474, 515, 613 and 680 cm ™", attributed to the Fiy, E,, F3,, F3,, and
Ajg of Raman active vibration modes in Co3O4 [19-21]. Three Foq peaks
are associated with characteristics of tetrahedral (CoO,) sites, while A4
is related to characteristics of octahedral (CoOg) sites [22]. Fig. 2(f)
further displays that the A;g band of Co304 NP centered at 682 em™};
however, the center of the band in SCC had shifted from 680 cm ™! to 678
cm ™! and the band center in HFCC even changed to 676 cm ™. On the
other hand, the similar band shift had been also observed in the case of
F}g as shown in Fig. 2(g). As the band center of Co3O4 NP was at 197
em™, the Fﬁg band center of SCC shifted to the lower location to 194
em ™. The corresponding band center of HFCC had further changed to
190 cm L. As these Raman bands are reported to involve the oxygen
mobility in metal oxides [23]; the band shifts from the higher position of
Co304 NP to the lower position of SCC and even HFCC signifies that
Co304 from calcination of COMOF might exhibit a higher degree of de-
fects, and HFCC seemed to contained even more defects than SCC as well
as Co304 NP. This feature might enable HFCC to reveal more catalytic
active surfaces [24], that would possibly improve catalytic activities of
Oxone activation. Similar results can be also observed in the
temperature-programmed reduction analysis (Fig. 2(h, i)) (the detailed
discussion is in the Supporting Information).

3.2. BZC degradation

BZC degradation using Oxone activated by HFCC was evaluated in
Fig. 3(a). Nevertheless, since it was possible that BZC might be removed
via adsorption, the adsorption of BZC onto HFCC was investigated. In
Fig. 3(a), the BZC concentration was almost no change in the presence of
HFCC, signifying that BZC could not be eliminated by adsorption.
Moreover, when Oxone alone was used, BZC was barely eliminated in
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Fig. 2. Characterizations of Co304 NP, SCC, and HFCC: (a) XRD patterns, (b) EDS spectra, (c) N, sorption isotherms, (d) pore size distributions, (e-g) Raman spectra,

(h, 1) Ho-TPR profiles.

30 min, indicating that Oxone without activation would not efficiently
eliminate BZC. However, when both of HFCC and Oxone were com-
bined, BZC concentration was quickly reduced and completely removed
as its C,/Cp reached “0" in 30 min, suggesting that HFCC seemed capable
of activating Oxone to degrade BZC in water. For comparison, tradi-
tional Co304 NP and SCC were also adopted to activate Oxone for
degrading BZC in Fig. 3(a). Co304 NP/Oxone enabled C,/Cp in 30 min to
reach 0.78 (i.e., 22% of BZC removed), whereas SCC/Oxone led to C,/Cyp
= 0.5 in 30 min. These cobaltic catalysts were ascertained to activate
Oxone for BZC degradation; however, the BZC degradation efficiencies
of Co304 NP and SCC seemed noticeably lower than that of HFCC.
Removal of total organic carbon (TOC) of BZC degradation by HFCC-
activated Oxone as well as SCC-activated Oxone was also examined as
shown in Fig. S7. Within 30 min, ~67% of TOC was removed by HFCC-
activated Oxone during BZC degradation, whereas a relatively low TOC
removal (~36%) was achieved by SCC-activated Oxone. These results
demonstrated that BZC was assuredly degraded and partially mineral-
ized by Oxone and HFCC enabled a noticeably higher TOC removal than
SCC.

To further quantitatively compare performances of these catalysts for
BZC degradation, the pseudo first order reaction kinetics was then
employed and the corresponding rate constants of BZC degradation are

summarized in Fig. 3(b). The rate constant (k) by HFCC/Oxone is 0.1321
min~', which was considerably larger than those of Co304 NP/Oxone
(0.0259 min~!) and SCC/Oxone (0.0528 min’l), confirming the ad-
vantageous catalytic activity of HFCC over Co3O4 NP and SCC.

In view of the much faster BZC degradation by HFCC, it would be
interesting to further probe into Oxone consumption by HFCC in com-
parison with other catalysts [20]. Thus, the variation of Oxone con-
centration during BZC degradation was then analyzed in Fig. 3(c). The
Oxone concentration with HFCC reduced rapidly during BZC degrada-
tion as ~85% of Oxone had been decomposed by HFCC in 30 min. On
the contrary, the Oxone concentration during BZC degradation by SCC
seemed much slower. The corresponding k of Oxone consumption by
both of catalysts are displayed in Fig. 3(d) and the k using HFCC was
determined as 0.0595 min ™!, whereas the k by SCC was much smaller as
0.0138 min "}, validating that the Oxone consumption by HFCC seemed
much more effective and faster than SCC, thereby enabling the faster
BZC degradation.

Since Oxone activation involves redox reactions between Oxone and
activators, electrochemical properties of catalysts shall play crucial roles
in Oxone activation [9]. As HFCC showed a significantly higher catalytic
activity than SCC for degrading BZC, it was informative to examine
electrochemical differences between HFCC and SCC. Fig. 4(a) firstly
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Fig. 3. (a) Comparison of BZC degradation, (b) corresponding rate constants; (c) Oxone consumption, and (d) Oxone consumption rate constants (catalyst = 25 mg/

L, Oxone = 200 mg/L, BZC = 10 pM, initial pH = 7, T = 30 °C).

reveals cyclic voltammetry (CV) curves of HFCC and SCC. SCC displayed
a relatively small CV curve with less noticeable redox peaks, whereas
HFCC obviously showed a larger CV curve with notable redox peaks,
validating that HFCC revealed much more superior redox properties and
would lead to faster inter-facial processes than SCC [25,26]. Further-
more, the linear sweep voltammograms (LSV) curves of HFCC and were
also obtained in Fig. 4(b). At the current density = 5 mA/cmZ, an initial
potential of 0.8 V was reached by HFCC, whereas SCC would require a
slightly higher initial potential of 0.87 V, demonstrating that the elec-
tron transport process in HFCC seemed more effective than in SCC [27].
Moreover, the charge transfers in both of catalysts were also analyzed
via their Nyquist plots (Fig. 4c). In comparison to SCC, HFCC showed a
considerably smaller semi-circle in the high-frequency region, indi-
cating that HFCC would contain a higher-degree charge transfer with a
lower resistance than SCC [28]. These analyses demonstrated that HFCC
with the more superior textural properties and more active surfaces
would further enable HFCC to possess more advantageous electro-
chemical behaviors that made HFCC show the considerably higher cat-
alytic activity for Oxone activation to degrade BZC.

Besides, surficial chemistry of heterogeneous catalysts is also the key
factor for Oxone activation. As HFCC exhibited a noticeably higher
catalytic activity for Oxone activation, it would be insightful to examine
surficial chemistry of these catalysts. Herein, X-ray photoelectron
spectroscopy analyses of HFCC and SCC were performed as shown in
Fig. 4(d-i). In the case of Co 2p in SCC (Fig. 4d), the spectrum consisted
of peaks in the range of 780-797 eV. The peaks at 780.1 and 795.2 eV
corresponded to Co®*, and the peaks at 781.7 and 797.0 eV would be
ascribed to Cot [29]. Moreover, the Ols spectrum in SCC (Fig. 4f)

would be then deconvoluted to show three peaks at 529.6, 531.0, and
532.1 eV, that corresponded to the lattice oxygen (Or), oxygen vacancy
(Oy) and adsorbed oxygen (O,), respectively [18]. The Co 2pand O 1 s
spectra of HFCC were shown in Fig. 4(e and g) and the spectral patterns
as well as the deconvoluted peaks were very similar to those in SCC.
While the spectral patterns of HFCC and SCC were comparable,
respective species fractions might be different and influential to their
catalytic activities. To this end, the species of Co%* and Co®", as well as
oxygenic species of HFCC and SCC were then analyzed and summarized
in Fig. 4(h and i). Interestingly, the fractions of Co species in HFCC and
SCC were actually very close as Co?* and Co®" both accounted for ~50%
in HFCC and SCC. Nevertheless, the fractions of oxygen species were
considerably different as the fraction of Oy in HFCC (31.9%) was sub-
stantially larger than that in SCC (25.6%). Since Oy has been associated
with catalytic activities for Oxone activation [30], a higher extent of
oxygen vacancies would facilitate electron transfer for inducing acti-
vation of Oxone [30]. In addition, the presence of oxygen vacancy with
the strong Lewis acidity, would also promote the formation of the singlet
oxygen to contribute to the BZC degradation [30]. A higher Oy would
lead to a more reactive surface, thereby enabling a larger catalytic ac-
tivity [31,32]. Thus, the higher fraction of Oy in HFCC might be also an
important factor for enabling HFCC to exhibit a higher catalytic activity
of Oxone activation than SCC.

These above-mentioned comparisons ascertained that HFCC, derived
from the carving-architected treatment, exhibited not only the unique
appearance for enhancing its textural properties, but also advantageous
surficial characteristics of greater electrochemical properties as well as
highly active surfaces, enabling HFCC to be a promising activator for
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of species.

Oxone activation in BZC degradation. Other effects (temperature, pH,
anions, humic acid) on BZC degradation and the recyclability of HFCC
were discussed the Supporting Information.

3.3. Mechanism for BZC degradation

To further realize types of ROS involved during BZC degradation, a
series of probe agents would be then examined. Based on reaction rate
constants in Table 1, tert-butanol (TBA) is used as a probe agent for *OH,
whereas methanol (MeOH) can be used for probing the existence of SO3~
and °*OH [33]. Fig. 5(a) displays that when TBA was introduced, BZC
degradation proceeded slightly slower and its corresponding rate con-
stant decreased from 0.128 to 0.075 min ", signifying that *OH might

Table 1
2nd order reaction rate constants of various probes with ROS.

Probe Rate constant (M ~ 's™1)

*OH S0%” 03" 10, Ref.

TBA 3.8-7.6 x 4.0-9.5 x 10° - 1.8 x [14,26,
108 10° 36]

MeOH 9.7 x 108 2.5 x 107 - 3.0 x [14,26,
10% 36]

BQ 1.2 x 10° - 2.9 x 10° - [14,26]

NaN; 1.2 x 101 2.52x10° (24.4 1.0 x [14,26,
°C) 10° 37]

NBT - - 5.76-6.04x10* - [14,26,

38]

exist and contribute to BZC degradation. When MeOH was introduced,
the BZC degradation seemed to inhibited seriously as its k was merely
0.005 min~}, suggesting that both SO§~ and *OH might simultaneously
co-exist during BZC degradation. Besides, another probe agent, benzo-
quinone (BQ), was employed for examining the existence of superoxide
(0%"). Fig. 5(b) reveals that the presence of BQ also caused BZC degra-
dation to proceed much slowly with a k = 0.051 min~!, possibly sug-
gesting that O3  might also appear during BZC degradation.
Additionally, another probe agent, NaN3, was adopted to investigate the
presence of the non-radical species, singlet oxygen (‘0,), and the
introduction of NaNg3 also made BZC degradation proceed relatively
slowly with a k = 0.033 min Y, signifying that 10, also possibly occurred
from HFCC/Oxone during BZC degradation, which was involved the
non-radical pathway of degradation. To estimate the relative content of
ROS contributed to BZC degradation, Egs. (§13-15) can be used. How-
ever, it is found that the inhibitory effect of scavengers is sometimes
resulted from enhanced consumption of Oxone rather than from scav-
enging effect [34,35]. If this is the case, the contribution of ROS will be
exaggerated. On the other hand, if the inhibitory effect of scavengers is
totally due to the scavenging effect, the increase in the concentration of
scavengers will result in higher contribution of ROS. Therefore, the
contribution of ROS calculated via quenching experiments might be
misleading and thus, it would require more investigations and further
studies.

To determine actual species of ROS from HFCC/Oxone during BZC
degradation, electron spin resonance (EPR) was then adopted by using
5,5-Dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-
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tetramethylpiperidine (TMP) as spin-trapping agents [39]. Fig. 5(c) re-
veals that when DMPO was introduced in the absence of HFCC, no
obvious pattern was observed. Nevertheless, as DMPO, Oxone, and
HFCC were present simultaneously, a distinct pattern was then observed
and ascribed to DMPO-SO3~ and DMPO-"OH [40]. This ascertains that
both SO3™ and *OH were generated from HFCC/Oxone, contributing to
BZC degradation. Moreover, the same measurement was then performed
in methanol to examine whether the superoxide, O3~, would be pro-
duced from HFCC/Oxone. While almost no signal was observed in the
case of DMPO and Oxone in methanol, a notable signal could be detected
in the case of DMPO, Oxone and HFCC in methanol (Fig. 5d). However,
the signal was considered as 5,5-dimethylpyrroline-(2)-oxyl-(1)
(DMPOX) rather than the signal of DMPO—O3 . The formation of
DMPOX was possibly due to the oxidation of DMPO by 'O, as the re-
action rate between methanol and 102 was quite low (3.0 x 10° M 157!
[36]). This result suggests that no significant amount of O3~ was present
during BZC degradation. To further explore the existence of O3, UV-vis
spectra of nitro blue tetrazolium (NBT) were recorded as NBT could be
reduced specifically by 05~ (k = 5.76-6.04x10* M"'s™!) to mono-
formazan, absorbing the visible light at 530 nm [14,18,20,26,37].
Nonetheless, Fig. 5(e) displays that when NBT was introduced to BZC
degradation as the peaks at 259 and 330 nm were attributed to NBT
itself, the spectral variation did not show noticeable bands of mono-
formazan at 530 nm, indicating insignificant existence of O3

In the earlier section, we observed that the introduction of BQ
slightly inhibited BZC degradation. This phenomenon has been also
observed in literatures because when O3~ was insignificant, the addition
of BQ might consume a part of Oxone without generating ROS, thereby
intervening with BZC degradation [41].

On the other hand, when the trapping agent, TMP, was employed,
almost no noticeable signal was observed in the case of TMP and Oxone
(Fig. 5f). However, once TMP, Oxone and HFCC were introduced
simultaneously, a distinct pattern of triplet was then observed and
ascribed to TMP-'0, signal (TMPN), confirming that 10, certainly
existed and contributed to BZC degradation via the non-radical
pathway. These analyses also corroborated that BZC degradation by
HFCC/Oxone was certainly involved with a series of ROS (SO3~, *OH,

10,).

3.4. BZC degradation pathway and eco-toxicity evaluation

Since HFCC can efficiently activated Oxone to degrade BZC, it would
be crucial to further investigate the BZC degradation process especially
given that no studies of BZC degradation by SR-based COTs has ever
been investigated. For exploring the BZC degradation pathway by ROS,
the computational chemistry using the Density Function Theory (DFT)
was adopted to investigate the molecular susceptibility in BZC [18]. The
molecular structure of BZC was be geometrically-optimized as shown in
Fig. 6(a). Accordingly, Fig. 6(b) also illustrates the electrostatic potential
(ESP)-mapped isosurface of BZC, which indicates that the electron-rich
region (the reddish and orange zones) of BZC would be prone to elec-
trophilic reactions [26]. Fig. 6(c and d) display the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of BZC. In general, the HOMO regions would attract electro-
philic attacks, and both SO3~ and *OH are considered to exhibit elec-
trophilic nature and 'O, is a strongly electrophilic species. Therefore,
the HOMO located at the benzene ring of BZC seemed to easily receive
electrophilic attacks from these ROS [14].

To further distinguish the most probable sites of BZC for gaining
attacks, the Fukui index distribution of BZC were then mapped (Fig. 6e-
g) and the values were summarized in Fig. 6(h). In particular, f~, £, and
f ' represent the electrophilic attack, the radical attack, and the nucle-
ophilic attack, respectively. Since 10 is a highly reactive electrophilic
species, sites of BZC with relatively high and positive values of f ~ would
tend to receive the electrophilic attacks. Specifically, 20, 3 N, 4C, 8C,
and 9C have relatively high f~ values, suggesting that these sites might
undergo the electrophilic attacks. On the other hand, the sites with high
values of f 0 would tend to receive the radical attacks, such as 20, 3 N,
4C, and 10C. These analyses indicate that 20, 3 N and 4C might be more
susceptible to attacks of ROS during BZC degradation by HFCC/Oxone.
In addition, the possible attack sites of OH", a nucleophile in the solu-
tion, are assessed by f *. Consequently, f * values of 20, 3 N, 5C, 6C, 7C,
and 10C are high. These sites, therefore, easily undergo hydroxylation
[26].
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Fig. 6. DFT calculation for BZC: (a) the optimized molecule structure, (b) electrostatic potential (ESP), (c) HOMO; (d) LUMO; (e-g) condensed Fukui index dis-
tribution for (e) electrophilic attack (f7), (f) radical attack (f), (g) nucleophilic attack (f*); (h) a summary of Fukui indices; (i) proposed degradation process of BZC
based on the detected intermediates; and (j) eco-toxicity evaluation by the Toxicity Estimation Software Tool (the toxicities of P3 and P10 are not available in the T.E.

S.T database).

To determine the degradation pathway of BZC by HFCC/Oxone, the
mass spectrometry of degradation products from BZC degradation
(Fig. S8 and Table S2) was then analyzed and combined with the above-
mentioned theoretical knowledge to propose the degradation process in
Fig. 6(i).

In the beginning, the primary amine group of BZC might be
substituted by a hydroxyl group to form an initial intermediate, P1.
Subsequently, both BZC and P1 might be attacked at the connecting site
between the benzene ring and formate group to break the structure.
Therefore, BZC might be decomposed to afford P2 and P3 after the
breakage. The intermediate, P2, would then be oxidized to produce P5,

which could be further oxidized to generate P8. On the other hand, the
intermediate, P3, would be then transformed to P6, which might be
further oxidized to produce P10. Simultaneously, P8 might also be
oxidized to produce P10 as well as P9 by substituting the amine group
with the hydroxyl group. Moreover, the initial intermediate, P1, could
be also oxidized to produce P4 and P3 due to the breakage. P4 would be
then oxidized to generate P7, and then P9, which might be degraded to
result in P10. Eventually, these low-molecular-weight compounds
would be decomposed and mineralized to CO, and H50.

In view of the degradation pathway of BZC by HFCC/Oxone, it was
also crucial to evaluate the eco-toxicity of intermediates generated from
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BZC degradation especially for aquatic life. Herein, the Toxicity Esti-
mation Software Tool (T.E.S.T.) from the United States Environmental
Protection Agency was adopted to evaluate acute toxicities (LC50) of
these intermediates towards daphnid magna and fathead minnow. Based
on the Globally Harmonized System of Classification and Labeling of
Chemicals (Table S3), the data of LC50 of these intermediates from the
T.E.S.T. could be then categorized into the four levels of toxicity (i.e.,
very toxic, toxic, harmful and non-harmful). Fig. 6(j) displays values of
Log LC50 of these intermediates as well as their categories. In the case of
daphnid magna, the toxicity of pristine BZC was relatively high (i.e.,
very low dosage of LC50). As BZC was decomposed, the toxicities of the
initial intermediates (P1 and P2) seemed to decrease gradually, and then
toxicities were significantly reduced in P4~P9. Similarly, the same
tendency was also observed in the case of fathead minnow as the initial
toxicity of BZC was high, and gradually decreased along the decompo-
sition process. These results suggest that while BZC could be considered
as a harmful chemical, its degradation intermediates by HFCC/Oxone
were mostly non-harmful, demonstrating that HFCC/Oxone was useful
to degrade BZC without the formation of toxic and very toxic by-
products, and also detoxify BZC along the decomposition.

4. Conclusion

Herein, the HFCC with the hollow-engineered fluffy nanostructured
Co304 was successfully prepared through the facile but convenient
carving-architected treatment using CoMOF as a precursor. In compar-
ison to SCC, the solid (non-hollow) Co304 from the calcination of
CoMOF, HFCC exhibited not only the interesting morphology for
enhancing textural properties, but also useful surface properties of
outstanding electrochemical properties as well as highly reactive sur-
faces, enabling HFCC to possess the substantially higher activities than
SCC and traditional Co304 NP for activating Oxone in degrading BZC.
These advantageous features make HFCC a promising heterogeneous
catalyst for activating Oxone to eliminate BZC and other emerging
contaminants in water.
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