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According to the “New Coronavirus Pneumonia (COVID-19) Tenth Edition Diagnosis and Treatment Plan”,
residues from three prescriptions including Qingfei-Paidu Formula, Huashi-Baidu Formula, and Xuanfei-
Zhixue Formula were selected as precursors for biochar preparation. The resulting Chinese medicine
residue-derived biochars (CMR-BCs), prepared using different prescriptions and pyrolysis temperatures,
were used to activate peracetic acid (PAA) for sulfamethoxazole (SMX) removal. Biochar (q800) produced
from 800°C-treated Qingfei-Paidu Formula residue achieved ~60% SMX adsorption removal efficiency,
outperforming other CMR-BCs. All prepared CMR-BC samples demonstrated oxidative degradation of SMX
via activating PAA, with efficiencies ranging from ~20.8% to 45.5%, which might be ascribed to their
abundant oxygen-containing functional groups and graphitic structures. Electro-chemical analysis and
quenching tests indicated that the direct electron-transfer (DET) process was identified as the primary
non-radical degradation mechanism. The formation of CMR-BCs-PAA* interfacial complexes enhanced the
overall oxidation potential, facilitating the redox reaction between CMR-BCs-PAA* and SMX. In total, this
study offers new insights into the non-radical mechanism of CMR-BC/PAA systems, presenting a potential

solution for the resource utilization of Chinese medicine residue wastes.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Advanced oxidation processes (AOPs) involved in strong oxi-
dants such as hydrogen peroxide, persulfates, chlorine, and per-
acetic acid (PAA), in which PAA has garnered considerable atten-
tion due to its high redox potential (Ey=1.96V) and the low tox-
icity of its byproducts [1-3]. PAA can be activated using ultravio-
let (UV) irradiation, metal ions, or carbon-based catalysts to gen-
erate reactive radicals, including hydroxyl radicals (‘OH), acetoxy
radicals (CH3CO,"), and acetyl peroxy radicals (CH3CO3") [4-6]. For
instance, medium-pressure UV activation of PAA produces “OH and
CH3CO3", facilitating the degradation of norfloxacin [7]. Co(Il) ac-
tivation of PAA generates CH3CO," and CH3CO3" without forming
*OH [8]. Activated carbon fibers (ACFs) have also been used to cat-
alyze PAA, where the generated ‘OH and CH3CO," efficiently de-
grade dyes [9]. Recent researches emphasized the non-radical di-
rect electron transfer (DET) processes in the interaction of oxidants
(e.g., persulfates and periodate) and carbon-based catalysts (e.g.,
carbon nanotubes, graphene oxide, and biochar) [10-12]. For ex-
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ample, surface complexation was occurred between carbon-based
materials and PAA, elucidating the contribution of non-radical DET
mechanisms in improving contaminant degradation [13,14]. Re-
cently, biochar has also been used for the activation of PAA. Zhou
et al. [15] reported that sludge-derived biochar (SDBC) activated
PAA through both radical and non-radical pathways to degrade flu-
oroquinolone antibiotics. In this case, iron species in SDBC gener-
ated organic radicals, while the carbon composition facilitated non-
radical pathways.

The conversion from residues into biochar is an effective
method for resource recycling. In recent years, residues such as
sludge [15], food waste [16], livestock manure [17]. have been
transformed into biochar. Traditional Chinese medicine residue
(CMR), a common agricultural waste with a complex and stable
structure, poses environmental and ecological risks due to its high
treatment costs [18,19]. Although biological fermentation is the
primary method for CMR treatment, it produces low-value prod-
ucts that limit broader applications [4,20,21]. CMR, however, is a
promising biochar precursor due to its high carbon content and
abundant components such as cellulose, hemicellulose, lignin, and
microelements (e.g., calcium, phosphorus, and iron) [22]. Existing
research on Chinese medicine residue-derived biochars (CMR-BCs)
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Fig. 1. The adsorption removal efficiency of SMX by (A) 400°C- and (B)
800°C- treated CMR-BCs. The catalytic degradation efficiency of SMX in differ-
ent (C) 400°C- and (D) 800°C- treated CMR-BCs/PAA system. (C) Experimental
conditions: [h400]y =[x400]o =[q400]o =2 ¢g/L, [h800]s =[x800]p =[q800]o=1g/L,
[PAA]o =2 mmol/L, [SMX]o =20pmol/L, pH 7.0, and T=25+2°C.

has primarily focused on pollutant adsorption. However, studies in-
vestigating PAA activation via CMR-BCs are still limited, and there
is a need to elucidate the mechanisms underlying contaminant
degradation in the CMR-BCs/PAA system. Additionally, most studies
to date have prepared biochar from individual Chinese medicine
components without considering the broader application of Chi-
nese medicine prescriptions. Since prescriptions consist of multi-
ple components and are more frequently used in practice, devel-
oping biochar based on these prescriptions is a more practical and
impactful approach. Therefore, transforming CMR into biochar for
PAA activation provides a sustainable and efficient solution for wa-
ter treatment, offering a high-value approach to agricultural waste
reuse.

This study explored the preparation of biochars from three
types of CMRs using simple pyrolysis at different temperatures.
SMX was selected as the target contaminant to evaluate the ef-
fectiveness and mechanisms of CMR-BC in activating PAA. First,
the adsorption and degradation performance of SMX in the CMR-
BCs/PAA system was investigated. And then, we characterized the
structure of as-prepared CMR-BCs. Furthermore, the oxidative re-
action mechanism, ie., the non-radical DET process, was identi-
fied via radical quenching tests, electron paramagnetic resonance
(EPR), and electrochemical analysis in the CMR-BCs/PAA/SMX sys-
tems. Chemicals used in this study were listed in Text S1 (Support-
ing information). Material preparation was described in Text S2
(Supporting information). The characterization of prepared CMR-
BCs was shown in Text S3 (Supporting information). The details
of adsorption and degradation experiments were described in Text
S4 (Supporting information). Additionally, analytical methods were
detailed in Text S5 (Supporting information).

The CMR-BCs treated at 400°C (ie., q400, h400, and x400
samples) demonstrated negligible adsorption removal of SMX
(Fig. 1A). However, the 800 °C-treated CMR-BCs (q800, h800, and
x800) demonstrated higher adsorption removal efficiencies for
SMX compared to their 400 °C counterparts, suggesting that higher
pyrolysis temperatures enhanced the adsorption capacity of CMR-
BCs (Fig. 1B). This observation aligns with the findings of Huang
et al. [23], who reported that increasing the pyrolysis tempera-
ture of poplar biochar improved its adsorption capacity. Regard-
ing oxidative removal, PAA alone exhibited weak direct oxidation,
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Fig. 2. (A) XRD patterns, (B) FT-IR spectra, (C) Raman spectra for different CMR-BCs.
(D) N, adsorption/desorption isotherms for q800 and h400 samples.

achieving only ~5.1% degradation of SMX in 45 min (Fig. 1C).
However, the degradation efficiencies of SMX in the 400 °C-treated
CMR-BCs/PAA systems followed the order: q400 (~45.5%) > h400
(~41.9%) > x400 (~26.6%), after excluding the contribution of
adsorption, highlighting the catalytic activation of PAA by these
biochars (Fig. 1C). Additionally, the oxidative contribution of SMX
in 800°C-treated CMR-BCs/PAA followed the order: h800 (~40.0%)
> q800 (~25.4%) > x800 (~20.8%) after accounting for adsorption
effects (Fig. 1D). Compared to the oxidative contribution of 400 °C-
treated CMR-BCs at 2 g/L, there was no significant enhancement in
the oxidative degradation of SMX with 800 °C-treated CMR-BCs at
1g/L, indicated that the higher pyrolysis temperature of CMR did
not influence the activation of PAA. Therefore, despite differences
in Chinese medicine prescriptions and pyrolysis temperatures, all
prepared CMR-BCs exhibited catalytic activity for PAA activation.
Jia et al. [24] found that combining ultrasound and biochar from
Acanthpanax senticosus precursors could activate persulfate for de-
grading ATZ, but the reactivity of CMR-BC itself was not fully ex-
plored. To better understand the influence of pyrolysis temper-
ature and precursor formulations on SMX removal in the CMR-
BCs/PAA system, additional characterization of the CMR-BCs was
conducted.

The X-ray diffraction (XRD) analysis of the 400 °C-treated sam-
ples reveal distinct diffraction peaks at 28.5°, 31.9°, 38.6°, and 41.3°,
corresponding to the (002), (211), (202), and (031) lattice planes
of CaSO4 (PDF #72-0916) (Fig. 2A). In contrast, the 800 °C-treated
samples exhibit peaks at 26 values of 31.3°, 44.9°, and 55.8°, in-
dexed to the (200), (220), and (222) planes of CaS (PDF #08-0464)
(Fig. 2A). These findings suggest that CaSO4 in the 400 °C-treated
CMR-BCs was reduced by carbon to form CaS under higher py-
rolysis temperatures (~800°C). The presence of CaSO4 or CaS in
the CMR-BCs likely originated from the Chinese medicine prescrip-
tions. However, the broad peak typically associated with carbon
was suppressed, likely due to its low crystallinity, consistent with
prior studies on CaS-loaded biochar [25]. Despite the presence of
CaS in all 800°C-treated CMR-BCs, their SMX adsorption capacities
varied, indicating that CaSO4 or CaS composition is not the primary
factor influencing SMX adsorption.

FTIR spectra were applied to investigate the functional groups
of CMR-BCs in Fig. 2B. The enhanced peaks of 800 °C-treated CMR-
BCs at 875cm~! (C-H) and 1407 cm~! (-COOH) compared to their
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400 °C-treated counterparts suggest a potential impact on adsorp-
tion capacity. Peaks at 592, 669, 1143, and 1608 cm~!, attributed
to CaSO4, were observed in the 400°C-treated samples, consis-
tent with the XRD results. However, the characteristic peaks of
CaS lie outside the mid-infrared region, which cannot be observed
in the 800°C-treated CMR-BCs [26]. Additionally, the q800 sam-
ple exhibited H-O-H bending at 1627cm~' and v(O-H) bands
at ~3400cm~!, reflecting its higher water content [27]. Raman
spectra (Fig. 2C) revealed two broad peaks at ~1340cm~! and
~1590cm™!, corresponding to the D and G bands, respectively.
The intensity ratio of these bands (Ip/Ig) indicates the defect level.
The q800 sample exhibited the highest Ip/I; ratio (~1.229) among
the samples, indicating a higher degree of graphitic carbon defects
[28]. These defects, associated with functional groups such as car-
bonyl, hydroxyl, and epoxy, enhance the adsorption and catalytic
oxidation of organic pollutants [29,30]. Consequently, the superior
SMX removal efficiency of the q800 sample may be attributed to
its higher defect density in graphitic carbon.

The BET surface area and pore size distribution play crucial
roles in determining the surface adsorption capacity of materials.
Fig. 2D shows that the N, adsorption/desorption isotherm of the
q800 sample corresponds to a type IV isotherm with a type H4
hysteresis loop, indicating an irregular pore structure. However, the
h400 sample exhibits a type III isotherm, suggesting weak interac-
tions between the adsorbate and N, [31]. The order of BET sur-
face area is as follows: q800 (145.588 m2/g) > h800 (116.546 m2/g)
> x800 (27.071m2/g) > h400 (18.366 m?/g) > q400 (13.627 m2/g)
> x400 (4.936 m2/g), aligning with the SMX adsorption removal
efficiencies (Table S1 in Supporting information). The pore size
distribution curves reveal a hierarchically mesoporous structure
in the prepared CMR-BCs, with pores in the q800 sample cen-
tered around 6.1 nm (Fig. S1 in Supporting information). The en-
hanced pore structure in the q800 sample can be attributed to
graphitization and the volatilization of organic components dur-
ing high-temperature treatment [32]. Elemental analysis of the
h400 and q800 samples confirm the presence of C, O, Ca, and S
(Figs. S2A and B in Supporting information). In the C 1s spectra of
h400 and q800 samples, four typical peaks are located at around
284.5, 285.4, 288.0, and 292.8 eV, corresponding to C-C/C=C, C-0,
C=0, and m-7* shake up (Figs. S3A and C in Supporting informa-
tion), respectively [33]. The q800 sample contains a higher per-
centage of oxygen-containing functional groups (36.64 %) compared
to the h400 sample (23.33%), consistent with the Raman results.
The m-m* shake-up fraction was determined to be 8.54% and
4.7 % in both q800 and h400 samples, respectively, reflecting their
graphitic structures [34]. It is noted that the w-7* shake-up frac-
tion disappeared after the reaction, indicating the significant role
of graphitic structures in activating PAA or SMX adsorption (Fig.
S4 in Supporting information). Based on the characterization re-
sults, the CaS/CaSO4 composition or surface area were not the
primary factors that affecting the adsorption performance of pre-
pared CMR-BCs. Meanwhile, the electron-rich oxygen-containing
functional groups (C-O and C=0) and graphitic carbon structures
in the CMR-NCs played a crucial role in PAA activation [35].

In order to investigate the effects of different pyrolysis temper-
atures and precursor prescriptions of CMR-BCs on the PAA activa-
tion for degrading SMX, the q800 sample, with the highest SMX
removal efficiency, and the h400 sample, with a relatively high
oxidative contribution to SMX removal, were chosen for this pur-
pose. Methanol (MeOH), a quencher of “OH and organic radicals
due to its high reaction rate constants, shows negligible impact on
SMX degradation in both systems (Figs. 3A and B). This suggested
that ‘OH and CH3C(0)OO" are not significant contributors to the
CMR-BCs/PAA system. EPR analysis further supported this conclu-
sion. No DMPO-'OH adduct signal was detected in the PAA alone,
PAA/SMX, h400/PAA, or h400/PAA/SMX systems (Fig. S5 in Sup-
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Fig. 3. SMX removal under different quenching conditions in (A) h400/PAA and (B)
q800/PAA systems. (C) EPR signals in different systems by using DMPO as spin trap-
ping agents in q800/PAA systems. (D) EPR signals in different systems by using
TEMP as spin trapping agents in q800/PAA system. Experimental conditions (for
A and B): [q800]p=1g/L, [h400]o=2g/L, [PAA]p =2 mmol/L, [SMX]o=20pumol/L,
[MeOH]y = [TBA]o = [NaN3]o =50 mmol/L, pH; =7.0, and T=25%+2°C.

porting information). In the q800/PAA system, a DMPO-'OH signal
was observed, but its intensity remained unaffected by the pres-
ence of SMX, confirming that ‘OH does not play a role in SMX
degradation (Fig. 3C). Tert-butyl alcohol (TBA) inhibited SMX re-
moval, likely due to its interaction with the carbon surface, which
may hinder DET process [28]. Consequently, radicals are ruled out
as contributors to SMX degradation. Previous studies have shown
singlet oxygen ('0,) to be reactive species in degrading organic
contaminants [36,37]. Sodium azide (NaN3), a common '0, scav-
enger with a high second-order reaction rate (~1 x 10°L mol~!
s~1), was excessively introduced into the CMR-BCs-PAA reaction
systems [38]. The addition of NaN3 caused an obvious inhibitory
effect in both the h400/PAA and q800/PAA systems, indicating that
10, can play a significant role in the degradation of SMX. How-
ever, quenching experiments alone are insufficient to confirm the
mechanism. NaN3 can also act as an electron acceptor, potentially
disrupting DET processes [39]. We then further verified the role
of 10, by EPR tests using TEMP as a capture agent. As shown in
Fig. 3D, PAA self-decomposition generated 10,, while no 10, sig-
nal was observed in the q800/PAA or q800/PAA/SMX systems. This
suggested that q800 complexed with PAA at the interface, initiat-
ing DET processes rather than generating 10,.

The negligible generation of radicals and '0, in the CMR-
BCs/PAA system reminded us of the role of the DET mechanism.
Dou et al. [40] reported an electron-transfer-dominated non-radical
mechanism in biochar-activated peroxydisulfate (PDS) systems,
where the formation of surface-confined PDS* interfacial com-
plexes was responsible for contaminant degradation. The electron-
transfer process in this study was verified by in-situ electrochemi-
cal analysis. Specifically, the current-time (I-t) curves indicates that
a dramatic current change appeared with the injection of PAA, at-
tributing to the electron transfer from the q800 sample to PAA for
producing metastable interfacial complexes (CMR-BCs-PAA*) (Fig.
4A) [41-43]. However, a subsequent current decrease occurred af-
ter the addition of SMX, ascribed to the external electron transfer
from SMX to CMR-BCs-PAA* [41]. Further, in-situ chronopotentiom-
etry (CP) experiments were conducted to monitor the open-circuit
potential (OCP) during the degradation process. As illustrated in
Fig. 4B, it is rational that the addition of PAA induced an increase
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in the potential of the whole system due to the strong oxidation
capacity of PAA. The presence of CMR-BC-loaded electrode would
further improve the redox potential of the system when PAA was
added, indicating the formation of interfacial complexes (CMR-BCs-
PAA*) with higher redox potential. Interestingly, the addition of
SMX at around 300s would further induce the increase of redox
potential. This increase may be ascribed to the combination of SMX
and CMR-BCs-PAA*, which further facilitates the redox cycle from
the target contaminant to the interfacial complexes.

Taken together, according to the chemical scavenging tests, EPR
analysis, and in situ electrochemical tests, the mediated direct
electron-transfer mechanism might be responsible for the SMX
oxidation in q800/PAA and h400/PAA system. As illustrated in
Scheme 1, the interaction between PAA and CMR-BCs induced the
formation of interfacial complexes (CMR-BCs-PAA*), which have
a higher redox potential (~0.4V, vs. Ag/AgCl) compared to PAA
alone (~0.1V, vs. Ag/AgCl). Therefore, the CMR-BCs-PAA* com-
plexes with high redox potential intended to acquire electrons
from SMX via DET process to achieve SMX degradation [44]. No-
tably, SMX could further enhance the redox potential of interfa-
cial complexes. Therefore, an internal electron-transfer pathway of
SMX-biochar-PAA was formed, facilitating the redox cycle process
[45,46].

CMR is a valuable biomass resource, and its recycling to ad-
dress antibiotic pollution holds environmental implications. In this
study, CMR from different prescriptions were pyrolyzed to acquire
biochars, which can activate PAA for efficient SMX removal. For the
adsorption removal of SMX, the q800 sample exhibited the high-
est adsorption capacity, attributing to its treated temperature and
unique prescription. During the degradation process, the CMR-BCs-
PAA* interfacial complexes with enhanced redox potential formed
initially, then the presence of SMX further increased the redox po-
tential of the whole system, thereby achieving SMX degradation via
DET processes. This study proposed using medicinal prescriptions
as a classification basis for preparing CMR-BCs, providing a reliable
method for recovery and utilization of CMRs. Overall, the findings
provide an efficient and green method for resourcing CMR waste
and purifying organic wastewater simultaneously.
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