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Removal of chloroquine phosphate by ultrafine cobalt
nanoparticles in peroxymonosulfate activation

Abstract

The ultrafine cobalt nanoparticles (CoNPs) are among the best materials for photocatalysis. Co/NC,
derived from turnip as a raw material using plant cells as templates and pyrolyzed at 400 °C, features
highly dispersed 3-5 nm CoNPs embedded in N-doped biochar. The CoNPs with exposed (111)-
dominated facets, enable both radical and non-radical peroxymonosulfate (PMS) activation, leading
to the highly efficient degradation of 50 mL of chloroquine phosphate (CQP) within 10 minutes
under UV-visible light in various water matrices, including river water, reservoir water, and tap
water. Density functional theory (DFT) calculations confirmed that the (111)-dominated facets,
which serve as the active centers, tend to attack the peroxide bond (O-O) of PMS. Notably, the
degradation efficiency of CQP, tetracycline (TC), methyl orange (MO), doxycycline hydrochloride
(DH), oxytetracycline (OTC), congo red (CR), and methylene blue (MB) by Co/NC-7/PMS was
evaluated in natural water. Additionally, the degradation performance of the above organic pollutant
mixture was assessed. Both «OH, '0,, and O, were confirmed to be the main reactive oxygen
species (ROS) participating in the photocatalytic degradation of CQP. The plausible degradation
pathways of CQP were also deduced based on the degradation intermediates identified by HPLC-
MS analysis.

Keywords Chloroquine phosphate, N-doped biochar, Peroxymonosulfate, Photocatalysis

1. Introduction

Recently, adsorption, chemical degradation and biological treatment were the main techniques to
treat the organic pollutants in the aquatic environment [1]. The advanced oxidation process (AOPs)
based on the sulfate radical have been proven to be the effective methods to degrade organic
pollutants due to the higher efficiency. Compared with traditional hydroxyl radical-based AOPs
(*OH: redox potential of 1.8-2.7 V vs. NHE and half-life of 20 ns), sulfate radical (SO4*~: 2.5-3.1 V
vs. NHE) has longer life-span (30—40 ps), and a broader applicable pH range (pH=2-9). Besides,
their high reactivity and oxidation capability of a wide range of different types of pollutant [2].
Currently, many ways were reported to activate peroxymonosulfate and peroxydisulfate (PDS),
which included the heat, UV light, microwave irradiation, transition metal-based materials, and base
activation [3]. Among the commonly studied transition metals (M = Co, Fe, Mn, and Cu), Co has
been considered as the most effective activators of PMS due to its higher standard redox potential
[4]. The ultrafine cobalt nanoparticles (U-CoNPs) as catalysts with the maximum atomic utilization
and ample active centers have attracted more attentions. Furthermore, Co® can not only activate
PMS to produce SO4” -, but also reduce Co** to Co?*. Co nanoparticles were immobilized on the
N-doped biochar for sulfanilamide degradation, as the results indicated that the sulfanilamide could
be decomposed within 5 min during the first three cycles [5]. Recently, carbon-based materials such
as activated carbon, carbon nanotubes, reduced graphene oxide, and biochar have been identified as
metal-free alternatives for activating PMS. Notably, biochar has rapidly emerged as a promising
activator due to its low preparation cost and abundant sources. [6],[7]. The new type of biochar
derived from food waste was prepared by Jinping Li, which was the excellent activator of PDS for
reactive red X-3B degradation due to its unique characteristics [8]. Virender K. Sharma has proposed
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and activated carbon. The higher removal efficiency may be attributed to the enhanced generation
of SO4* ~ and *OH radicals [9].

The original biochar exhibited low catalytic activity. However, after modification (specifically
through N-doping), the biochar demonstrated outstanding catalytic performance. Indeed, N-doping
has been widely recognized as an effective strategy for enhancing the catalytic performance of
carbon-based materials[10]. Furthermore, the incorporated nitrogen dopants facilitate the generation
of ROS by activating peroxymonosulfate (PMS). [11]. The pyridinic-N, pyrrolic-N and graphitic-N
were identified as the potential activators of PMS. For instance, pyridinic N serves as adsorption
site to immobilize PMS. Thereby weakening the peroxide bond (O-0), this facilitates electron
transfer from the pyridinic-N to PMS, leading to the generation of sulfate radicals(SO4' 7). Graphitic-
N, on the other hand, promotes the production of singlet oxygen ('O) through the interfacial
interaction between PMS and the N-doped carbon matrix. [12]. Haipeng Wu prepared nitrogen-
doped, graphitic biochar fibers from Boehmeria nivea [13]. This modified biochar exhibited a
tetracycline degradation rate approximately seven times higher than that of the original biochar,
which was attributed to the graphitic structure and nitrogen doping synergistically accelerating
electron transfer [14]. Separately, Fanghua Liu synthesized Co3;Os-loaded biochar as a
peroxymonosulfate (PMS) activator for chloramphenicol degradation [15]. The biochar/Co304
composite demonstrated a synergistic photocatalytic effect, where the biochar component likely
facilitated electron transfer between Co species and PMS, thereby promoting the Co?/Co** redox
cycle. In another study, N-doped biochar-supported U-CoNPs were confirmed as an efficient PMS
activator for CQP degradation [16]. Catalyst morphology also influences the selectivity of reactive
oxygen species generation. Besides, Hexin Zhang and co-workers reported nanorod-like Co3O4 with
(110) plane exposed exhibiting a superior activity for PMS activation to efficiently remove
bisphenol A in water[17]. Huan Wang synthesized C0304 nanoparticles of different morphologies
with predominantly exposed (001), (111), and (112) facets. This study systematically elucidates the
influence of Co3O4 crystal facets on 'O, generation[18]. Therefore, facet-dependent ROSs
generation behaviors have attracted more and more attentions [19,20].The inner tissue of white
radish contains abundant plant cells, which store water and nutrients. The cell wall, a key structural
component, protects these cells. Inspired by this natural structure, this study aimed to construct a
low-cost photocatalyst by embedding ultrasmall cobalt nanoparticles (U-CoNPs) into a nitrogen
co-doped biochar (Co/NC-74) with exposed (111) facets. Specifically, Co/NC-74 was synthesized
using turnip-derived plant cells as a template. For the first time, this plant cell template was
employed to confine and control the size of nanoparticles for activating peroxymonosulfate (PMS)
to degrade chloroquine phosphate. Using Co(NOs3), as the source of both cobalt and nitrogen, the
Co/NC-74 composite was obtained through freeze-drying followed by pyrolysis under a N
atmosphere. The embedded ultrafine CoNPs were expected to provide more active sites. Moreover,
the metallic cobalt (Co®) derived from ultrafine CoNPs could activate PMS. This plant cell
templating method is envisioned to provide a novel strategy for constructing high-performance
Co/NC-74 photocatalysts.

2. Experimental

2.1. Materials

Potassium peroxymonosulfate (PMS, KHSOs-0.5KHSO4:0.5K>SO4), cobalt nitrate hexahydrate
(Co(NO3)2'6H20), p-benzoquinone (PBQ), chloroquine phosphate (CQP), doxycycline
hydrochloride (DH), methanol (MeOH), oxytetracycline (OTC), tetracyclines (TC), methyl orange



(MO), congo red (CR), methylene blue (MB), Metanil yellow (MY), potassium peroxymonosulfate
(PMS, KHSOs-0.5KHSO4:0.5K>S04), furfuryl alcohol (FFA), L-isopropyl alcohol (IPA), and ethyl
alcohol (EtOH) were purchased from Macklin reagent Co., Ltd. Radish as raw material was
purchased from Renrenjia super market in Guyuan city.

2.2. Synthesis of Co/NC

The synthesis of Co/NC involved a cell-template-based approach using white turnip as the raw
material. The first step was the preparation of dehydrated shredded turnip. The shredded turnip was
immersed in a Co(NO3), solution under vigorous magnetic stirring. Subsequently, the product was
freeze-dried and then subjected to high-temperature pyrolysis. A series of samples were prepared
with 5, 6, 7, and 8 mmol of Co(NO3)[21]. The catalysts subjected to pyrolysis at 300 °C, 400 °C,
and 500 °C were denoted as Co/NC-73, Co/NC-74, and Co/NC-75, respectively.

2.3. Characterization

The crystalline phases of the different samples were measured with X-ray diffraction (XRD, Rigaku
Ultima IV, Japan) with Cu-Ka radiation. X-ray photoelectron spectroscopy (XPS, ESCALAB 250X,
America) was carried out to measure the surface chemical state and valence bands of samples. The
morphology and microstructure of samples were analyzed by Scanning Electron Microscopy (SEM,
Carl Zeiss Bruker 6/30, Germany) and the high-resolution transmission electron microscopy
(HRTEM, JEM-2100, JEOL, Japan). Brunauer-Emmett-Teller (BET) specific surface area of
samples were analyzed by multi-channel automatic surface area and porosity analyzer
(Micromeritics TriStar II 3020, America).

2.4. Evaluation of catalytic performance

The analytical methods of samples were provided in the Supplementary Material.

2.5. Computational details

More DFT calculation could be found in the Supplementary Material.

3. Results and discussion

3.1. Characterization

3.1.1. XRD and XPS analysis

The X-ray diffraction (XRD) pattern of Co/NC-74 is presented in Fig. 1a. It shows three distinct
peaks at 44.3°, 51.6°, and 75.8°, which can be indexed to the (111), (200), and (220) lattice planes
of metallic Co, respectively [22]. X-ray photoelectron spectroscopy (XPS) confirmed that C, O, N,
and Co are the primary elements in Co/NC-74(Fig. 1b). As shown in Fig. 1c, the C 1s spectrum can
be deconvoluted into three peaks at 284.8 eV (C-C), 286.1 eV (C=N/C-N), and 289.1 eV (C=0)
[23], indicating the successful introduction of nitrogen into the carbon matrix. The Co 2p spectrum
(Fig. 1d) reveals the coexistence of metallic Co and Co(II) species. The presence of Co(II) possibly
generated from the surface oxidation of metallic cobalt nanoparticles upon air exposure[24]. The
high-resolution N 1s spectrum (Fig. 1e) was fitted with three peaks at 398.3 eV, 399.0 eV, and 400.0
eV, corresponding to pyridinic N, graphitic N, and other nitrogen species, respectively [25].
Furthermore, the O 1s spectrum (Fig. 1f) displays two main peaks at 531.4 eV and 532.7 eV,
assigned to surface hydroxyl groups (Oa.d¢s) and adsorbed water (Oy), respectively [26]. This
confirms the presence of hydroxyl groups on the surface of Co/NC-74.
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Fig. 1. XRD patterns (a) and XPS spectra of Co/NC-74, (b) total survey, (c) C1 s, (d) Co 2p, (¢) N1 s, and (f)
O1ls.

3.1.2. SEM and TEM analysis

Procedure for the preparation of the Co/NC-74 was presented in Fig. 2a. The specific surface area
and pore structure of Co/NC-74 were investigated using N, adsorption-desorption measurements
(Fig. 1S). The isotherm of Co/NC-74 was consistent with a Type IV curve featuring an H3 hysteresis
loop, indicating a mesoporous structure. The pore size distribution was primarily in the range of 5—
20 nm [27], and the specific surface area was measured to be 4.34 m?/g. This porous structure and
large surface area facilitate the distribution of active sites, thereby increasing the contact efficiency
between the catalyst and pollutants. The surface morphology of Co/NC-74 was analyzed by SEM
and TEM (Fig. 2b). The images show that Co particles were evenly distributed and anchored on the
surface of the N-doped biochar (NC). This good dispersion is favorable for peroxymonosulfate
(PMS) activation, as it provides more exposed reactive sites. TEM images further revealed that
ultrafine cobalt nanoparticles were uniformly dispersed, with an average particle diameter of
approximately 5.64 nm (Fig. 2c). As shown in the HRTEM image (Fig. 2d), clear lattice fringes with
an interplanar spacing of 0.203 nm were observed, corresponding to the (111) crystal planes of
metallic Co[28]. Furthermore, elemental mapping images (Fig. 2e-h) confirmed the homogeneous
distribution of C, O, N, and Co, providing additional insight into the spatial arrangement of the

nanocomposite and indicating the successful incorporation of Co and N into the NC framework.
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Fig. 2. Schematic illustration of the synthetic procedures for Co/NC-74 (a), SEM images (b), TEM images(c, d)
and the elemental mapping images (e-h).

3.2. Study on preparation conditions

The influence of the Co?" concentration on the catalytic performance of Co/NC was evaluated.
Dehydrated fresh shredded radish was used to prepare catalysts with Co*" solutions of different
concentrations. The catalytic reactivity of catalysts were investigated. CQP was hardly decomposed
by PMS, which exhibited slight catalytic performance on CQP, with a removal efficiency of only
1.06%. CQP was hardly degraded under visible light illumination in absence of catalyst, indicating
that the degradation of CQP was motivated by the Co/NC-74. Notably, when the Co/NC was
prepared with 7 mmol Co(NO3),, which was confirmed to be the superior catalyst, by which the
removal efficiency reaches 100% within 10 min (Fig. 3a). The results indicated that the Co** can
remarkably affect the degradation of CQP. It is widely known that the inner body of natural radish
contains abundant plant cells which can store water and nutrients for growth. The cell wall is a key
component of white radish that protects these cells. Herein, to further explore an efficient way for
facilitating the entry of Co ions into radish cells, we took advantage of the fact that radish cells can
rapidly reabsorb water after dehydration, allowing cobalt solution to penetrate simultaneously(Fig.
2S). For comparison, the degree of dehydration was controlled artificially based on mass ratio. The
fresh shredded radish with different dehydration were immersed into 7 mmol Co solution for 2 h to
prepare catalyst. After drying, the material was used to prepare Co/NC at 500 °C in No. When 25%
of the water was removed from the radish cells for preparing catalyst, the resulting catalyst
decomposed CQP in 4 min. These results indicate that Co?" can enter plant cells more readily after
partial dehydration. This work further evaluated the effects of pyrolysis temperature on CQP
degradation in Fig. 3b. The optimized catalyst Co/NC-74 achieved complete (99.99 %) removal of
CQP within 6 min. Under ultraviolet and visible light irradiation. The Co/NC-73 reached 89.16 %
of degradation efficiency under ultraviolet and visible light irradiation. Besides, the Co/NC-75
degrades 97.38 % of CQP within 10 min. These results could correspond to the phase transformation



of catalyst at 400 °C[29].
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Fig. 3. The effects of (a) Co?* concentration and (b) pyrolysis temperature.
3.3. Effects of reaction parameters on CQP degradation
3.3.1. Effects of catalysts dosage and PMS concentration
The influence of reaction parameters including catalyst dosage and PMS concentration were
evaluated during the CQP degradation by Co/NC-74 catalyst [30]. When the dosage of Co/NC-74
was increased from 10 to 20 mg, the removal efficiency of CQP increased from 77.10 % to 99.98 %
(Fig.4a). Additionally, to further raising Co/NC-74 dosage, the degradation efficiency of CQP
decreased slightly. Therefore, excessive increasing the dosage of Co/NC-74 has hardly enhanced
the removal efficiency of CQP. The optimum dosage of Co/NC-74 was 20 mg and was applied in
the subsequent experiments.
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Fig. 4. Effects of catalysts dosage (a) and PMS concentration (b) (inset: the degradation efficiency of CQP at 6
min).

3.3.2. Effects of solution pH
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Fig. 5. The effects of pH on CQP degradation: (a) line chart (b) bar graph.



The initial pH of the reaction solution was identified as another key factor affecting CQP
degradation, as shown in Fig. 5. The degradation experiments were conducted across a pH range of
2 to 12. Within 10 minutes, CQP removal efficiency rose sharply from 48.52% to 100% as pH
increased from 2 to 4. Furthermore, removal efficiency remained at 100% in the pH range of 4 to
12, indicating that CQP can be degraded effectively across nearly the entire pH range studied.
Generally, a large number of H* ions not only promotes the generation of ROSs [31], but also
enhances the reduction potential of Co*" during the reaction process [32]. These results indicated
that the Co/NC-74 can degrade CQP rapidly and efficiently over a broad pH range.

3.4. The potential mechanism of CQP degradation by Co/NC activated PMS

3.4.1. Identification of ROSs in Co/NC/PMS system

It was essential to identify which ROSs were really present and involved in the CQP degradation
process activated by Co/NC-74/PMS. A series of ROSs quenching experiments were conducted to
verify their presence in the Co/NC-74/PMS system, as shown in Fig.6. Typically, methanol (MeOH)
and isopropanol (IPA) are common scavengers for the *OH[33]. MeOH can quench both *OH and
SO4" ~[34], whereas IPA primarily quenches *OH due to the faster reaction rate with *OH compared
to SO4°~ [35]. Upon adding MeOH from 1.0 mM to 5.0 M, the CQP degradation efficiency dropped
sharply from 99.80 % to 71.58 % (Fig.6a). Similarly, with the addition of IPA from 0.1 to 3.0 mM,
the CQP removal efficiency decreased from 89.42% to 46.83 % (Fig.6b). These results suggested
that both «OH and SO4 ~ participated in the CQP degradation. Compared to the SO4 -, the
contribution of ¢«OH was significant for CQP degradation over the Co/NC-74/PMS system. In
addition, p-benzoquinone (PBQ) and furfuryl alcohol (FFA) were used as ROSs scavenger for O2" ~
and 'O, respectively [36]. The presence of FFA notably inhibited the CQP degradation (Fig.6c),
meanwhile a significant inhibitory effect was observed with PBQ (Fig.6d) [37]. The results indicated
that the coexistence of O2"~ and 'O, in the Co/NC-74/PMS system. Thus, both 'O, and O>"~ have an
equally important contribution to the removal process of CQP. However, quenching experiments
alone do not provide fully reliable identification of ROSs. Thus,electron paramagnetic resonance
(EPR) tests was further used to verified the ROSs involved in the Co/NC-74/PMS system. As seen
in Fig. 7a, the characteristic peaks revealed that the existence of *OH and SOy’ ~ in the degradation
process of CQP. In addition, the weak signals of DMPO-SQO4’ ~ were observed, which indicated that
the EPR results were inconsistent with the free radical quenching test. Besides, the strong signals of
TEMP-'0; (Fig.7b)and DMPO-O," ~ (Fig.7¢) were detected in the Co/NC-74/PMS system [38,39],
revealing the involvement of 'O, and Oy~ in the CQP degradation process. The EPR results and
free radical quenching experiments indicated that the CQP degradation in the Co/NC-74/PMS
system through free radical and non-radical pathways. Among the ROSs, *OH, 'O, and Oy~ play
major roles [40,41]. For the purpose of further investigating the mechanism of Co/NC-74 on PMS
activation, DFT calculations were performed. When the PMS molecular reached up to Co/NC-74,
Co could coordinate with various O atoms of PMS, which were oriented perpendicular to the 2D
plane of Co/NC-74. The adsorption energy (Eags) and O-O bond lengths (Lo.o) for the adsorption of
1 0,2 0 and 3 O in PMS on Co sites were observed in Fig. 7d, Upon binding of the Co atom to the
2 O and 3 O site of PMS, the Eaqs were respectively -0.73, -1.86 eV. Moreover, the Lo.o increased
after the PMS adsorption (the Lo.o of original PMS was 1.453 A), revealing that a lower Euqs and a
longer Lo.o on 2 O and 3 O of PMS [42]. This further confirmed that 2 O and 3 O were the primary
active sites, which was consistent with EPR test.
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Fig. 7. EPR spectra of PMS activation by Co/NC-74 with DMPO (a, ¢) and TEMP (b) as the spin-trapping
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3.5. Degradation pathways of CQP

The DFT-based Fukui index calculations are applied to evaluate the reactive sites of CQP that are
subject to both non-radical and radical attacks. The molecular structure of CQP was displayed in
Fig. 8a. The higher electrophilic (f) and nucleophilic (f*) indices of CQP atoms suggested that it
would be attacked by electrophilic species ('O and h*), nucleophilic species (O>" ), and radical
species (SO4" ~ and -OH), respectively [43]. The Laplacian bond order (LBO) was utilized for
predicting the bond break positions, the primary dates can be found in Table 1S, the bond order of



48C1-3C was found to be the lowest at 0.5323 in Fig. 8b, suggesting that it may exhibit the highest
susceptibility to chemical bonds breakage [44, 45]. Additionally, the lower LBO values for the 11
N-12C and 25 N-28C bonds indicate that these bonds are more likely to break during the
degradation reaction. The Fukui index was used to investigate the electrophilic and free radical
attack in Fig. 8c. For CQP, N25 (f=0.1043, {°=0.0538), N10 (f=0.0661, f*=0.0663), and N11
(f=0.0615, £°=0.0471), the relatively high Fukui indices suggested that they are most likely to be
attacked by the electrophilic reagents and free radicals. Furthermore, the highest occupied molecular
orbital (HOMO) analysis further corroborated these findings, indicating the regions that are most
likely to release electrons [46]. As shown in Fig. 8d, the HOMO of CQP was primarily concentrated
on the N-heterocyclic ring, and N atoms. It is reasonable to assume them are susceptible to be
attacked by electrophilic radicals (h*). Conversely, the LUMO of CQP primarily localized on the
benzopyridine ring, rendering them more vulnerable to free radical (O’ ™) attack [47]. In this work,
although the removal efficiency of CQP in Co/NC-74/PMS catalytic system was near to 100 %, part
of the CQP was converted to other intermediates [48]. The degradation pathways of CQP were
investigated with liquid chromatography-mass spectrometry (LC-MS). The potential CQP
transformation in Co/NC-74/PMS exhibited four pathways. In the pathway 1, 7-chloroquinolin-4-
amine was obtained due to the broken C-N bond (labelled as 2) in the chain branches. Finally, the
small molecular was converted into intermediates through the ring-opening reaction. In the pathway
II, CQP molecules were converted to G (m/z = 144.9) and H (m/z = 144.9) after the cleavage of C-
N bond (labelled as 2) and C-Cl bond (denoted as 3). Further oxidative cleavage of the piperazine
ring, G and H underwent mineralization. In the pathway III, CQP molecules undergoes breakdown
of C-C bond (labelled as 4) forming I (m/z = 218.2) and J (m/z = 112.1). Subsequent cleavage of
CQP’s pyridine ring, which are further oxidized by ROSs into smaller molecules. In the pathway
IV, the oxidation effect of ROSs can lead to the conversion of CQP molecules to L (m/z = 158.2)
and M (m/z = 160.2) after the C—C bond cleavage. Quinoline N (m/z =218.2) can be observed after
the dechlorination reaction. After degradation progresses, these intermediate products are further

mineralized into simpler molecules.
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Fig. 8. (a) Chemical structure of CQP; (b) LBO analysis of CQP molecule; (c) Hirshfeld charge and Fukui index of
CQP; (d) HOMO and LUMO distributions on CQP; (e)Proposed degradation pathways of CQP in Co/NC-74/PMS

system.
3.6. Toxicity assessment
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Fig. 9. (a) The acute toxicity of CQP, The predicted values for developmental toxicity (b), mutagenicity (c) and
bioaccumulation factor (d).
Furthermore, the bioaccumulation factor, Daphnia magna acute toxicity, developmental toxicity, and
mutagenicity of CQP and its degradation intermediates were assessed using the Toxicity Estimation



Software Tool (T.E.S.T.). Toxicity tests using Daphnia magna as a model organism showed a
progressive decline, indicating that the toxicological impact of CQP and its intermediates gradually
weakened throughout the degradation process (Fig. 9a). Developmental toxicity evaluation revealed
that some intermediates exhibited higher developmental toxicity than CQP, which was primarily
attributed to the presence of benzene ring structures in those compounds [49,50]. Meanwhile, the
bioaccumulation factors of all CQP intermediates were lower than that of the parent compound, and
the overall toxicity of the degradation intermediates was reduced compared to CQP. Mutagenicity
assessment indicated that major intermediates were classified as “mutagenicity negative” (Fig. 9d).
Notably, most intermediates showed lower developmental toxicity and mutagenicity than CQP itself,
suggesting that the degradation process significantly reduced these hazards. In summary, although
the degradation of P-Nip generated certain intermediate products, the overall trend indicated a
reduction in key toxicity endpoints, supporting the decreased environmental risk after treatment.

4. Environmental application value

4.1. Effects of inorganic ions on CQP Degradation

The typical cations and anions were existed in the water matrix, which included the Na*, K*, Zn?",
Ca?", Cu?*, Mg?*, CI", HPO4>~, HPO4>", NO;~, SO4>", and HCO5™ [51,52]. The coexisted inorganic
anions have been confirmed that evident influenced on the PMS involved process. Herein, we have
evaluated the influence of common positive ions on CQP Degradation. As seen from Fig. 10 a, the
K™ have a significant negative impact on the CQP Degradation. The inhibitory effect of the other
metal ions was not observed in this Co/NC-74/PMS system. In general, C1", NO3~, SO42~, HPO4>",
and HPO4>~ have notably decreased the degradation efficiency of CQP (Fig. 10b). It is widely known
that the coexistence of these negative ions can resulted in a certain degree of inhibitory effect on the
PMS-based process since they could react with the ROSs (SO4” /*OH/!Oz and O" ) to generate
other species with lower redox potential or quench these radicals [53].
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Fig. 11. Factors of the cations (a) and anions (b) on the CQP degradation efficiency in Co/NC-74/PMS system.

4.2. Effects of water matrices on CQP Degradation

In practical applications, evaluating the degradation performance in various natural water sources
is essential to assess the universality of the system for removing other dyes and antibiotics [54,55].
Here, tap water (Ta-W), river water (Ri-W), and reservoir water (Re-W) were selected as simulated
wastewater matrices, while deionized water (De-W) served as the control throughout the
experiments. The degradation of several target pollutants (CQP, TC, DH, OTC, CR, MO, MY, and
MB) were investigated (Fig. 11a). The corresponding degradation efficiencies are summarized in
Table 2S. Compared with De-W and Ta-W, Re-W and Ri-W exhibited a slight inhibitory effect on
the degradation of certain pollutants, such as CQP, TC, and OTC. This can be mainly attributed to

the presence of various inorganic ions in natural water, which may interfere with the degradation



process. Furthermore, given that real wastewater typically contains multiple organic pollutants, it is
meaningful to evaluate the system's performance in degrading mixed pollutant solutions. Similarly,
mixtures of dyes (CR, MO, MY, and MB) were also efficiently decomposed in natural water
matrices. As shown in Fig. 11b, the characteristic UV-Vis peaks of the antibiotic mixture (CQP, TC,
DH, and OTC) decreased significantly within 10 min, indicating effective catalytic
degradation.However, although antibiotics and dyes were converted into intermediates (Fig. 11c¢),

enhancing the mineralization capacity during photocatalytic CQP degradation over Co/NC-74
remains an urgent challenge to be addressed.
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Fig. 12. The degradation efficiency of (a)multiple organic pollutants, antibiotics (b) and dyes mixtures (c) in
natural water.

4.3. Effects of light irradiation and reusability on degradation of CQP

In practical applications, it is very important to further evaluate effects of the light source on the
CQP degradation [56]. It is necessary to evaluate the removal efficiency of CQP under sunlight since
the Xenon lamp source was used through the whole degradation process. The degradation efficiency
of CQP under sunligh and Xenon lamp was equal at 10 min, indicating that the light source has a
little influence on the CQP degradation. The results suggested that Co/NC-74 has great value of
application. Reusability was also an important parameter in practical applications, so it is necessary
to further investigate the recycling performance of catalyst. Co/NC-74 was collected and dried after
the photodegradation experiment (Fig. 12). Moreover, the recycling experiment of Co/NC-74 was
carried out under the same condition. The degradation efficiency still maintained at 92.8% after the
six cycles. The perfect reusability of Co/NC-74 may be due to the ultrafine cobalt nanoparticles.
Compared with the recently published works, 50 mg/L of CQP can be degraded within 6 min in
Table 1, the concentration of organic pollutants is the highest and the consumption time is the least.
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Fig. 13. The effect of light source on the CQP degradation and recycling experiments of Co/NC-74.

Table 1. The degradation of CQP recently published.

Poll. Conc. Time Oxidants ~ Oxidants Cycle

talyst . D (¢
Catalys (mg/L) (min) species quantity (%)

. Ref.
times




Ov-BM-25 10 60 H202 1.96mM  97.8% 5 1
O-MoS2-x 10 10 H202 0.4 mM 99.5% 10 2
LaCoCuO-CeO2 20 8 PMS 1.0 mM 100% 5 3
C3NaNT 10 32 PMS 0.8 mM 93.8% - 4
Co-N-C 10 10 PMS 1.0 mM 98.0% 5 5
Co@NC 50 6 PMS 20 mg 99.98% 5 This work

LDH., Layered double hydroxides; LaCoCuO-CeOy, LaCog sCugs03-CeO»; PMS., Peroxymonosulfate; PS., Persulfate; Poll. Conc.,
Pollutants concentration; D., Degradation; Ref., Reference; —., No report.
4.4. Economic analysis
To further assess its economic feasibility of Co@NC, we calculated the cost of Co@NC including
the chemical reagent cost, raw materials, and energy cost. According to the current market prices,
the unit costs for Co(NO3),'6H,0 and white radish are $48.28/Kg and $142.85/Kg, respectively. The
conversion efficiency of Co-based biochar and the composites were 60 %. To produce 1 kg of
Co@NC-74, the calculated amounts of white radish and Co(NO3),-6H,0 are 36.0 kg, 2.037 kg,
respectively. The energy cost is mainly generated from the water bath, the forced-air drying oven,
freeze drying, and the tube furnace (Table 3S). The total energy cost was calculated at $3.43/kg. The
cost of this catalyst is significantly lower than the activated carbon ($10/kg), which indicate that
Co@NC-74 has strong economic viability [57].

5. Conclusion

Due to the inspiration from kimchi, Co/NC-74 was prepared with turnip. The plant cell was firstly
used as a temple to construct the size-controlled Co nanoparticles to activate PMS for removing
CQP. In addition, the best-performing sample Co/NC-74 can reach 99.99 % of degradation
efficiency under xenon lamp and solar light irradiation. Radical trapping tests and EPR detection
confirmed that the *OH, '0,and O," ~ play the dominant role rather than SO4™ for CQP degradation
in Co/NC-74/PMS/vis system. Furthermore, the degradation efficiency of CQP, TC, DH, OTC, CR,
MO, and MB in natural water was higher than 94 %. The water matrices have obvious impact on
the CQP degradation. More importantly, the CI~, NO;~, SO4>~, HPO42~, and HPO4>~ have notable
inhibition effects. The antibiotics and dyes mixture can be decomposed after 10 min. Meanwhile,
92.80 % of degradation efficiency still preserved after the 6th run, indicating the excellent reusability.
Lastly, the CQP degradation pathway in Co/NC-74/PMS system was proposed and the toxicity of
each intermediate were evaluated. Overall, this work was a new vision for enhancing the PMS
activation efficiency.
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