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Abstract: As heterogeneous catalysis is a practical method for activating Oxone, the immobilization
of transition metals (e.g., Co, Fe) on carbonaceous supports is a promising platform. Thus, this
study attempts to develop a carbon-supported metallic catalyst by growing Co/Fe on carbon foam
(CF) via adopting melamine foam as a readily available template which could be transferred to
nitrogen-doped CF with marcoporous structures. Specifically, a unique adornment of Co/Fe species
on this CF is facilely fabricated through a complexation of Co/Fe with a plant extract, tannic acid,
on melamine foam, followed by carbonization to produce nano-needle-like Co/Fe on N-doped CF,
forming a magnetic CF (MCF). This resultant MCF exhibits a much higher surface area of 54.6 m2/g
than CF (9.5 m2/g), and possesses a much larger specific capacitance of 9.7 F/g, than that of CF as
4.0 F/g. These superior features of MCF enable it to accelerate Oxone activation in order to degrade
an emerging contaminant, bis(4-hydroxyphenyl)methanone (BHPM). Furthermore, MCF + Oxone
exhibits a lower activation energy as 18.6 kJ/mol for BHPM elimination and retains its effectiveness
in eliminating BHPM over multiple rounds. More importantly, the CF is also prepared and directly
compared with the MCF to study the composition-structure-property relationship to provide valuable
insights for further understanding of catalytic behaviors, surficial characteristics, and application of
such a functional carbon material.
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1. Introduction

Chemical oxidation techniques are versatile processes not only for decontaminating
polluted water by degrading pollutants [1–4] but also for various oxidative chemical
syntheses [1,2]. Typically, chemical oxidation techniques involve strong oxidation-power
species, such as reactive oxygen species (ROS), to oxidize organic pollutants or molecules.
Today, hydroxyl radical (•OH) is one of the most common ROS and has been extensively
employed for the degradation of contaminants via the so-called Fenton’s reaction [3,4] and
oxidative synthesis of target compounds [1,2]. Nevertheless, sulfate radicals (e.g., SO4

•−)
are also being increasingly developed for the aforementioned applications owing to several
benefits of SO4

•−, such as a comparable or even greater oxidation power, greater selectivity,
wider operational pH ranges, longer half-lives, etc. [5].

For generating SO4
•−, two types of commercial reagents are usually used, namely, per-

sulfate (PS) (S2O8
2−) and Oxone (SO5

2−). Nevertheless, both PS and Oxone require proper
“activation” to release “SO4

•−” from these reagents [6]. Because Oxone can be activated by
many methods and exhibits a superior capacity for degrading organic pollutants [7], it has
been favorably adopted recently specifically for decontamination of toxic pollutants as well
as oxidative organic synthesis [2].

While many approaches can activate Oxone [8–11], catalytic activation is considered
the most useful and efficient technique [12]. Specifically, using transition metals (e.g., Co,
Fe, Mn, etc.) for Oxone activation is even more promising [1]. Nevertheless, direct use
of these metal species may encounter several problems, including different recovery of
metals, secondary contamination by these metals, and poor reusability, etc. [13,14]. Thus,
heterogeneous catalysts are increasingly proposed for activating Oxone, and immobilizing
metal species on substrates appears as a viable platform to afford a useful “activator” for
Oxone in order to degrade pollutants efficiently [12].

To this end, carbonaceous materials have been proven as ideal substrates because
carbon is the most earth-abundant element and offers easy accessibility, high conductivity,
and durable stability [15,16]. For instance, Xu et al. developed a graphene-based CoFe2O4
for activating Oxone and found a superior synergy between graphene and CoFe2O4 [17].
Some other studies have also reported the usage of activated carbon for supporting Co/Fe
nanoparticles, affording composite catalysts for enhancing Oxone activation [18].

Therefore, it would be promising to establish carbon-supported heterogeneous cata-
lysts. In particular, since Oxone activation for the degradation of pollutants is a catalytic
reaction in aqueous media, optimal heterogeneous catalysts are anticipated to offer high ac-
cessibility by exhibiting porous structures. Therefore, foamy materials should be attractive
supports, and carbon foam (CF) would be an excellent candidate.

Fabrication of CF actually can be achieved by using 3-dimensional (3D) organic tem-
plates, followed by carbonization, to retain the 3D porous foam, affording a carbonaceous
substrate [19]. Moreover, such a CF can even be functionalized to exhibit magnetism,
converting CF to magnetic CF (MCF), which can be easily manipulated by external mag-
netic forces for facilitating recovery and increasing recyclability [19]. More importantly,
by endowing magnetism onto the CF to become MCF, metal species (i.e., the source of
magnetism) can also be adorned onto the CF, and these metal species (e.g., Co and Fe)
would be active sites for activating Oxone. Therefore, the present study proposes the usage
of melamine foam as a precursor to generate CF as melamine foam that actually is made
up of nitrogen groups, and this melamine foam-derived CF would afford N-doped CF. The
literature has further indicated that the hetero-atom-dopant on carbon materials would
also act as additional active sites for participating in Oxone activation [20].

Furthermore, in order to immobilize metal species on melamine foam, a unique
method is proposed here through the complexation of metals with tannic acid (TA), an
extract from natural plants, onto surfaces of melamine foam. In particular, because Co
and Fe are recognized as the most efficient transition metals for activating Oxone [1,15],
the complexation of Co/Fe by TA would enhance the immobilization of Co/Fe on the
melamine foam.
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Specifically, an emerging contaminant, bis(4-hydroxyphenyl)methanone (BHPM), is
chosen as a model pollutant and organic compound here because BHPM is a popular
ultra-violet light stabilizer, which has been widely added to various products to prevent the
harmful effects of sunlight. However, BHPM is validated as an endocrine disruptor, which
would threaten the aquatic ecology once released into the water environment. Thus, the
degradation of BHPM by the proposed MCF-activated Oxone would be employed to inves-
tigate properties of the MCF, and detailed studies of BHPM degradation via experimental
and theoretical investigations would also be provided.

More importantly, the CF (without metal complexations) would also be prepared and
directly compared with this MCF to study the composition-structure-property relationship
and provide valuable insights into further understanding of catalytic behaviors, surficial
characteristics, and application of such a functional carbon material. More interestingly,
the complexation of Co/Fe with TA would lead to the growth of specially shaped Co/Fe
materials (i.e., thorns and needles) on the CF to increase the accessibility of Oxone to these
active sites by increasing the surface area/porosity. Therefore, through this study, a MCF
with useful Co/Fe active species and superior structural, textural, and magnetic properties
can be established.

2. Experimental

The procedure of fabricating MCF is outlined and displayed in Figure 1. The prepa-
ration process of MCF is illustrated as displayed in Figure 1. Typically, cobalt chloride
(0.1 mmol), iron chloride (0.1 mmol), and 0.2 mmol of tannic acid (TA) were added to
the 100 mL of DI water [21], into which a piece of melamine foam (1 cm × 1 cm × 1 cm)
was placed. Subsequently, the mixture was adjusted to achieve pH = 8 and then aged for
15 min to allow the complexation of Co/Fe with TA on the pristine foam. The Co/Fe-TA-
modified foam was rinsed using water and ethanol, and then carbonized at 600 ◦C in the
N2 atmosphere to afford Co/Fe-deposited carbon foam.
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For characterizations, the appearance of the as-prepared materials was firstly visual-
ized by SEM (JEOL JSM-7800 F, Tokyo, Japan). The crystalline structures of materials were
also verified by an X-ray diffractometer (Bruker, Billerica, MA, USA). Furthermore, the
chemical states of elements in the as-prepared materials were also characterized by X-ray
photoelectron spectroscopy (XPS) (PHI 5000, ULVAC-PHI, Kanagawa, Japan). Additionally,
the physical properties of catalysts were analyzed by a volumetric analyzer (Anton Paar
Auto IQ, Graz, Austria).

The BHPM elimination by Oxone, characterization techniques, and theoretical analysis
can be found in the supporting information. To evaluate the elimination kinetics, the
equation below is frequently employed and adopted here for quantification of the rate
constant, k:

Ln(Ct/C0) = −kt (1)

where C0 is an initial concentration of BHPM and Ct is the concentration of BHPM at a
certain reaction time “t”.

3. Results and Discussion
3.1. Properties of MCF
Morphologies and Compositional Analyses

Because MCF was derived from the melamine foam, it would be interesting to observe
the variation in the bulky appearance from the pristine foam to the MCF. Figure 1 shows
the preparation procedure as well as the actual picture of the pristine foam, which was cut
to afford a cube with a completely white color. One can also notice that such a pristine
foam had the nature of foam with noticeable pores (Figure 2a). After immersing this
foam into the Co/Fe-TA mixture, the white foam had become brownish, and the foam
was noticeably adorned with fine substances (the inset in Figure 1). Once this brownish
foam was further carbonized, it finally became completely black as shown in Figure 2b,
suggesting that the pristine foam had changed to a carbonaceous material. In addition,
the microscale appearances of these materials are also visualized in Figure 2. Specifically,
Figure 2c shows the typical triangular frame of the melamine foam, which exhibited a
smooth and clean surface. Nevertheless, once such a pristine foam has been pyrolyzed in
an air-lean atmosphere, the triangular frame can still be retained (Figure 2d); however, one
can note that the surface of the frame has become coarse with wrinkles, signifying that the
carbonized foam (CF) itself can remain intact. Furthermore, after the deposition of Co/Fe-
TA on the foam, followed by carbonization, the entire cubic foam remained as a cubic
black material as shown in Figure 2b, and microscopically, the triangular framework still
remained (Figure 2d); interestingly, many thorn- or needle-like substances were adorned
on the frame.

The composition of such a needle-adorned carbon foam was then measured in Figure 2f,
in which strong signals of C, N, O, Fe and Co could be detected, suggesting that the resul-
tant black foam was made up of these elements, becoming a carbon foam accompanied by
Fe/Co/N/O constituents.

Moreover, the crystalline structures of these materials were also analyzed. Initially, the
pristine foam exhibited a relatively amorphous pattern (Figure 3a), whereas the carbonized
foam (CF) also revealed a very weak signal of carbon at 26.8◦. Nevertheless, once Co/Fe-TA
complexation with the foam took place, followed by carbonization, the resultant material
was then also analyzed to exhibit multiple peaks.
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Figure 3. (a) XRD patterns; (b) Raman analyses, (c) saturation magnetization of MCF, (d) N2 sorption
isotherms, (e,f) pore size distributions of CF and MCF.

In particular, the noticeable peaks can also be found at 30.2◦, 35.5◦, 36.8◦, 41.5◦, 43.2◦,
53.7◦, 57.2◦, and 62.7◦; this could be well indexed to CoFe2O4 (JCPDS #03-0864), suggesting
that Co and Fe were combined and oxidized to afford such a bimetallic oxide. Furthermore,
a few peaks can also be observed at 56.5◦,59.2◦, and 65.0◦ that could be attributed to the
metallic phases of Co or Fe (JCPDS #65-9722).
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Additionally, the resultant material was then further characterized using Raman
spectroscopy as shown in Figure 3b. In the case of the simple CF (without the Co/Fe-TA
complexation), its Raman spectrum consisted of noticeable bands at 1340 and 1520 cm−1,
corresponding to the D and G bands of the conjugated carbon, confirming that the pristine
foam after carbonization would become CF. On the other hand, the Raman spectrum of this
needle-adorned CF also contained the noticeable D and G bands, validating the existence
of carbon substrate in this modified foam. Furthermore, several relatively minor bands
can also be observed in the low-wavelength range at around 190, 470, and 670 cm−1, that
correspond to the F2g, Eg, and A1g of metals [22], thereby confirming the existence of the
Co/Fe species in such a modified foam.

Owing to the presence of CoFe2O4 and Co/Fe, such a modified CF could exhibit
magnetism; therefore, its magnetization was measured in Figure 3c, in which the saturation
magnetization could approach 31 emu/g, confirming that this modified CF was a magnetic
CF (MCF), and such a magnetization allowed this MCF to be manipulated by an external
magnet for withdrawal and releasing as shown in Figure 3d.

Figure 3c further shows its adsorption result which could be categorized as an IUPAC
IV sorption with a notable hysteresis loop, indicating that the MCF exhibited mesopores.
Simultaneously, Figure 3e also reveals the N2 sorption of the CF, which was actually similar
to that of the MCF but with a much smaller N2 sorption volume. As the surface area of the
MCF was then determined as 54.6 m2/g, the CF merely showed a surface area of 9.5 m2/g,
demonstrating that the adornment of needles on the MCF enabled it to exhibit much more
surface area. On the other hand, Figure 3f also reveals the pore size distribution of the MCF,
in which a large fraction of pores in the mesoscale range could be observed, and the total
pore volume was 0.21 cc/g, whereas the total pore volume of the CF was merely 0.01 cc/g.
This result also corroborates the much superior textural property of the MCF over the CF
to provide more contact areas.

3.2. Degradation of BHPM by MCF + Oxone

Degradation of BHPM by Oxone using the MCF was then measured in Figure 4.
Because the BHPM might be removed by sorption, the sorption of the BHPM on the MCF
was then studied. However, the BHPM was barely removed using the MCF; thus, the BHPM
was not eliminated by sorption. On the other hand, by using Oxone alone, the BHPM was
only slightly degraded (~5%) in 30 min. Yet, as the MCF and Oxone would be both adopted
simultaneously, the concentration of the BHPM dropped quickly in 30 min, indicating that
the MCF may activate the Oxone to eliminate the BHPM. For comparison with the MCF,
the industrially available Co3O4 powder (Figure S1) and CF were also employed to activate
the Oxone and eliminate the BHPM as in Figure 4a. Nevertheless, Co3O4 + Oxone enabled
Ct/C0 to reach 0.39 after 30 min, while CF+Oxone led to Ct/C0 = 0.69. Both Co3O4 and CF
were capable of activating the Oxone; however, their catalytic activities were clearly much
lower than the MCF.

To quantitatively measure the BHPM elimination kinetics, the rate constants (k values)
for the BHPM degradation are then summarized in Figure 4b. The k for MCF + Oxone
would be 0.169 min−1, which was much larger than the k values of Co3O4+Oxone
(i.e., 0.035 min−1) and CF+Oxone (0.012 min−1), indicating that the MCF was certainly supe-
rior to the industrial Co3O4 and CF. This was possibly because the industrial Co3O4 powder
was highly aggregated and typically exhibits very low surface areas due to agglomeration
as shown in Figure S1.

Because the MCF led to the much quicker degradation of the BHPM, it was also
essential to probe into how the Oxone was “consumed” by the MCF. In Figure 4c, Oxone
consumption during BHPM degradation was inspected. In 30 min, ~70% of Oxone was
“consumed” by the MCF, while Oxone consumptions by CF and Co3O4 were substantially
lower (33% and 20%, respectively). It was worth comparing the k values of Oxone con-
sumption that are then summarized in Figure 4d. The k using the MCF was 0.063 min−1,
the k by CF was 0.009 min−1 and that by Co3O4 was 0.017 min−1, corroborating that the
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Oxone consumption by the MCF was considerably quicker and more effective than the CF
and Co3O4, thereby leading to the quicker BHPM elimination.
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As Oxone activation is relevant to surficial reactions between Oxone and catalysts,
it was necessary to further characterize the surficial properties of the MCF. Therefore, in
Figure 5, X-ray photoelectron spectroscopy (XPS) results of MCF are measured and depicted.
Specifically, the C1s result of the MCF (Figure 5a) could be resolved to multiple peaks at
284.1, 286.6, and 288.5 eV, ascribed to the C-C, C-N, and C=O moieties [23]. Moreover,
the Co2p result of the MCF would be disintegrated to afford several peaks (Figure 5b).
Particularly, the peak at 778.4 eV was Co0, whereas the peaks at 780.1 and 795.3 eV were
indexed to Co2+ and the peaks at 782.9 and 796.3 eV were attributed to Co3+ [24].
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Furthermore, the Fe2p curve of the MCF (Figure 5c) was also deconvoluted to afford
a series of peaks, and specifically, the peak at 707.6 eV corresponds to Fe0 [25,26]. Fur-
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thermore, the peaks at 709.2 and 722.1 eV would be ascribed to Fe2+, while the peaks at
711.3 and 723.6 eV would be ascribed to Fe3+ [25,26]. On the other hand, the N1s curve
of the MCF was also obtained and analyzed (Figure 5d) to reveal several peaks at 398.1,
399.4, and 402.0 eV, attributed to the pyridinic N, pyrrolic N, and quaternary N group in
the MCF [27], confirming that the CF was certainly doped by N from the carbonization
of melamine foam and that the fraction of N in the MCF was 3.4%. In addition, the O1s
curve of the MCF was then measured to reveal the oxygenic species in the MCF and the
curve can be deconvoluted to show three underlying peaks at 529.6, 530.6, and 531.8 eV,
corresponding to the OL (lattice), OV (vacancy), and OS (sorbed), respectively [28].

Comparatively, the XPS results of the CF were also measured and are displayed in
Figure S2. In particular, the C1s curve of the CF also exhibited C-C, C-N, and C-O species,
indicating the existence of an N-doped carbonaceous matrix. Moreover, Figure S2b also
reveals the N1s in the CF, in which the pyridinic N, pyrrolic N, and quaternary N can be
clearly observed. However, the fractions of these species seemed to differ from those seen
in the MCF.

Specifically, the MCF consisted of pyridinic N, pyrrolic N, and quaternary N of 67.4%,
28.8%, and 3.8%, respectively, while the CF showed pyridinic N, pyrrolic N, quaternary
N of 33.9%, 56.2%, 9.9%, respectively. As pyridinic N is confirmed as highly effective for
Oxone activation [29], the much higher pyridinic N species in the MCF (i.e., 67.4%) than in
the CF (33.9%) could lead to promoting catalytic activities of the MCF for activating Oxone
in the BHPM decomposition.

More importantly, the MCF was constituted of various metal species of Co/Fe that
would serve as much more active sites for activating Oxone, thereby accelerating Oxone
decomposition and then BHPM elimination [30,31].

On the other hand, Oxone activation would also be associated with redox proper-
ties. Therefore, the electrochemical properties of MCF as well as CF were then analyzed.
Figure 6a displays the cyclic voltammetry (CV) curves of the MCF and CF. The CF showed
a much smaller CV loop, while the MCF revealed a larger CV loop. Therefore, the MCF
possessed a much larger specific capacitance of 9.7 F/g, which was much higher than
that of the CF as 4.0 F/g. This comparison confirms that MCF possessed superior redox
characteristics and was expected to enhance faster interfacial processes than CF [32].
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In comparison to the pristine CF, the MCF was intentionally prepared to consist of
transition metals (i.e., Co and Fe) that would exhibit high theoretical specific capacitance,
thereby making the MCF possess a much higher specific capacitance than the pristine CF
as Co/Fe was distributed and adorned on the CF [33].

Moreover, the linear sweep voltammogram (LSV) results of the MCF and CF are
shown in Figure 6b. The MCF necessitated a much smaller initial potential than the CF to
reach the same current level, indicating that the MCF possessed superior electrical transport
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properties than the CF. Besides, an analysis of the charge transfer in the MCF and CF was
implemented by looking into their Nyquist plots (Figure 6c). When comparing MCF and
CF, the MCF showed a significantly narrower semi-circle in the high-frequency area than
the CF, suggesting that the MCF possessed a higher degree of charge transfer and lower
resistivity [34]. This was possibly because the adornment of Co/Fe on the CF substantially
increased its conductivity and supplied more active sites for an electrochemical reaction
process [35].

In view of these comparisons, MCF, owing to the adornment of Co/Fe species, ex-
hibited superior porous characteristics and more active surfaces as well as improved
electrochemical features, making MCF an enhanced activator for Oxone to accelerate Oxone
decomposition and then BHPM degradation.

3.3. BHPM by MCF + Oxone: Other Effects

As MCF + Oxone eliminated the BHPM effectively, the temperature and pH would
also impact BHPM degradation. Figure 7a shows BHPM removal by MCF + Oxone from 30
to 50 ◦C. As the temperature rose from 30 to 40 ◦C, the k value for BHPM degradation rose
from 0.170 min−1 to 0.215 min−1. When it increased to 50 ◦C, the rate constant of BHPM
degradation rose to 0.267 min−1, indicating the enhancing effect of elevated temperatures
on BHPM elimination. Furthermore, these rate constants at different temperatures were
correlated using the Arrhenius equation as follows [36]:

ln k = ln A− Ea

RT
(2)

where Ea denotes the activation energy of BHPM degradation; it was calculated as 18.6 kJ/mol,
which is significantly smaller than the Ea values of BHPM elimination in the literature
(Table S1) [37]. These comparisons further demonstrate that MCF was a superior activa-
tor for Oxone to degrade BHPM.

Additionally, the effect of the initial pH on BHPM elimination is further studied in
Figure 7b. At the typical pH = 7, BHPM was degraded speedily with k = 0.170; however,
once the pH was lowered to pH = 5, the rate constant diminished to 0.080 min−1. At pH = 3,
BHPM degradation became even slower with k = 0.020 min−1. This is possibly because
the low-pH condition affords an H+−abundant environment, where H+ tends to consume
potential radicals to “annihilate” them through the following reactions:

H+ + SO4
•− + e− → HSO4

− (3)

H+ + •OH + e− → H2O (4)

Moreover, Oxone may also become dull under acidic conditions [38], then leading to
ineffective BHPM elimination.

On the other hand, when the solution became alkaline at pH = 9, BHPM elimination
was also retarded with a smaller k of 0.047 min−1. At pH = 11, BHPM degradation was
almost completely inhibited to afford an extremely low k of 0.001 min−1. Such a negative
effect of the strongly alkaline condition may be because the pKa value of Oxone is 9.4, and
thus the electrostatic revulsion was more intense between the Oxone and MCF, leading to
the ineffective degradation [38].
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Since BHPM may be present in different water media, it was worth investigating how
water media would influence the efficacy of BHPM degradation. Therefore, in addition to
DI water, tap water and seawater were then also adopted as water matrices, as in Figure 7d.
With tap water, the beginning of BHPM elimination with k = 0.116 min−1 was still very
efficient. Tap water may contain impurities but the efficiency of BHPM elimination was still
reasonable, as BHPM could be successfully and almost completely eliminated. In the case
of seawater, the slightly lower k value of 0.078 min−1 was obtained as seawater contains
a large number of substances and impurities, such as Cl−, which has been validated to
interfere with Oxone by reacting with radicals to form lower-oxidation-potential ROS,
leading to a less efficient BHPM degradation [39].

As MCF can competently eliminate BHPM, the reusability of MCF to eliminate BHPM
over several rounds was evaluated. Figure 7f depicts that the MCF could eliminate BHPM
over five consecutive rounds. This result corroborates the theory that the spent MCF can
maintain its efficacy for activating Oxone to degrade BHPM. The XRD analysis of the spent
MCF (Figure S3) shows that it remained almost comparable, demonstrating that the MCF
would be a reusable activator.

3.4. Mechanistic Studies by MCF + Oxone

For further unraveling the degradation mechanism, a few probe agents were then
employed for elucidating the ROS during the BHPM degradation. At first, t-butyl alcohol
(BuOH) was used to be a probe agent for •OH, while methanol (MeOH) was used to identify
the presence of both SO4

•− and •OH. After TBA was added to the solution, the BHPM
degradation proceeded noticeably slower (Figure 8a), and the k decreased from 0.170 to
0.040 min−1 (Figure 8b), signifying that •OH occurs during BHPM elimination. Next, as
MeOH was used, the BHPM elimination was substantially inhibited with k = 0.001 min−1,
signifying that SO4

•− and •OH co-exist in BHPM elimination. Furthermore, benzoquinone
(BQ) was adopted to examine superoxide (O2

•−). Figure 8a reveals that BQ inhibited the
BHPM elimination with k = 0.106 min−1, demonstrating that the contribution of O2

•− to
BHPM elimination may be insignificant.

In order to examine the occurrence of O2
•−, an alternative analytic technique was

then adopted here by using nitro blue tetrazolium (NBT) as an indicator of O2
•− because

NBT could be reduced selectively by O2
•− to monoformazan, which would absorb the

visible light at 530 nm. However, Figure S4 further depicts the fact that while NBT itself
exhibited the peaks at 259 and 330 nm, the spectral variation did not show noticeable bands
of monoformazan at 530 nm after Oxone was added, suggesting that O2

•−was negligible
and its contribution to BHPM degradation would be quite marginal. Nevertheless, the
low k of BHPM seen in the case of the addition of BQ may be because BQ consumed a
part of the Oxone without generating ROS, thereby leading to the slightly retarded BHPM
degradation. Moreover, NaN3 was used to study singlet oxygen (1O2), and NaN3 also
inhibited BHPM elimination with k = 0.036 min−1, revealing that 1O2 is also present from
MCF + Oxone.

The occurrence of these radicals at different reaction times was then determined.
Specifically, Figure 8c shows the variations in SO4

•− and •OH as a function of the reaction
time. Nevertheless, the concentration of SO4

•− seemed much higher than that of •OH,
which agrees with the above-mentioned discussions.

Furthermore, the occurrence of 1O2 was associated with furfuryl alcohol (FFA) con-
sumption [40]. Figure 8c reveals the FFA oxidation by using Oxone alone and MCF + Oxone.
Oxone alone seemed to barely lead to FFA consumption, whereas MCF + Oxone led to
significant oxidation of the FFA, suggesting that MCF would cause the consumption of
Oxone and promote the production of 1O2.
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Moreover, electron spin resonance (ESR) was adopted here to determine radical
species in the BHPM degradation. Firstly, when 5,5-Dimethyl-1-pyrroline N-oxide



C 2023, 9, 107 15 of 20

(DMPO) was adopted, no noticeable feature was observed in the case of Oxone alone
(Figure 8d). When DMPO, Oxone, and MCF were added simultaneously, a noticeable
result was noted and attributed to DMPO-SO4 and DMPO-OH, as displayed in Figure 8c,
validating the existence of SO4

•− and •OH. Moreover, the same test was then imple-
mented in MeOH to examine whether O2

•− was present (Figure 8e), and a notable signal
was observed but it was ascribed to DMPO-X rather than DMPO-O2, suggesting that the
existence of O2

•− was insignificant.
Furthermore, once an alternative spin-trapping agent 2,2,6,6-tetramethylpiperidine

(TEMP) was used, no notable signal was seen for Oxone alone. However, after TEMP,
Oxone, and MCF were all present, a huge signal was noted and attributed to TEMP-1O2
(Figure 8f), validating the presence of 1O2. Therefore, BHPM degradation can be attributed
to SO4

•−, •OH, and 1O2 generated from MCF-activated Oxone, as outlined in Figure 9.
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3.5. Degradation Process of BHPM

Since MCF efficiently activated Oxone to eliminate the BHPM, it was profitable to
further explore the BHPM degradation process. To this end, a First-Principle-based compu-
tation was used to evaluate the molecule-level susceptibility in the BHPM, and the optimal
structural configuration of the BHPM was then computed, as in Figure 10a. Specifically,
Figure 10b,c reveal the HOMO and the LUMO of the BHPM. Conventionally, the HOMO
sites are prone to receiving electrophilic attacks as SO4

•− and •OH would be recognized
as electrophilic radicals and 1O2 is also an electrophilic. Therefore, the HOMO sites at the
benzene group of the BHPM would possibly withdraw electrophilic attacks from the afore-
mentioned species. Figure 10d further outlines the electrostatic potential (ESP)-distributed
analysis of the BHPM, which indicates that the electron-abundant portions of the BHPM
would be more probable regions to accept electrophilic attacks.
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Moreover, in order to provide further details about possible sites of BHP for accepting
attacks, the Fukui index of the BHPM was then quantified and is summarized in Figure 10h.
Specifically, f−, f 0, and f + denote electrophilic reaction, radical attack, and nucleophilic
reaction, respectively. As 1O2 is an intense electrophilic species, the sites of BHPM with
larger indices of f -would be prone to receiving the electrophilic attacks. Therefore, O1, O3,
C6, C12, C14, and C16 exhibited much larger f -indices, signifying that these positions would
attract electrophilic attacks. Nevertheless, as O1 and O3 would be considered as saturated
sites, C6, C12, and C14 may be relatively vulnerable sites for receiving primary attacks.

To elucidate the possible degradation pathway of the BHPM by MCF + Oxone, a
mass spectrometry of BHPM degradation intermediates (Figure S5 and Table S2) was then
acquired and integrated with the aforementioned information on computational chemistry
to depict a possible degradation process in Figure 11. Initially, the benzene ring of the
BHPM, where the HOMO is located, could receive a ring-opening attack to generate an
intermediate, M1, which would then transform to M2 upon continuous oxidations. Next,
M2 would be decomposed to eliminate the ring-opened residual group to produce M3,
which would encounter continuous oxidations to afford M4. Upon further attacks, M4
would then be degraded by another ring-opening reaction to generate M5, which then
would be consecutively decomposed to produce low-molecule-weight intermediates, such
as M5, M6, and finally M7.
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3.6. Eco-Toxicity Evaluation of BHP Degradation Intermediates

Given the degradation pathway of BHPM by MCF + Oxone, it was certainly imperative
to probe into the eco-toxicity of these intermediates along the BHP elimination route for
waterborne lives. Therefore, the Ecological Structure Activity Relationships (ECOSAR)
Predictive Model was then employed to estimate the toxic properties of these degradation
intermediates from BHPM in terms of acute toxicity (LC50fish/daphnia & EC50green algae) and
chronic toxicity (ChVfish/daphnia/green algae), as in Figure 12a,b, respectively. According to
the Globally Harmonized System of Classification and Labelling of Chemicals (Table S3),
the data of LC50 of these intermediates from the ECOSAR could then be classified into
the four toxic categories, including “very toxic”, “toxic”, “harmful”, and “non-harmful”.
Figure 12a summarizes the values of Log LC50 of these intermediates as well as their classes.
In the case of green algae, the toxicity of pristine BHPM was very high. After the BHP was
decomposed, the toxicities of the initial intermediates (M1 and M2) dropped significantly,
and then the toxicities gradually abated in the following intermediates of M3~M8.

Likewise, a similar pattern could also be observed using fish and daphnia as indicators
because the initial toxicity of the BHPM was still very high, and it constantly dropped
together with the degradation process. In the cases of chronic toxicities (Figure 12b),
MCF + Oxone also enabled a substantial reduction in chronic toxicities for fish, daphnia,
and green algae after the BHPM was continuously decomposed into low-molecule-weight
intermediates.

These results demonstrate that while BHPM is toxic, its derivative intermediates by
MCF + Oxone were mostly non-harmful, validating the theory that MCF + Oxone was
advantageous to degrade BHPM without the occurrence of very toxic intermediates, and
also decontaminate BHPM along the decomposition.
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4. Conclusions

In this study, MCF was fabricated by using melamine foam as a readily available
precursor. Through the carbonization and deposition of Co/Fe-TA complexation, the
nano-needle of the Co/Fe species was adorned onto the N-doped carbon foam, forming
a magnetic 3D-structured carbonaceous catalyst. This resultant MCF exhibited superior
textural properties, surficial active sites and enhanced electrochemical characteristics for
accelerating Oxone activation in order to degrade an emerging contaminant, BHPM.

Furthermore, MCF + Oxone exhibited a lower activation energy for BHPM elimina-
tion and retained its effectiveness in eliminating the BHPM over multiple rounds. The
BHPM degradation mechanism and pathway were also comprehensively investigated via
experimental investigation and theoretical studies. More importantly, MCF + Oxone can
successfully detoxify BHPM. These results render MCF a promising activator for Oxone to
degrade BHPM.
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