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Biomass wastes from agriculture are very important sources to fabricate high-value materials for water purifi-
cation. Herein, we encapsulated cobalt inside Polygonatum kingianum (PK) dregs biochar with no doping and the
doping of N, S, and N-S to investigate the roles of Co/N/S in promoting the catalytic activity on activating

Heteroatoms peroxymonosulfate (PMS) to degrade emerging pollutant. Cobalt nanoparticles were evenly wrapped in the
Peroxymonosulfate
Degra)c]lation carbon matrix by N doping, leading to no apparent cobalt nanoparticles in Co@BC-N and presenting a poorer

activity. Additionally, Co was converted to CogSg (Co@BC-S) and Co4S3 (Co@BC-N,S) by S doping and N-S co-
doping, respectively. Particularly, both the experiments and DFT calculations revealed an outstanding synergistic
effect between Co4S3 and the N-S co-modified carbon matrix, which significantly raised the adsorption of PMS
and activated it into non-radical (102 and electron transfer) and radical pathways (SO, eOH, and O3"). The
Co@BC-N,S/PMS system completely degraded carbamazepine (CBZ) within 20 min, with an apparent rate
constant (kapp) of 2.7, 16.0, and 19.6 times higher than that of Co@BC-S, Co@BC, and Co@BC-N, respectively.
Furthermore, this system exhibited good tolerance to environmental matrix, great effectiveness in actual water
body, and high degradation efficiency of CBZ in five cycles. Overall, this work not only bridged the knowledge
gap of the connections between structural properties of the modified Co@BC hybrid and catalytic performance,
but also introduced a new view for utilization of PK dregs in catalytic decontamination.

1. Introduction dregs will inevitably lead to resources waste and environment pollution.

Nowadays, biomass is proposed as a kind of vital precursor for the

As an important traditional Chinese herb, Polygonatum kingianum
(PK) mainly cultivated in Southwest China has been used as traditionally
medicinal and functional food for centuries (Yang et al., 2019; Zhang
et al.,, 2024). The PK possesses extensive pharmacological activities,
including immunity promotion, anti-aging, blood glucose reduction, and
lipid regulation. It has been verified in modern studies that these ac-
tivities are highly related to the content of polysaccharides and steroidal
saponins, which were the main substances in the rhizome of PK (Mu
et al., 2021; He et al., 2022). Furthermore, its extract is widely used in
clinical, health food, and daily chemical products. With the wide
industrialization, it will inevitably generate a large number of dregs with
170,000 tons one year in China. Therefore, improper disposal of PK

preparation of biochar-based catalysts to be used in water purification,
which is a good way to reach the object of “treating waste with waste”
(Zhu et al., 2023; Xu et al., 2024). Compared to conventional biomass
such as corn stover, PK dregs undergo specific planting and
manufacturing methods. Hence, using PK dregs to prepare biochar is
more easily to construct a standardized form of ‘'feed-
stock-production-property-application". Therefore, it is worth studying
the application potential of PK dregs biochar-based catalysts in catalytic
decontamination.

Peroxymonosulfate-based advanced oxidation processes (PMS-
AOPs) has gained increasing attention in catalytic decontamination
because of the superiorities of multiple oxidation pathways, high
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contaminants removal efficiency, and stable oxidant involvement (Li
et al., 2021; Zhang et al., 2022). Generally, PMS can be activated into
radical and non-radical oxidation processes through catalytic activation.
The high efficiency of radical induced oxidation leans on the high ac-
tivity of SO5~ (2.5-3.1 V) and ¢OH (1.9-2.7 V) whose redox potential is
more higher than SO3™ (1.1 V) and O3~ (0.56 V) (Li et al., 2023; Xie
et al., 2023). However, the oxidation efficiency will be affected by the
background organics/inorganics, limiting its practical application in the
complex water environment (Wactawek et al., 2017; Hodges et al.,
2018). Alternately, non-radical systems mostly induced by 'O, and
electron transfer process (ETP) feature excellent anti-interference, high
selectivity for electron-rich pollutants, and high utilization efficiency of
peroxide (Ren et al., 2022). Therefore, the strategy of integrating radical
and non-radical induced oxidation has received more and more atten-
tion (Qu et al., 2022; Xiao et al., 2022). Notably, when it comes to
developing a novel catalyst to trigger multiple oxidation pathways,
opportunities and challenges come together.

Currently, numerous biochar materials have been developed and
used in PMS activation. Nonetheless, the overall performance of the
original biochar in PMS activation needs to be improved because of the
limited catalytic sites and poor stability (Dou et al., 2022; Shi et al.,
2022; Dung et al., 2024). A variety of strategies have been developed to
enhance the performance of biochar-based material. Among them,
encapsulating mental nanoparticles (MNPs) inside carbon matrix is a
novel strategy for preparing highly efficient carbon-based catalysts
(Tangetal., 2019; Otor et al., 2020). In general, the stable carbon matrix
is also called chain-mail for catalyst to protect the inner from harsh
reaction conditions (Yu et al., 2020). And the outer carbon layer can be
activated via the electronic interactions between the inner MNPs and
carbon, leading the redistribution of electrons in the hybrid, which is
crucial for us to rationally design highly-efficient catalysts. Moreover, it
has been proposed that doping heteroatoms into carbon matrix can
significantly affect the redistribution of electrons as well as the activity
of the hybrid (Dai et al., 2016; Yu et al., 2020). Particularly, N-S
co-doping generally can realize synergy effect caused by the redistri-
bution of spin/charge densities and the production of new catalytic sites.
For example, Duan et al. revealed that the apparent rate constant (kapp)
of N-S co-doped rGO in activation of PMS for phenol removal is of 4.5,
19.7, and 22.8 times than that of N-rGO, S-rGO, and rGO, respectively
(Duan et al., 2015), and Du et al. found that, in comparison with
Co@NC, the performance of Co-S@NC displayed a 1.71-fold improve-
ment in dinotefuran degradation (Du et al., 2020).

We herein encapsulated metal cobalt inside biochar with no doping
and the doping of N, S, and N-S through one-pot pyrolysis process, by
using PK dregs as the carbon precursor. For comparison, pure biochar
and N and S co-doped biochar were also prepared. The main objectives
of this study are aimed to: (1) synthesize and characterize the Co@BC
hybrids with no doping and the doping of N, S, and N-S; (2) examine the
role of heteroatoms doping in prompting the catalytic activity of bio-
char; (3) investigate the utilization potentiality of the optimal Co@BC-
N,S/PMS system. This study fills the knowledge gap of the roles of N
or/and S doping in changing the structural properties of Co@BC hybrids
and further affecting the catalytic performances/PMS activation path-
ways of the hybrids, which will promote the environmental applications
of biochar-based catalysts.

2. Materials and methods
2.1. Reagents and analytical methods

The regents are analytical grade or above. The detailed information
of regents is shown in Text S1 of the Supporting Information. Further-

more, the analytical methods and computational details are given in
Text S2 and Text S3, respectively.
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2.2. Synthesis of catalysts

The PK dregs were obtained from Yunnan Province, China. The dregs
were dried in an oven (80°C) and the dried dregs were smashed into
small particles less than 80 mesh by a grinder. Then the obtained powder
was collected for further use. Catalysts were synthesized using the
modified in-situ impregnation-pyrolysis process (Feng et al., 2022). The
detailed processes of preparing Co@BC-N,S are given in Text S4.

2.3. Experimental procedures

The synthesized materials were used to activate PMS for catalytic
decontamination of carbamazepine (CBZ). PMS activation experiments
were performed in a 100 mL beaker containing a given concentration of
CBZ, PMS, and catalyst, which was conducted at 25°C. The beginning pH
of the reaction system was about 6.8 and need no further adjustment. At
specific time intervals, 0.5 mL of suspension was collected and filtered
via a syringe filter (0.45 pum) for subsequent testing. Reactive oxygen
species (ROS) were determined through quenching experiments as well
as electron paramagnetic resonance (EPR). The effects of pH, coexisted
anions (NO3, SO7~, HPO3 ™, CI~, and HCO3) and humic acid (HA) on the
catalytic decontamination of CBZ were studied in detail. Three parallel
experiments were conducted in each group with error bars shown in all
figures.

3. Results and discussion
3.1. Characterization of catalysts

As shown in Fig. 1, the crystal structures of all as-prepared materials
in this study were studied by X-ray diffraction (XRD) firstly. It displayed
that graphitic carbon (20=26.6°) (PDF#01-075-2078) and SiO2
(PDF#97-003-9830) were the common phases in all samples. For
Co@BC, these diffraction peaks at 44.2, 51.5, and 75.8° were matched
with the (111), (200), and (220) planes of cobalt (PDF#00-015-0806)
(Liu et al., 2022). Interestingly, diverse crystallographic phases of cobalt
were discovered in Co@BC series materials through different types of
heteroatoms doping. Specifically, as shown in the enlarged XRD patterns
of Co@BC and Co@BC-N (Fig. S1), there were no apparent diffraction
peaks of Co nanoparticles in the Co@BC-N due to the doping of N. It has
been reported that cobalt (Lewis acid) was susceptible to bind with N
(Lewis base) to form robust Co-N coordination in the carbon matrix
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Fig. 1. XRD patterns of all materials.
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(Wang et al., 2019). Here, this result might suggest the success in ni-
trogen doping, and that the doped N could better isolate and stabilize the
cobalt atoms through strong Co-N coordination structure. In addition,
cobalt sulfides substituted for cobalt nanoparticles with the doping of S
(Co@BC-S). The peaks at 29.8, 47.5, and 52.0° could be ascribed to the
(311), (511), and (440) planes of CogSg (PDF#00-056-0002) (Navarro
Pardo et al., 2020). For N and S co-doping, cobalt nanoparticles were
replaced by Co3Ss4, and the peak at 31.5° corresponded to the (311)
plane of Co3S4 (PDF#00-047-1738) (Navarro Pardo et al., 2020). Above
results indicated that N doping, S doping, and N-S doping significantly
affected the existential state of the cobalt species.

Meanwhile, the XRD patterns of Co@BC-N,S at different annealing
temperature were also investigated (Fig. 1). Clearly, the diffraction in-
tensity of graphitic C (26.6°) gradually increased with the increasing
calcination temperature, which was in accord with prior report (Wu
et al., 2022). The XRD patterns of Co@BC-N,S were basically unchanged
when the calcining heat was lower than 900 °C. However, the peaks of
CosS4 turned weak with temperature increasing to 900 °C, and the
emerging characteristic peaks at 29.8, 47.5, and 52.0° could be indexed
to CogSg (PDF#00-056-0002). For comparison, N and S co-doped BC
was also prepared as the control sample. Surprisingly, the characteristic
peaks of NaCl (PDF#01-070-2509) were identified in all N-S co-doped
materials, which might be explained by the complexity of inherent
components in biochar and the complex chemical environment resulting
from N and S co-doping.

Fig. 2 displayed the surface morphologies of Co@BC-N,S calcinated
at different temperature. As observed, the morphologies of CoO@BC-N,S
series materials were characterized with layered structure, irregular
shape, and pore structure. Remarkably, the big blocks gradually broke
up into a lot of unshaped small lumps with rising of temperature, and
well-developed pore structure was formed at higher temperature,
showing that the increasing calcining temperature significantly changed
the structures and morphologies of the materials.

After that, the microstructures of the novel material Co@BC-N,S
were surveyed by transmission electron microscopy (TEM) (Fig. 3a).
Clearly, the carbon matrix of Co@BC-N,S-700 displayed multilayered
structure, which met the SEM results (Fig. 2). Furthermore, there were
some nanoparticles with a diameter of 10-25 nm and irregularly shaped
black shadow areas with a diameter of 50-300 nm embedded in the
carbon matrix. According to the enlarged images, the magnified images
with interspacing of 0.18 nm could be observed, corresponding to the
(2—12) plane of SiO (Fig. 3a;). The magnified black area with the lat-
tice distance of 0.28 and 0.54 nm could be indexed to the (311) and
(111) facets of Co3S4 (Fig. 3ag) (Li et al., 2020). Additionally, the TEM
elemental mappings of Co@BC-N,S-700 were given in Fig. S2. Results
not only showed that N, S, and Co were evenly distributed on the surface
of Co@BC-N,S-700 and successfully doped into the catalyst, but also
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confirmed the presence of other elements in the compounds mentioned
in the above XRD analyses.

Fig. 3b showed the Raman spectra of all materials. The peaks at near
1350 cm™ (D band) and 1580 cm™ (G band) were identified in all
materials, which could be indexed to the sp?-bonded carbon within
structural defects or disordered graphite and the ordered hexagonal
lattice of graphite, respectively. And the intensity ratio of D to G band
(Ip/Ig) was applied to measure the defect level of graphite-based ma-
terials (Tam et al., 2020; Sajjadi et al., 2021). As displayed in Fig. 3by, in
comparison with BC (0.85), encapsulating cobalt nanoparticles inside
biochar slightly elevated the defecting degree of Co@BC (0.9). Likewise,
compared with Co@BC, the defecting degree was slightly elevated by
heteroatoms doping except for Co@BC-S (0.89), which was in agree-
ment with the previous study (Feng et al., 2022).

The Raman spectra of Co@BC-N,S calcinated at different tempera-
ture were also investigated (Fig. 3by). It showed that a higher temper-
ature (>700 °C) significantly increased the defecting degree. While the
degree of defects no longer changed significantly when calcining heat
increased to 900 °C. Compared with other materials, it was obvious that
Raman spectrum of 500 °C showed a strong 2D band at about
2800 cm ™!, suggesting a high degree of stacking in the material (Hristea
et al., 2024). According to the layered structure identified in the Fig. 2
and Fig. 3a, therefore, the 2D band might reflect the carbon layer
thickness (Sajjadi et al., 2021). Clearly, the intensity of 2D peak grad-
ually decreased with the increasing temperature, indicating the drop-
ping carbon layer thickness. This was consistent with the results of SEM
that big carbon blocks gradually broke up into a lot of unshaped small
lumps (Fig. 2). As regards these catalysts (encapsulating metal nano-
particles inside carbon), the catalytic activity is strongly associated with
the thickness of the carbon layer, which will be discussed in the Section
3.2 in detail.

To better understand the effects of heteroatoms doping on the
physicochemical properties of catalysts, the valence states of elements
were surveyed by X-ray photoelectron spectroscopy (XPS). Fig. S3 dis-
played the full XPS spectra of all materials, and it further confirmed the
presence of the elements referred above. The deconvoluted XPS spectra
of C 1 s and Co 2p of Co@BC with different heteroatoms doping were
displayed in Fig. 4, and that of other samples and elements were given in
Figs. S4-7.

The C 1 s spectra of all materials were showed in Fig. 4a and Fig. S4,
which showed that there was an obvious difference between the samples
with S doping and without. The C 1 s spectra of the samples without S
doping could be ascribed to C-C (284.8 eV), C-O-C (286.4 eV), and
0O-C—=O0 (288.8 eV) (Huang et al., 2022), while that with S doping could
be divided into C-C (284.8 eV), C-O/C-N (286.1 eV), C-S (287.1 eV),
C=O0 (288.5 eV), and n—n* shake up (290.5 eV) (Ma et al., 2021; Yu
et al., 2020). Due to the complexity and relatively low intensity of the

Fig. 2. SEM images of Co@BC-N,S calcinated at: (a) 500 °C, (b) 700 °C, and (c) 900 °C.
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broad shoulder (286-291 eV), it is challenging and prone to errors to
quantitatively analyze the contributions of various functional groups of
that shoulder. By comparison, investigations of the 01 s,N1s,and S 2p
spectra are more straightforward. As displayed in Fig. S5, the O 1s
spectra of all samples showed that there was also an obvious difference
between the samples with S doping and without. Moreover, as shown in
Table S1, only the content of O in the materials with S doping presented
a significant decrease. Above results indicated that more oxygen groups
were removed, thus leading to a stronger n—x stacking, which was in line
with the prior study (Duan et al., 2015).

For the N 1 s, as shown in Fig. S6, the peaks at 398.5, 400.1, 401.1,
and 402.5eV in the N 1s spectra of all samples were ascribed to

pyridinic N, pyrrolic N, graphitic N, and oxidized N (Wu et al., 2023). In
contrast to Co@BC, the content of N in Co@BC-N increased by 53.2 %,
among which the content of Pyridinic N increased by 151.6 % while that
of Graphitic N and Pyrrolic N presented a slight change (Table S1). It was
reported that, the more N content was added, the more Pyridinic N
would be present in the graphitic layers, forwarding cobalt species being
better immobilized in carbon layer (Du et al., 2020). Which further
indicated that cobalt species might be encapsulate in carbon matrix by N
atoms, being in line with the XRD result of Co@BC-N (Fig. 1). As for the
S 2p spectra of all materials with S doping (Fig. S7), the peaks at 161.8,
163.7/164.81, and 168.0/169.2 eV were matched with the S, C-S-C,
and C-SO,~C, among which the presence of S2~ could be ascribed to the
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metal sulfides (Wang et al., 2020; Wang and Wang, 2020).

Furthermore, the Co 2p spectra of Co@BC with different heteroatoms
doping were showed in Fig. 4b. There were no obvious Co 2p peaks for
the Co@BC and Co@BC-N. The poor signal could be explained by the
limited analysis depth of XPS (<10 nm) (Wu et al., 2020). It is worth
noting that all as-prepared materials have the same initial cobalt doping
content. However, the Co 2p spectra of Co@BC-S and Co@BC-N,S could
be resolved into Co (778.5 €V), Co®" (779.8 V), Co>" (781.4 eV), Co-N
(782.5 eV), Co-S (783.7 eV), and satellite peak (785.9/788.9 eV) (Wang
and Wang, 2020; Song et al., 2023), suggesting that S doping contrib-
uted the formation of cobalt sites.

3.2. CBZ removal performance in different systems

CBZ is an emerging pollutant with degradation efficiencies of less
than 10 % in global sewage treatment. Nowadays, CBZ was frequently
detected in varied environmental water body, even in drinking water,
which makes CBZ a possible anthropogenic marker in the water envi-
ronment (Clara et al., 2004). The bioaccumulation and biomagnification
of CBZ would cause serious toxic damage to the human health. There-
fore, CBZ was selected as the model pollutant to further understand how
heteroatom doping affects the physicochemical properties and PMS
activation activity of all as-prepared catalysts.

As shown in Fig. 5a and Fig. S8, the control experiments illustrated
that CBZ removal efficiency was less than 5.4 % when only PMS or
catalyst was in the reaction solution, suggesting that single PMS and
catalyst itself were ineffective for elimination of CBZ. For metal-free
catalytic systems, the BC/PMS and BC-N,S/PMS only could achieve
12.6 % and 3.0 % CBZ removal within 40 min, respectively, which
demonstrated that both of them possessed poor catalytic activity either
pure BC or even the modified BC endowed with abundant surface
functional groups through N and S co-doping (Figs. S4-7).

In comparison with the above two metal-free catalytic systems, the
cobalt doping slightly increased the catalytic performance of Co@BC
(35.4 %) with apparent rate constant (kgpp) at 0.011 min’l, revealing the
important role of the doped cobalt in promoting catalytic activity. The
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insufficient catalytic activity of Co@BC might be explained by the low
content of cobalt sites existing on the catalyst’s surface and the poor
physicochemical properties of pristine biochar. Interestingly, for the
modified Co@BC materials, the N doping was unfavorable whilst S
doping was favorable for the catalytic activity. Considering the signifi-
cant role of the doped cobalt, we surprisingly discovered that there was a
good linear relationship between kg, (Co@BC, Co@BC-N, and Co@BC-
S) and the cobalt content (Fig. 5b, R? = 0.981). This further confirmed
the indispensable role of the doped cobalt, and suggested that N doping
inhibited the formation of cobalt active sites with the result of lower kqyp
(0.009 min'l) while S doping contributed to the formation of cobalt sites
resulting in a higher kg, (0.065 min™). With the presentence of Co@BC-
N,S (Fig. 5¢), however, the R? was reduced to 0.538. Notably, the kgpp
value of Co@BC-N,S (0.176 min’l) was 2.7, 16.0, and 19.6 times higher
than that of Co@BC-S, Co@BC, and Co@BC-N, respectively. Generally,
the doped N not only could better isolate and stabilize the cobalt atoms
through strong Co-N coordination structure, but also heighten the
adsorption of PMS because of the enhancive surface basicity. This could
contribute to electron transfer towards PMS, leading to the enhanced
catalytic activity (Wang et al., 2019). Based on the results of above
characterization and activity, for Co@BC-N, the negative effect of N
doping might be explained by the Co-N structure being deeply
embedded in the carbon matrix, exposing relatively low amount of co-
balt sites on the surface; as to CoO@BC-N,S, the positive effect might be
caused by the synergistic effect of the high-reactivity Co4S3 nano-
particles and potential active sites in biochar (C=0 groups, C-S-C, etc.).

As displayed in Fig. 5d and Fig. S8, the target pollutant catalytic
performances of Co@BC-N,S calcined at 500, 700, and 900 °C were also
investigated. It manifested that both the adsorption and catalytic per-
formances of Co@BC-N,S were notably elevated with the increasing
calcining temperature. For the adsorption performance, the catalysts
achieved 0.5 %, 2.5%, and 46.8 % CBZ removal within 40 min,
respectively for the Co@BC-N,S calcined at 500, 700, and 900 °C. And
the greatly strengthened adsorption capacity might be ascribed to the
rich porous structure (Fig. 2a) formed at the higher calcination tem-
perature (900 °C). Meanwhile, it was reported that the doped N could
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stabilize cobalt and effectively restrain from cobalt leaching. As dis-
cussed above, the intensity of Raman 2D peak represents the thickness of
carbon layer that is closely related to the catalytic activity and stability.
Fig. 5e and f displayed that both the N content and 2D peak intensity of
Co@BC-N,S decreased with the increasing temperature, while the cobalt
content appeared an opposite trend. Clearly, the 900 °C showed a higher
removal efficiency than the 700 °C (Fig. 5d), but it’s cobalt leaching
(0.57 mg/L) was significantly higher than that of 700 °C (0.16 mg/L,
Fig. 5f). Although the rising temperature promoted the formation of
porous structure attributed to the decomposition of biomass constitu-
ents, it might be prone to damage the material morphology and break up
carbon matrix (Fig. 2a), resulting in too thin carbon layer to stabilize
cobalt. In general, the leaching of cobalt ions is inevitable for Co-
containing catalyst. However, the leaching of too much metal ions
could be harmful to the environment and human health. Moreover, the
loss of metal ions may affect the stability of catalyst. Here, the Co@BC-
N,S-700 exhibited wonderful catalytic performance and had acceptable
and a small number of cobalt ions leaching, therefore, it was chosen as
the optimal catalyst.

As displayed in Fig. S9, experiment parameters (PMS and catalyst) of
the Co@BC-N,S/PMS system were optimized. Under the optimal con-
ditions of 0.1 g/L of catalyst and 0.3 mM of PMS, the Co@BC-N,S/PMS
system could almost completely degrade CBZ (1-5 mg/L), and possess
great degradation efficiency (81.1 %) to 7.5 mg/L of CBZ. Moreover, the
comparison of catalytic activities of Co@BC-N,S and the reported met-
al@BC catalysts was given in Table S6. It showed that, in contrast to
other metal@BC catalysts, the Co@BC-N,S prepared by encapsulating
cobalt nanoparticles inside Polygonatum kingianum dregs biochar dis-
played greater catalytic performance.

3.3. Catalytic mechanism in Co@BC-N,S/PMS system

3.3.1. Identification of oxidation processes
Generally, PMS could be activated into radical and non-radical

(a)
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oxidation processes, which could be modulated by the physicochem-
ical characteristics of materials (Ren et al., 2022; Yan et al., 2023).
Furthermore, previous studies have displayed that both the two pro-
cesses could be induced by heteroatoms/metal-doped carbon through
activating persulfate (Yan et al., 2023). Considering the diversity of the
physicochemical features of Co@BC-N,S discussed above, both the
radical oxidation process driven by ¢OH, SO3~, and O3~ and non-radical
oxidation process mostly induced by 'O, and ETP were systematically
investigated.

As for the common ROS, firstly, the trapping agents p-benzoquinone
(p-BQ), furfuryl alcohol (FFA), tert-butanol (TBA), and methanol
(MeOH) were added into the system. TBA, p-BQ, and FFA could be
employed to quench ¢OH, O3, and 10,, respectively, while MeOH could
capture both ¢OH and SO3~ (Miao et al., 2020). Fig. S10 demonstrated
that the concentrations of scavengers were optimized for quenching
corresponding ROS.

Accordingly, 50 mM TBA was applied to quench ¢OH, and 50 mM
MeOH was suitable for quenching both ¢OH and SO% . Additionally,
1 mM p-BQ and FFA were used to quench O3~ and 10,, respectively. As
displayed in Fig. 6a, the total CBZ removal efficiency was slightly
impeded under 50 mM TBA, while the catalytic degradation of CBZ was
almost stopped in the presence of MeOH, p-BQ, and FFA. Results sug-
gested that eOH played a relatively minor role while the SO3~, O3, and
10, possessed a critical role for catalytic decontamination. Armed with
TEMP and DMPO, respectively for trapping 105 and 03~ /eOH/SO5 ", the
involvements of above ROS were further confirmed by EPR (Fig. 6b—d).
Clearly, there were almost no EPR signals in pure PMS solution, while
the corresponding EPR signals of the four ROS were detected in the
Co@BC-N,S/PMS system, being in accord with the quenching results.
Moreover, the increasing peak tensity of the ROS signals suggested that
the Co@BC-N,S could continuously decompose PMS for the generation
of ROS being responsible to remove pollutants.

Meanwhile, it has been reported that premixed experiment could
offer the supporting evidence for non-radical pathways (Chen et al.,

.
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[Catalyst] = 0.1 g/L, [PMS] = 0.3 mM, and initial pH = 6.8.
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2023; Zhao et al., 2023). Typically, the removal rate of the systems
dominated by non-radical oxidation processes can’t be severely affected
by premixing time. As depicted in Fig. 7a, the removal rate at different
premixing time (5 and 10 min) decreased to varying degree. However,
the CBZ removal performance didn’t vary basically when the premixing
time exceeded 20 min. These results further confirmed that the system
could continue to produce ROS before 15 min, being in consistent with
the EPR results, and indicated that ETP might be involved in the cata-
lytic process. ETP usually could be classified into two groups: electrons
shuttle and adjacent transfer. It has been reported that the transfer of
electrons from pollutants to PMS/catalyst complexes through a
conductive bridge (electrons shuttle) was the primary process for
conductive materials (noble metals and carbons). Besides, ETP could be
started as the redox potential of the catalyst (Eq) exceeds the oxidation
potential of organics (Eorg) (Ren et al., 2022).

Subsequently, some electrochemical techniques were utilized to
identify the involvement of ETP. As depicted in Fig. 7b, the potentials of
the complexes were got by open circuit potential (OCP). The equilibrium
potential of PMS/Co@BC-N,S was significantly higher than that of PMS/
Co@BC-S, suggesting that Co@BC-N,S had a better affinity for PMS. As
displayed in Fig. S11, meanwhile, the PMS decomposition experiments
showed that the Co@BC-N,S (22 %) possessed higher PMS decomposi-
tion than Co@BC-S (14 %), which was in line with the results of OCP.
And then, the above acquired potentials were used as the applied po-
tential for chronoamperometry (CP) analysis with the addition of PMS at
400 s and subsequently adding of CBZ at 600 s. Fig. 7c demonstrated
that Co@BC-N,S had a stronger negative response current than Co@BC-
S, moreover, only the Co@BC-N,S/PMS system displayed a positive
current signal after the addition of CBZ. This not only suggested that ETP
was involved in the Co@BC-N,S/PMS system (Yang et al., 2020), but
also indicated the fact that ETP could be induced when Ecq > Eorg.
Moreover, the charge transfer capacities of Co@BC-S and Co@BC-N,S
were explored by electrochemical impedance spectroscopy (EIS). The
smaller radius of semicircle means the greater conductivity of the
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catalysts (Qin et al., 2022), as shown in Fig. 7d. It indicated that the N
and S co-doping observably elevated the conductivity of Co@BC-N,S,
leading to a higher electron transfer efficiency, which met above
analysis.

3.3.2. Identification of active sites

As mentioned in Section 3.2, the cobalt content (at%) presented
strong positive relevance with kg, for CO@BC, Co@BC-N, and Co@BC-S
R? = 0.981, Fig. 5b), however, a moderate positive correlation was
observed for Co@BC, Co@BC-N, Co@BC-S, and Co@BC-N,S (R>
0.628, Fig. 5¢). It revealed that the significantly heightened catalytic
performance of CoO@BC-N,S could be explained by the synergistic action
of the doped cobalt and the modified carbon matrix by cobalt and het-
eroatoms. To better unravel the active sites of Co@BC-N,S and illustrate
the catalytic mechanism, firstly, the changes of the chemical structure of
Co@BC-N,S before and after PMS activation were investigated.

As given in Table S3, the relative amounts of O, N, S, and Co in the
fresh and used Co@BC-N,S were investigated. The results indicated that
each of contents of N, S, and Co decreased in varying degrees, indicating
the involvement of corresponding deconvoluted structures in the cata-
lytic process. In contrast, the content of O displayed an increase, which
might be ascribed to the unavoidable oxidation of carbon matrix during
the catalytic process. Although the content of O showed an increase, that
of deconvoluted structures of C—=0 and O-C—O0 showed a decrease (O
1 s, Fig. 8), suggesting that groups might be the potential sites for PMS
activation. It was proposed that O-C=0 and C=O0 groups could induce
the activation of PMS to produce non-radical species of 10, (Li et al.,
2021; Song et al., 2023), which was matched with the results of
quenching and EPR. Moreover, the C-OH ratio increased from 44.78 %
to 58.80 %, which could be explained by the hydroxyl ions or HyO
adsorbing onto catalyst (Wang et al., 2020). For the doped N, the ratio of
pyridinic N (44.4 %) and graphitic N (28.3 %) dropped down to 40.55 %
and 26.23% (N 1s, Fig. 8), respectively, while that of pyrrolic N
increased from 19.67 % to 27.96 %. And the increasing content of
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Fig. 7. (a) Effects of different premixing times on CBZ removal and (b) the OCP versus time curves, (c) i-t curves and (d) EIS Nyquist plots measured under the
specified conditions with Co@BC-N,S and Co@BC-S modified electrodes as the working electrodes. Experiment conditions: [CBZ] = 2.5 mg/L, [Catalyst] = 0.1 g/L,

[PMS] = 0.3 mM, and initial pH = 6.8.
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pyrrolic N could be explained by the conversion of pyridinic N to pyr-
rolic N (Chen et al., 2023). Prior studies revealed that doping N into
carbon matrix not only could strengthen the adsorption of PMS, but also
facilitate electron transfer (Wang et al., 2019; Wu et al., 2020; Li et al.,
2021), which were in agreement with the great electrochemical prop-
erties of Co@BC-N,S discussed in the Section 3.3.1. For the S 2p spectra
(Fig. 8), the binding energy of C-S-C and C-SOx-C was elevated after
reaction, indicating that sulfur could provide electrons during catalytic
process (Wang and Wang, 2022). As previously described, moreover, the
reaction between electron-rich units (C-S—C) and electrophilic O atoms
of the PMS could produce ¢OH and SO5~ (Huang et al., 2021).

For the cobalt sites, Table S3 showed that the content of cobalt
decreased by 13.64 %. More specifically, the peak area belonging to
Co®* increased from 18.43 % to 19.81 %, while those corresponding to
Co%* decreased from 21.81 % to 20.43 % (Co 2p, Fig. 8), indicating that
the redox conversion between Co®>" and Co®" was involved in the cat-
alytic process. It was reported that the formation of CoOOH™' was the key
step for Co (II)-mediated PMS activation (Eq. (1)), and the significantly
heightened radio of hydroxyl ions (O 1s, Fig. 8) might present the
participation of COOH™ in PMS activation for SO}~ generation (Wang
etal., 2020). Generally, the circulation between Co?" and Co®" is crucial
to activate PMS for the reproduction of ROS. Hence, the efficient
regeneration of Co®* is also critical. In comparison with the standard
reduction potential of Co3*/Co®* (1.81V), whereas the standard
reduction potential of $°/52~ (0.508 V) is significantly lower than that of
SO%™/HSO5 (0.81 V), hence, the conversion of Co>* to Co?" induced by
S species is more thermodynamically favorable (Zhou et al., 2021). As
shown in the fresh and used S 2p spectra (Fig. 8), the peak area of S2~
showed an obvious reduction after reaction, indicating that S>~ might
participate in the reduction reaction. Therefore, the reduction of Co>* to
Co?* in the CO@BC-N,S/PMS system might be induced by PMS as well as

S2~ (Ding et al., 2020; Zhou et al., 2021).

3.3.3. DFT calculations

To figure out how heteroatom doping affects the structural proper-
ties and further influences PMS activation, the structures in different
adsorption configurations were illustrated by density functional theory
(DFT) calculations. Both experimental and characterization results
confirmed the importantly catalytic role of cobalt sites. Based on the
XRD and TEM analyses, the exposed facets of Co@BC-S (CogSg, dis-
played in Fig. S12) and Co@BC-N,S (Co4S3, shown in Fig. 3) were con-
structed for calculation. The structure models of the exposed facets,
adsorption structures of PMS on the corresponding facets, and the
adsorption energy (Eqqs) of PMS on the corresponding facets of CogSg
and Coy4S3 were displayed in Fig. S13 and Fig. S14, respectively. For the
Eqgs, generally, a more negative Egqs value means a stronger adsorption
between PMS and catalyst (Zhang et al., 2021). Although Co@BC-N,S
showed higher catalytic activity than Co@BC-S, the exposed facets in
Co@BC-N,S (Co4S3) exhibited weaker adsorption compared with
Co@BC-S (CogSg). This result was in agreement with the results of the
linear regression for cobalt contents (at%) and kg, of N and/or S doped
Co@BC samples, further indicating that cobalt sites were more than the
only origin of the excellent catalytic performance of Co@BC-N,S.

In addition to cobalt sites, the enhanced catalytic performance of
Co@BC-N,S might be ascribed to the synergistic roles between Co04S3
and the N and S doped biochar. To make this point, we further con-
structed the metal@graphene hybrid models for Co@BC-S (CogSg@SG)
and Co@BC-N,S (Co4S3@NSG) as well as the corresponding PMS
adsorption configurations (Fig. 9). It was found that Co4S3@NSG
significantly raise the PMS adsorption (E.qs = —3.64 eV) in comparison
with CogSg@SG (Eqqgs = —1.07 eV), indicating that the synergistic effect
between Co4S3 and the N-S modified carbon could enhance the
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Fig. 9. DFT configurations of PMS adsorption onto (a) CogSs@SG and
(b) Co4S3;@NSG.

interactions between Co@BC-N,S and PMS, which was in line with the
above experimental results. Overall, both the results of experiment and
DFT calculation disclosed that the excellent catalytic performance of
Co@BC-N,S was ascribed not only to cobalt sites but also the synergistic
effect between Co4S3 and the N-S modified carbon matrix, which
induced Co@BC-N,S to activate PMS into radical and non-radical
pathways.

3.3.4. Proposed activation mechanism

Upon the aforementioned analysis, the possible CBZ degradation
mechanism in Co@BC-N,S/PMS system was described in Fig. 10. Both
radical and non-radical oxidation pathways were responsible for cata-
lytic degradation of CBZ. In the radical pathway, Co®™ in catalysts firstly
combined with H,0 to generate COOH™" (Eq. (1)), which was the crucial
step in PMS activation. Then, PMS could be activated to produce SO3~
via an electron transfer from CoOH' to PMS (Eq. (2)), and Co** was
oxidized to Co®" in the meantime. Here, the conversion of Co®* to Co?*
could be induced by HSOs (Eq. (4)) and % (Eq. (5)). The generation
processes of ¢OH and O3~ could be described by the Egs. (6-9), and Eq.
(10) might be another pathway for the formation of SO5™. Furthermore,
the reaction between the C-S-C groups and the electrophilic O in PMS
could promote the generation of SO3 and eOH.

Co*" + H,0 < CoOH' + H" (€))
CoOH* + HSO; »CoO* + 50, +H,0 @)
CoO " + 2H" < Co®" +H,0 3
Co®" + HSO;—Co*" + SOy +H* (4
2C0%" + 28%"—»2C0*" + 52~ (5)

Radical oxidation
<« ¢
B4 (CBZ
'L}f&

Fig. 10. Proposed mechanism of the Co@BC-N,S/PMS system for CBZ
degradation.

Polygonatum kingianum dregs
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SO;” +H,0—~S03 +H' +*0H (6)
SO +OH —SO; +°OH )
HSO;—»SO%™ +H* €)
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HSO; + 05 —»S0;” +0,+OH~ (10)
HSO;—>SOz” +H" +e” an
480%™ + 2H,0—4HSO, + 30; 12
205" +2H,0~0} + H;0, + 20H™ 13)

On the other hand, Co@BC-N,S presented a better affinity for PMS
and the higher electron transfer ability, thus inducing the degradation of
CBZ via ETP. During the process, PMS was firstly bounded onto Co@BC-
N,S and activated to form PMS/Co@BC-N,S complex, possessing a
higher redox potential. Then, the adsorbed CBZ could be oxidized by
donating electrons via carbon matrix to the complex. In addition, the
production of 102 was derived from SO3~ and O3~ (Egs. (11)-(13)) as
well as the reaction between C=0 groups and PMS (Egs. (14-17)).

3.4. Adaptability and reusability

The effects of initial pH and coexisted substrates on the catalytic
performance of the Co@BC-N,S/PMS system were investigated to eval-
uate its potential applications. As for the pH, Fig. 11a showed that
Co@BC-N,S/PMS system possessed good removal rate in the initial pH
from 5 to 9. However, the CBZ removal was significantly impeded at pH
of 3 and 11. At the condition of strong acid, excessive H" might consume
radicals. Furthermore, the interaction between H™ and PMS might
induce the formation of hydrogen bond, leading it difficult to break
0-0-0 in PMS. Which could hamper the production of ROS and lead to
poor CBZ removal (Song et al., 2023; Zhou et al., 2023). As for pH of 11,
SO5~ and eOH might be quenched by excessive OH ", thus resulting poor
CBZ degradation (Zhou et al., 2023).

The influences of coexisted substrates were displayed in Fig. S15. The
concentration of NO3 and SO3~, ranging from 2 to 5 mM, showed a
negligible impeding effect (Fig. S15a and b). Surprisingly, the HPOZ~
markedly promoted the catalytic efficiency (Fig. S15c¢), which might be
ascribed to the fact that phosphate could activate PMS to generate more
free radicals (Wen et al., 2022). Fig. S15d showed that the removal of
CBZ was hindered by Cl~ opposite to concentration. Specifically, low
concentration was more inhibitory than the high. The CBZ removal ef-
ficiency was increased gradually from 76.6 % to 98.3 % with raising the
concentration of C1~ from 2 to 15 mM. The slight impeding effect might
be explained by the quenching reaction between Cl~ and SO% /eOH,
generating Cl°* and Cl3~ with lower redox potentials. While the clearly
boosted catalytic process might be ascribed to the direct reaction be-
tween PMS and Cl™, producing a large amount of non-radical species
(HOC)) (Peng et al., 2021).

The removal efficiency of CBZ dropped down to 94.3 % and 49.7 %,
within 40 min, respectively for the addition of 2 and 5 mM HCOg3
(Fig. S15e). The reduction of the removal efficiency might be explained
by the fact that high level of HCO3 (> 4 mM) could observably quench
eOH and SO5~ (Qin et al., 2022). As for humic acid (HA), Fig. S15f
displayed that the CBZ removal property was little changed in the
presence of 1 mg/L HA. While it decreased gradually with the HA con-
centration increasing from 1 to 10 mg/L. Therefore, Co@BC-N,S/PMS
system had good tolerance to common anions and HA upon the con-
certation of environmental matrix.
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Fig. 11. (a) Effects of different pH on CBZ degradation, (b) degradation of various pollutants in the Co@BC-N,S/PMS system, (c) recyclability of Co@BC-N,S for CBZ
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To further investigate the adaptability of the Co@BC-N,S/PMS sys-
tem in environmental waters, it was applied in tap water and secondary
effluent for CBZ removal (Fig. 11d). The details of secondary effluent
were listed in Table S4. It displayed that the system could achieve good
degradation performances (80 %) in both tap water and secondary
effluent, implying the great effectiveness of the system in actual water
body. Moreover, the catalytic performances of this system to other
emerging compounds were also examined, including sulfamethoxazole
(SMX), bisphenol A (BPA), tetracycline (TC), and diclofenac (DCF).
Fig. 11b and S16 demonstrated that the Co@BC-N,S/PMS system could
also achieve great removal performance to other emerging pollutants by
catalytic degradation. Furthermore, the reusability of Co@BC-N,S was
studied. As displayed in Fig. 11c, the Co@BC-N,S possessed good

10

degradation efficiencies in five cycles, suggesting the good reusability of
it. Upon the analyzed results, the Co@BC-N,S prepared in this work with
multiple catalytic oxidation pathways, outstanding adaptability, and
excellent reusability is a promising catalyst for catalytic decontamina-
tion. Moreover, the raw materials for preparing Co@BC-N,S is mainly
from the biomass wastes of Polygonatum kingianum (PK) dregs with no
cost. The main preparation cost of CoO@BC-N,S is from the pyrolysis
process. But it is still lower than the metal-based catalysts. Hence, the
low cost and excellent performances are promise in the environmental
application. However, substantially more research and long-term
studies are necessary to assess the application potential and cost of
large-scale biochar implementation.
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4. Conclusion

A series of Co@BC hybrids were synthesized with no doping and the
doping of N, S, and N-S, and employed to activate PMS for the removal of
CBZ. Results indicated that N doping was negative whilst S doping was
positive for the catalytic activity of Co@BC. Upon the co-doping of N-S,
an outstanding synergistic effect was presented between Co4Ss and the
N-S modified carbon matrix, which significantly raised the PMS
adsorption (Eqgs = -3.64 €V). As a result, PMS could be effectively
activated by Co@BC-N,S into non-radical pathways (*05 and ETP) and
radical pathways (SO3~, ¢OH, and O3") for catalytic decontamination of
CBZ. Particularly, the Co@BC-N,S calcinated at 700 °C exhibited proper
thickness of carbon layer and good catalytic stability. Under the optimal
reaction conditions, 100 % degradation efficiency of CBZ was obtained
in the Co@BC-N,S/PMS system, which also presented excellent catalytic
activity in the range of pH= 5-9, as well as good tolerance to NO3, SO?{,
HPO%_, Cl™, HCO3, and HA based on the concertation of environmental
matrix. And the effectiveness was also confirmed by the high removal
efficiency of CBZ in the actual water body. Furthermore, Co@BC-N,S
possessed great recycling effect and displayed excellent degradation
performance on other types of emerging pollutants. Consequently, this
research provides the new insights into the roles of N or/and S doping in
modifying the structural properties of Co@BC hybrid for PMS activation
as well as the utilization of Polygonatum kingianum dregs in catalytic
decontamination.
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