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Abstract

Fresh sweet flag (Acorus calamus) biochar (BC) was modified by impregnation
pyrolysis, and the ability of the resulting Mn/N-BC material to activate peroxydisulfate
(PDS) adsorption and degrade tetracycline (TC) was investigated alongside its reaction
mechanism. Under the optimal 1:1:1 BC:N:Mn doping ratio and optimal experimental
conditions (2 mM PDS, 1.0 g/L catalyst dosage, pH 7), Mn/N-BC+PDS degraded 93.67%
of 20 mg/mL TC within 120 min and maintained a removal rate of >80% after three

cycles. Co-doping of two elements provided a large number of active sites for PDS



activation. Nitrogen was detected in the form of pyridine N, pyrrole N, and graphite N.
Structural defects caused by doping in carbon materials generates 'O, non-free radicals,
and loading of Mn breaks the O-O bond in PDS and produces SO4¢~ and *OH free
radicals. These reactive substances play a role in degrading TC and other organic
pollutants. Following treatment with the developed system, TC solutions exhibited

reduced toxicity and potential feasibility for further exploration in water treatment.

Keywords: Modified biochar; Mn/N co-doping; Persulfate degradation; Activation

mechanism; Degradation efficiency; Organic pollutant; Mn/N-BC catalyst



1. Introduction

Since the discovery of penicillin in 1928, antibiotics have emerged as a crucial
class of antibacterial agents [1]. High levels of residual antibiotics in human and
livestock feces pose significant environmental risks to agricultural soil and groundwater,
and can stimulate antibiotic resistance genes (ARGs) and antibiotic resistant bacteria
(ARB), threatening human and animal health [2-4]. Tetracycline (TC), a widely used
antibiotic with an annual global production of thousands of tons, is considered a
prominent emerging pollutant [5]. Its excellent chemical stability makes TC resistant to
degradation by traditional biochemical or physicochemical treatments [6], and more
efficient methods are being sought.

Among existing treatment methods, advanced oxidation processes (AOPs) can
generate highly reactive free radicals such as *OH, SO4¢", and Oz . AOPs can usually
be divided into five types according to how free radicals are generated: ozone-based,
ultraviolet-based, electrochemical, catalytic, and physical [7]. Among them, AOPs
utilizing SO4¢~ with high redox potential (E¢ ranging from 2.5 to 3.1 V) and strong
oxidation ability have broad application prospects [8, 9]. Peroxydisulfate (PDS) and
peroxymonosulfate (PMS), collectively referred to as persulfate (PS) [10], can generate
reactive free radicals through heating, ultraviolet radiation, ultrasound, carbon materials,
transition metal oxides, ozone, and electrical activation [11, 12]. Carbon materials,
notable for being inexpensive, not requiring additional energy, and recyclable, have
received much attention [13].

Derived from biomass pyrolysis, biochar (BC) is an eco-friendly carbonaceous



material prized for its tunable specific surface area, high porosity, and abundant surface
functional groups. Its application contributes to lowering greenhouse gas emissions,
promoting carbon sequestration, recycling of waste resources, and innovative green
development concepts [14]. Owing to its exceptional performance, BC is extensively
utilized in agriculture, gas storage, and environmental remediation [15].

Raw BC has been modified by acid-base treatment [16], heteroatom doping [17,
18], metal ion loading [19, 20], and metal non-metal co-doping [21] to improve its
catalytic efficacy. The present work employed fresh sweet flag (Acorus calamus)
powder as a biomass precursor to prepare Mn/N-BC catalyst via impregnation pyrolysis.
The effects of different doping levels of BC, Mn, and N on the efficiency of PDS-
activated TC degradation were explored, and optimal catalyst preparation conditions
were determined. Catalytic materials were prepared according to the optimal doping
ratio, and factors influencing efficiency were analyzed experimentally to identify

optimal experimental conditions for adsorption degradation.

2. Materials and methods
2.1. Experimental reagents
Raw A. calamus BC prepared in this experiment was purchased from Lishui,

Foshan, Guangdong, China. Chemical reagents used in this study are listed in Table 1.

Table 1 Reagents used in this study

Reagent Molecular formula  Specifications Manufacturer




Tetracycline

Sodium persulfate

Manganese
chloride
tetrahydrate
Hydrochloric acid
Sodium hydroxide
Sodium nitrate
Humic acid
Methanol
Anhydrous ethanol
Tert-butanol
L-histidine

Urea

Sodium chloride
Sodium
bicarbonate
Potassium
dihydrogen
phosphate

P-benzoquinone

C2oH24N>058

NaxS»0s

MnCl*4H,0

HCl

NaOH

NaNOs3

CoHoNOg

CH40O

C2HgO

C4H,100

CsHoN3O3

CH4N2O

NaCl

NaHCO;3

KH2PO4

CsH402

Shanghai Macklin
Biochemical Co.,

Ltd.

Sinopharm
Chemical Reagent

Co., Ltd.

Analytical grade

Nanjing Chemical

Reagent Co., Ltd.




2.2. Material characterization methods

Microstructural observation of gold-coated specimens was carried out using a
Hitachi SU8020 instrument (Hitachi Corporation, Japan), with images obtained at
various magnifications under accelerating voltages ranging from 0.1 to 30 kV. This
allowed for detailed examination of the microstructure of the prepared materials, as
well as analysis of their composition and structural features.

Phase identification of the prepared materials was performed via X-ray diffraction
(XRD) using an X-7000 instrument (Shimadzu Corporation, Japan), which enabled the
qualitative determination of phase constituents and elucidation of the crystal structure
of simple crystals.

Fourier-transform infrared spectroscopy (FT-IR) was employed to identify
functional groups and chemical bonds present in the catalyst, utilizing a Nicolet IS5 FT-
IR spectrometer (Thermo Scientific, USA).

The specific surface area, pore size distribution, and pore volume of samples were
evaluated through nitrogen adsorption-desorption measurements conducted on an
Autosorb 1Q2 BET analyzer (Kantar Instruments Inc., USA).

Surface analysis of solid material samples was conducted using an AXIS ULTRA
DLD X-ray photoelectron spectrometer (Tsushima Kratos, Japan), which facilitated the
investigation of elemental species, their chemical valence states, and their relative

abundances on material surfaces.



2.3. Preparation of catalysts

For BC preparation, raw A. calamus material was cleaned with ultrapure water,
cleaned leaves were placed in an oven for natural drying, and transferred to a high-
speed crusher. Green 4. calamus powder was obtained by passing through a 100-mesh
sieve, wrapped in tin foil to create a limited oxygen environment, placed in a ceramic
crucible, and calcined at high temperature in a muffle furnace. The temperature was
increased to 600 °C at 5 °C/min and held for 1.5 h. After cooling, the black BC powder
was rinsed with anhydrous ethanol and ultrapure water to remove residual salts and
organic matter, placed in an oven for natural drying, ground with a mortar, and stored
after passing through a 100-mesh sieve.

Mn/N-BC was prepared by immersing 1 g of A. calamus powder in a mixed
solution of MnCl>-4H>0 and urea at different concentrations and sonicated for 30 min.
After stirring at room temperature using a magnetic stirrer at 250 rpm for 24 h, the
mixture was dried in a vacuum oven, and the resulting solid was ground and passed
through a 100-mesh sieve. Next, the BC preparation procedure was replicated to
produce seven distinct BC:N:Mn composites with mass ratios of 1:1:0, 1:0:1, 1:1:0.5,
1:0.5:1, 1:1:1.5, 1:2:1, and 1:3:1. Among them, the 1:1:0 and 1:0:1 ratios were named
N-BC and Mn BC, respectively, while the rest were named Mn/N-BC.

A schematic illustration of the entire fabrication process is provided in Figure 1.
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Fig. 1 The catalyst preparation process

2.4. Mn/N-BC adsorption degradation of TC

In adsorption experiments, 100 mL of TC solution (20 mg/L) was placed in a 200
mL beaker, and 1.0 g/L of Mn/N-BC powder was added and stirred at 150 rpm at room
temperature. Samples were taken using a syringe at 0, 10, 20, 30, 45, 60, and 120 min
and filtered through a 0.45 um membrane to remove the catalyst powder.

In degradation experiments, adsorption was performed for 30 min as described
above, and samples were removed to measure the TC concentration. Na2S20s (2 mM)
was immediately added to begin the degradation process. Samples were collected at
time points identical to those for adsorption experiments. The aqueous samples,
obtained by syringe, were filtered through a 0.45 pm membrane, after which the
reaction was halted by addition of a small amount of methanol.

Three parallel experiments were set up for each group.

3. Results and Discussion
3.1. Characterization

3.1.1. Scanning electron microscopy (SEM) and energy-dispersive X-ray



spectroscopy (EDS)

SEM revealed morphological information for unmodified BC, Mn BC, N-BC, and
Mn/N-BC materials (Figure 2). The original biochar has a rough sheet-like structure on
its surface, which enhances its adsorption performance (Figure 2a). Figures 2b and 2¢
show images of carbon materials modified with Mn and N, respectively, which
increases the surface roughness of the material and makes the layered structure more
pronounced. The morphological characteristics of spherical Mn-N nanoparticles
stacked on the layered structure of BC enable BC modified with Mn and N results in
more active sites, which is beneficial for improving catalytic performance (Figure 2d).

Analyses of elemental composition and content were conducted by EDS and the
results are shown in Figure 2e. Four elements, C, O, Mn, and N, were detected in the
synthesized material. Among them, C and O account for a relatively large proportion
among the four elements (65.37% and 29.45% respectively), with mass fractions of
44.18% and 17.52%, while Mn and N account for 11.43% and 3.75% respectively, with
mass fractions of 35.35% and 2.95%.

Transmission electron microscopy (TEM) was performed the results analyzed by
mapping MnN@BC to the element distribution of composite materials, with different
colors representing successful loading of different elements onto BC (Figure 2f). The
findings substantiate the efficacy of the proposed modification method, and reveal that
the unique pore characteristics of the carbonized biomass are not compromised by

calcination at 600 °C.



Fig. 2 SEM and TEM results. SEM images of (a) BC, (b) Mn-BC, (c) N-BC,



and (d) Mn/N-BC. (e) EDS spectrum and (f) TEM elemental mapping of Mn/N-BC

3.1.2. XRD analysis

As shown in Figure 3a, broad diffraction peaks were observed at 260 = 23.25° and
43.24°, corresponding to amorphous and crystalline carbon in the (002) and (100)
planes of BC [22, 23]. Compared with the original BC, the diffraction peak intensity of
modified BC was significantly enhanced, and peak positions were shifted due to N
doping. XRD spectra of Mn BC and Mn/N-BC show characteristic peaks at 20 =29.4°
and 49.6°, corresponding to the (310) and (301) crystal planes of MnO; (JCPDS#72-
1982), respectively. Peaks corresponding to MnO (JCPDS#77-2363) appear at 20 =
41.4° and 73.0°, corresponding to the (200) and (222) crystal planes, respectively [24].
Characteristic peaks appearing at 20 = 32.2° and 36.0° correspond to the (103) and (211)
crystal planes of Mn3Og, respectively. These results indicate that there are characteristic
peaks of manganese oxides with different valence states in materials co-doped with Mn

and N, consistent with XPS data.

3.1.3. FT-IR analysis

Figure 3b shows FT-IR spectra obtained for BC, N-BC, Mn-BC and Mn/N-BC
catalysts. The peak appearing at ~3413 cm™! was attributed to O-H stretching vibrations,
while asymmetric and symmetric stretching vibrations for C=O were also observed at
1607 cm™'. The characteristic Mn-O peak was observed in spectra of Mn BC and Mn/N-

BC at ~599 cm!, indicating the presence of manganese oxide. C-NH-C (1264 cm™)



was also found in the Mn/N-BC spectrum. These results indicate that Mn and N were

successfully loaded onto BC.

3.1.4. Brunauer-Emmett-Teller (BET) analysis

For deeper insight into how Mn and N modification alters the physical properties
of the catalysts, BET analysis was performed on two BC variants, with their N2
adsorption-desorption isotherms and Barrett-Joyner-Halenda (BJH) pore size
distributions plotted accordingly. As shown in Figure 3c, the original BC and BC
modified with Mn and N exhibit I and I'V isotherms with H4 hysteresis loops, indicating
the coexistence of micropores (<2 nm) and mesopores (2—50 nm) [25]. The pore size
distribution curve in Figure 3d further supports this viewpoint. The BET surface area
of BC loaded with Mn/N decreased significantly, from 117.534 m?/g for original BC to
7.232 m?/g, which may be due to the partial filling of pores caused by N doping [26].
Relative to BC, the Mn/N-BC sample has a reduced pore volume, a phenomenon
probably linked to the dispersion of Mn particles within both micropores and mesopores
[27], consistent with the decrease in Mn/N-BC adsorption performance. Such a layered

porous morphology promotes catalytic activity via enhanced pollutant mass transfer

kinetics [28].
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Fig. 3 Spectroscopic analyses of modified BC samples. (a) XRD patterns and
(b) FT-IR spectra of BC, N-BC, Mn-BC, and Mn/N-BC. (¢) N; adsorption desorption

curves and (d) BJH aperture distribution map of BC and Mn/N-BC

3.1.5. XPS analysis

To investigate the chemical states of C, O, N, and Mn, XPS analysis was conducted
on the Mn/N-BC catalyst both prior to and following reaction under optimized
experimental conditions. The overall spectrum of the material and detailed spectra for
each element are shown in Figure 4a—i. Due to consumption during the reaction, the
characteristic Mn2p peak of the material is not significant after the reaction.

Figures 4b and c show C 1s fine spectra. The main peak at 284.57 eV is assigned

to C-C, the peak at 287.22 eV is attributed to O-C=0, and the peak at 283.30 eV may



be ascribed to the interaction between carbon and manganese (C—Mn) or to defective
carbon.

The O 1s spectra (Figures 4d and e) are fitted into three peaks. The peak at the
lowest binding energy of 530.57 eV is characteristic of lattice oxygen (Mn-O) in
manganese oxides, confirming the successful formation of MnOx species as also
detected by XRD . The peaks at 532.15 eV and 533.48 eV are assigned to surface
oxygen vacancies and O-C=0 groups, respectively.

Figures 4f and g show N 1s fine spectra, with pyridine N, pyrrole N, and graphite
N detected at binding energies of 398.10 eV, 399.29 eV, and 400.20 eV, respectively
[26]. The proportions of the three different types of N before the reaction were 52.58%,
24.51%, and 22.91%, respectively, among which pyridine N was the major form.
However, after catalytic degradation, the content of graphitic N decreased to 11.91%.
Therefore, as an additional active site for PDS activation, this result is consistent with
previous research [29].

As shown in Figures 4h and 1, the Mn 2p spectra feature peaks at binding energies
of 640.75 eV, 642.27 eV, and 652.87 eV, which can be attributed to Mn(II), Mn(III),
and Mn(IV) based on previous reports [30]. Specifically, the peak at ~640.75 eV is
ascribed to Mn»O3, while the signal near 652.87 eV corresponds to MnO» [31, 32]. The
proportions of Mn (II) and Mn (IIT) decreased from 44.31% and 30.75% before reaction
to 39.75% and 23.72% after reaction, respectively. Upon completion of the reaction,
the amount of Mn(IV) present in the catalyst was 36.52%. This is because divalent and

trivalent Mn ions, as well as persulfate ions in PDS, form free radicals and complete



the process of transitioning to higher valence states.
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Fig. 4 XPS analysis of modified BC samples. XPS spectra of (a) Mn/N-BC, (b-

c)Cls,(dande) O 1s, (fand g) N 1s, and (h and i) Mn 2p

3.2. Performance of Mn/N-BC degradation of TC

In order to investigate the optimal ratio of BC, N, and Mn, six different catalyst
ratios were tested: BC:N:Mn = 1:0:1, 1:1:0.5, 1:0.5:1, 1:1:1.5, 1:2:1, and 1:3:1.
Adsorption-degradation experiments were carried out under optimal conditions, and the
TC removal efficiency is presented in Figures 5a and b. When the doping ratio of BC
to N was the same (1:1), as the Mn doping content increased, the TC removal rate
exhibited a corresponding rise from 60.09% to 93.76%. However, as the doping amount
continued to increase, the removal rate of TC slightly decreased. As the doping amount
of N element increased, the removal effect of TC gradually decreased, which may be
because a large amount of urea had not completely altered the internal structure of BC.
However, a portion of N elements adhered to the surface of BC, decreasing the available
active sites on the material surface and affecting PDS activation, thereby lowering the
removal efficiency. It can therefore be concluded that the optimal doping ratio of BC,
N, and Mn s 1:1:1.

To evaluate material performance, a series of adsorption and degradation
experiments were implemented under varying experimental systems. The experiment
was divided into nine groups, with PDS acting alone on four materials: TC and BC, Mn
BC, N-BC, and Mn/N-BC. Experiments were conducted with a catalyst dosage of 1.0

g/L, 2 mM PDS, and 20 mg/L TC. The results are shown in Figures 5c and d. Adding



only PDS had almost no effect on TC degradation. When only BC was present for
adsorption, the TC removal rate reached 48.52%. After doping with different
heteroatoms, the TC removal rate decreased from approximately 4.18% to 11.83%,
indicating a decrease in the adsorption performance of the material, consistent with the
results of BET specific surface area measurement. This may be because metal particles
occupy the surface and porous structure of BC. The catalyst effectively activated PDS
to produce reactive free radicals, resulting in a significantly higher TC degradation rate
than that achieved in the absence of PDS. The removal rates of Mn BC+PDS, N-
BC+PDS, and Mn/N-BC+PDS groups were 68.00%, 60.65%, and 93.76%, respectively.
The effect of metal non-metal co-doping was particularly significant, and the reaction
rate was fast, reaching 0.0199 min!.

Under different experimental conditions (PDS/PMS concentration, catalyst
loading), direct comparisons are relatively complex, yet the present system offers
several distinct advantages. The MnN@BC material developed by Liu et al. [33] was
applied in a more energy-intensive three-dimensional electro-activation system,
whereas the Mn/N-BC in this study achieved comparably high performance through
simple catalyst addition, demonstrating its superior energy efficiency. Under the
optimal conditions of 1.0 g/L catalyst, 2 mM PDS, and 20 mg/L TC, the TC removal
rate reached 93.76% with a rate constant of 0.0199 min!, surpassing the &-

MnO2/BC+PS system (85.5%) [34].
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3.3. Factors influencing reaction rates
3.3.1. PDS dosage

The use of persulfate in advanced oxidation for water remediation inevitably
generates sulfate ions, which can cause corrosion in wastewater systems. Therefore, it
is extremely important to investigate the dosage of PDS [35]. Figure 6a shows that the
removal efficiency of TC rose steadily as the concentration of PDS was increased.
When the PDS concentration was 0.5 and 1.0 mM, only 72.82% and 86.72% of TC was

removed, respectively. A further rise in concentration did not yield continued



enhancement in TC removal, with the degradation rate stabilizing at ~93.76%. One
explanation is that when the amount of catalyst added in the reaction system is fixed,
the number of electrons generated is limited, and excessive PDS will undergo self-
quenching reaction with the generated SO4¢™ radicals, resulting in a decrease in active

species in the reaction system.

3.3.2. Mn/N-BC dosage

The amount of material added is also an important influencing factor. Therefore,
this experiment studied the degradation effect of TC at Mn/N-BC dosages of 0.3, 0.5,
0.7, 1.0, and 2.0 g/L. As shown in Figure 6b, during the adsorption stage, with an
increase in catalyst content, the adsorption performance of the material for pollutants
in water gradually increased, from 12.22% at a dosage of 0.3 g/L to 37.19% at a dosage
of 2.0 g/L. It can be inferred from these data that, up to a certain point, elevating the
catalyst dosage leads to enhanced pollutant adsorption. Within the catalytic degradation
stage, an increase in BC dosage from 0.05 g/L to 0.1 g/L led to optimal TC removal of
93.76%, and notably fast degradation kinetics. However, when the dosage of Mn/N-BC
was increased further to 2.0 g/L, the removal rate did not show a significant increase,
which may be due to competition with pollutants for SO4¢~ when excessive metal and

non-metal elements were co-doped [36].

3.3.3. Initial TC concentration

Figure 6¢ provides a visual representation of the relationship between initial TC



concentration and removal efficiency. The experimental results show that the
adsorption effect of TC at low concentrations (10 and 20 mg/L) was strong, reaching
28.52%. As the concentration of pollutants increased, the adsorption effect gradually
decreased to 17.64%. In the degradation experiment, the low concentration TC solution
had the highest degradation efficiency (>93.00%) and the fastest degradation rate. With
gradually increasing TC concentration, both the degradation rate and the resulting
removal efficiency diminished. These results imply that due to restricted adsorption
capacity, degradation intermediates compete alongside TC for radical species,
contributing to the observed decline in removal performance. From this, it can be
concluded that construction of a Mn/N-BC+PDS catalytic system has broad application

prospects for treating wastewater containing pollutants at different concentrations.

3.3.4. Initial pH value

Sewage from different sources can differ in terms of pH. The effects of initial
solution pH on pollutant removal efficiency were investigated using NaOH and HCI to
adjust pH. Previous studies have shown that PS can be efficiently activated over a wide
pH range [25], and our experimental results supported this conclusion. As shown in
Figure 6d, the TC removal rate remained at ~93.00% across a pH of 3-9, and the
reaction rate constant remained relatively high (~0.0190 min™). A further rise in pH to
11 resulted in a diminished degradation efficiency of 74.89% and a marked decrease in
reaction rate. This indicates that alkaline conditions can limit PDS activation (i.e. PDS

may decompose in alkaline solutions) [37]. These results indicate that within the Mn/N-



BC/PDS system for wastewater treatment, an acidic environment is usually
advantageous for pollutant breakdown. Therefore, the removal efficiency of pollutants
can be optimized by adjusting the pH value of sewage. Acidic conditions have broader

application prospects for treatment of sewage with different pH values.

3.3.5. Inorganic anions and humic acids

Common inorganic anions (such as CI-, HCO;~, H,PO4 ", and NO3") and humic
acid (HA) can significantly affect the removal of pollutants in a system [38]. Therefore,
the removal efficiency of TC was studied at different concentrations of inorganic anions
(5, 10, and 20 mM). According to Figure 6e, HoPO4 and NO3z~ exerted negligible
effects on the catalytic adsorption-degradation process, indicating minimal interference.
However, upon addition of CI”, decomposition of TC was enhanced in the Mn/N-
BC+PDS system. At CI™ concentrations of 5, 10, and 20 mM, the degradation rate of
TC reached 95.59%. Research has shown that the Cl™ reaction can generate C1O~, which
rapidly oxidizes pollutants [39]. In contrast, HCOs;™ impeded TC removal, and this
inhibitory effect was amplified with increasing concentration of the anion. As the
concentration of HCO3™ increased, the TC removal rate decreased to 70.32%, which
may be due to HCO3™ scavenging SO4* and *OH, thereby inhibiting the degradation of
TC [33]. In addition, both HCO3™ and PDS carry negative charges, leading to adsorption
competition and affecting PDS activation.

Figure 6f illustrates the impact of HA on the degradation of TC. With an increase

in HA concentration from 5 mM to 20 mM, the adsorption and degradation performance



of the Mn/N-BC+PDS system was improved. Higher HA concentrations led to an
increasingly pronounced suppression of TC removal. This may be due to competition
between HA and pollutants for adsorption sites, which in turn affects their adsorption
and degradation efficiency. Additionally, the active sites are occupied, which affects

activation of PDS by the catalyst.
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different concentrations of inorganic anions, and (f) different concentrations of HA on

TC degradation

3.4. Cycle stability and dynamic analyses

In order to explore the preliminary feasibility of the Mn/N-BC+PDS system, cyclic
stability experiments were conducted to ensure that the initial conditions for each
experiment were identical (i.e., consistent with the TC degradation experiment). This
experiment serves as a proof-of-concept to evaluate catalyst retention and short-term
performance under dynamic conditions, rather than a fully optimized engineering
demonstration. As shown in Figure 7a, the Mn/N-BC catalyst achieved TC degradation
01 93.8%, 86.0%, and 80.3% after one, two, and three cycles, respectively. The gradual
decline in efficiency may be attributed to the potential leaching of Mn active centers,
which is commonly observed in metal-carbon composite catalysts. The Mn/N-BC
catalyst retained more than 80% of its initial activity after three consecutive cycles,
demonstrating favorable short-term reusability.

To demonstrate the potential for laboratory-scale application, we will ensure that
further studies are carried out under more practical continuous-flow conditions. Figure
7b presents a schematic diagram of the experimental configuration, which includes a
peristaltic pump (power unit), a beaker (storage tank), and a reaction column. Quartz
sand was placed at the inlet and outlet of the reaction column to prevent catalyst powder
from escaping with the water flow, and several pieces of polyurethane sponge (3 cm x

3 cm x 3 cm) loaded with 0.1g Mn/N-BC powder were included. The dynamic



experiment was carried out under stable room temperature conditions. A peristaltic
pump was used to continuously feed a mixed solution containing PDS (2 mM) and TC
(20 mg/L) into the reaction column, with effluent samples collected every 30 min for
TC concentration analysis. To account for the adsorptive capacity of quartz sand, an
unfilled catalyst was used as a reference control. The experimental results are shown in

Figure 7c. The TC removal rate decreased from 83.1% to 69.0%.
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Fig. 7 Cycle stability and dynamic analyses. (a) Cycle results for Mn/N-BC
degradation of TC. (b) Schematic diagram of the dynamic experimental column. (c)

Dynamic degradation of TC in the Mn/N-BC system

3.5. Degradation mechanism analysis
3.5.1. Identification of active species and EPR analysis

Electron paramagnetic resonance spectroscopy (EPR)was employed for
qualitative analysis of active substances. Two spin capture agents, 5,5-Dimethyl-1-
pyrrolineN-oxide (DMPO) and 2,2,6,6-Tetramethylpiperidinooxy (TEMP), were used
to capture SO4¢~, *OH, and 'O,. Free radicals and non-free radicals were captured at 0
min and 10 min, respectively. The results are shown in Figures 8a and b. After 10 min
of reaction, characteristic 1:2:2:1 and 1:1:1:1:1 signal peaks were observed,
respectively corresponding to *OH and SO4¢ [40]. In addition, a characteristic 1:1:1
peak was detected, indicating the production of 'O during the catalytic degradation of
pollutants. In summary, three active substances were co-captured by EPR, namely
SO4s~, *OH, and 'O, and they participate in the degradation of TC.

The reactive species generated during TC degradation by the Mn/N-BC+PDS
system were identified through radical quenching tests and EPR analysis. MeOH, TBA,
L-His, and P-BQ were selected as active substance quenchers, while a group without
quenchers served as a blank control. The reaction rates of MeOH with free radicals
SO4¢~ and *OH were 2.5x10% M-s! and 9.7x10® M5!, respectively [41], making

them a scavengers of SO+~ and *OH. Due to the higher reaction rate between TBA and



*OH compared to SOs*~ (k.on=23.8-7.6x108 M!-s 1>k so4.-=4.0-9.1x10° M"-s7) [42],
it is only used for scavenging *OH; L-His and P-BQ respectively quench non-free
radical 'Oz (kio2 = 3.2x108 M!-s") and radical Oz*~ (koz.- = 9.0x10% M!-s71) [43]. The
experimental results are shown in Figures 8c and d. Addition of P-BQ had a strong
inhibitory effect, reducing the TC removal rate to 55.6%. Both groups with added
MeOH and L-His displayed certain inhibitory effects, with TC removal rates of 73.3%
and 75.1%, respectively. The inhibitory effect of TBA on TC removal was weakest, at
81.8%.

The contribution rates of various reactive species to TC degradation were
calculated as described previously (Equations 1-4) [44]. According to Kkinetic
calculations, the contribution rates were ordered (from high to low) O+, 'O, *OH, and
SOq4e, and 73.7% >51.5% >39.2% >13.4%. Therefore, it can be inferred that all four
reactive species are involved in PDS activation, with Oz~ and 'O serving as the

predominant contributors.
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3.5.2. Reaction mechanism

By combining XPS before and after the reaction, changes in different chemical
bonds and metal ion valence state contents were analyzed to probe the degradation
mechanism of TC in the Mn/N-BC+PDS system (Figure 9a). Free radical quenching
experiments and EPR characterization were combined to analyze the active substances
involved in the degradation process. Compared with Mn doping, co-doping of Mn and
N can fix more Mn atoms on the catalyst surface. A large amount of Mn (II) and Mn

(ITI) provide more electrons, causing PDS to decompose and generating free radicals



(Equations 5 and 6). Peroxysulfates and the free radicals generated by their activation
convert into the other two types of free radicals in water (Equations 7 and 8). Studies
have shown that 'O, is the main non-free radical, which can be generated by the ketone
carbonyl group C=0 at the edge of the C-complex on N-doped BC [45]. In addition, N
doping leads to many structural defects that can activate PDS and generate free radicals.
Defective structures can also promote electron transfer and improve the performance
of catalysts. The observed decrease in C=0 content (from 15.8% to 14.2%) means that
the C=0 group is consumed in the reaction. Meanwhile, trace amounts of 'O can also

be generated (Equation 9) [46].

Mn (II) + S,0s* — Mn (III) + SO42 + SO4™ (5)
Mn (III) + S,0s* — Mn (IV) + SO4* + S04~ (6)
S04+ H,0 — OH + SO, + H* (7)
38,05 + 40H — 6S04% + 20, + 4H" (8)
20, +2H,0—'0,+H,0,+20H" 9)

3.5.3. Degradation pathway analysis
By integrating the results of radical characterization with the intermediate products
detected in liquid chromatography-mass spectrometry (LC-MS) experiments (Table 2),

three plausible degradation pathways were deduced.

Table 2 Structural information for intermediates products detected by LC-MS

Serial number Mass-to-charge Molecular Structural formula




ratio (m/z) formula
HiC. CHy
PO 445 C22Ho4N>Os ' ,
OH l H‘ H l
Pl 430 C21H22N20s
HO, CHj
P2 346 C19H220¢6 O‘,
OH
H H
P3 302 C17H1805
P4 396 C21H21NO7
P5 274 Ci6H1804
P6 136 CsHgOs o~
Hob
CH,-CHj
P7 122 CsH100
H
P8 60 CoH40;
P9 461 C22H26N209




P10 432 C21H23NO9

P11 349 CisH2207

P12 305 Ci16H1806

Studies have shown that electron donor groups and ionizable groups (such as
dimethylamine, amide, and double bonds) are susceptible to reactive free radical attack,
leading to TC decomposition [47]. The present work proposes three possible
degradation pathways for TC, as shown in Figure 9b. It should be noted that due to the
complexity of radical chain reactions, other minor pathways or isomers may also exist.
In pathway one, the amino group is readily attacked by Oz¢", resulting in deamination
to form P1 (m/z = 429). Next, through dehydroxylation, demethylation, and loss of
methylamine groups, P2 (m/z = 346) is formed, which is further degraded to generate
P3 (m/z = 302) via continuous oxidation [48]. In pathway two, the hydroxyl groups,
water molecules, and amino groups on PO are first removed, yielding P4 (m/z = 396).
The intermediate product P5 (m/z = 274) is obtained through ring cleavage, and finally
converted to P6 (m/z = 136), P7 (m/z = 122), and P8 (m/z = 60) through ring opening
reaction [49]. In pathway three, reactive oxygen species (O2¢~ and '0») attack TC and
form hydroxylation product P9 (m/z = 461). Subsequent reactions involving

deamination, cleavage of the C=C bond, and further oxidation convert compound P9



into compound P10 (m/z = 432) . The cyclic ketone structure is subsequently oxidized
and opened to form compound P11 (m/z = 349). As the degradation reaction proceeds,
further oxidative decomposition and ring opening reactions occur, producing

intermediate product P12 (m/z = 305) [50].
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Fig. 9 (a) TC degradation reaction mechanism. (a) Mechanism diagram of TC
degradation by the Mn/N-BC+PDS system. (b) TC degradation pathways in the

Mn/N-BC+PDS system

3.6. Toxicity testing

The ecological toxicity of TC and its intermediates (P0—P12) was analyzed using
the toxicity assessment software tool (TEST), and the acute toxicity of TC was
evaluated using the lethal concentration killing 50% of test animals (LCso) against
Fathead minnow and water flea (Daphnia magna). It is crucial to emphasize that these
are computational predictions, not experimental bioassays. These values were 0.90
mg/L and 5.44 mg/L, respectively (Figures 10a and b), consistent with previous studies
[51]. This confirms that TC is a toxic organic pollutant. The LCso values of
intermediates P6—P12 for TC degradation in Fathead minnow indicate low toxicity
(Figure 10a). All intermediate products except for P4 exhibited LCso values greater than
that of TC against water fleas (Figure 10b). These results indicate that TC degradation

leads to a decrease in the toxicity of intermediates, but some intermediates retain high

toxicity.
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Figure. 10 Toxicity analysis. Acute toxicity of TC degradation intermediates

evaluated by TEST against (a) Fathead minnow and (b) Daphnia magna

4. Conclusion

This work investigated the degradation performance and reaction mechanism of a
Mn/N-BC-activated PDS system prepared using Mn/N-BC catalyst from A. calamus as
raw material, against TC as a target pollutant. XRD and XPS analyses revealed nitrogen
in the form of pyridine N, pyrrole N, and graphite N, and manganese in the form of Mn
(IT) and Mn (III). Co-doping of these two elements provides a large number of surface
active sites for PDS activation. Under optimal experimental conditions (2 mM PDS,
catalyst dosage 1.0 g/L, TC concentration 20 mg/L, pH 7) and the optimal doping ratio
of BC:N:Mn = 1:1:1, the system achieved a TC removal rate of 93.67% within 120 min,
mainly through two pathways involving free radicals (SO4¢~, *OH, O2¢") and non-free
radicals ('0,), among which O™ and 'O play a dominant role. Based on LC-MS
identification of 12 reaction intermediates, three plausible pathways for the degradation
process are proposed. Additionally, the TC solution treated with Mn/N-BC was toxic;

despite the reduced toxicity, a small quantity of highly toxic intermediates persisted.
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