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oxymonosulfate by distillers'
grains biochar for the degradation of ciprofloxacin:
critical roles of singlet oxygen and electron transfer

Hangdao Qin, *a Pei Liu,a Junnan Hao,a Lei Xiao,a Yong Wang,a Jiming Huang,a

Jun Chang,a Yuru Shen,a Bo Xingb and Guo Yangb

The distillers' grains biochar was prepared by a simple ball-milled process, followed by pyrolysis at different

temperatures. The as-prepared biochars were then utilized to degrade ciprofloxacin (CIP) via

peroxymonosulfate (PMS) activation. At the optimal pyrolysis temperature of 900 °C, a biochar with

a high density of surface defects and a large surface area was generated. Therefore, 100% CIP

degradation was attained within 40 min using the DBC900/PMS system. This system also showed good

stability across five reuse cycles as well as good performance over a wide range of pH values. The water

matrix showed a negligible effect on CIP degradation in this system. Electron paramagnetic resonance

(EPR), quenching experiments and electrochemical analysis demonstrated that CIP degradation involved

non-radical and electron transfer pathways. The production of 1O2 and electron transfer mediated by the

metastable complex DBC900-PMS* were crucially involved in this degradation reaction. Moreover,

a possible degradation pathway of CIP was proposed based on the analysis of the intermediate products.

Overall, this study provided an enhanced understanding of the biochar-activated PMS mechanism and

offered a compelling strategy for the resourceful utilization of waste distillers' grains.
1. Introduction

Antibiotics belong to pharmaceuticals and personal care prod-
ucts (PPCPs), and the increasing presence of antibiotics in
aquatic environments poses notable environmental and health
risks worldwide. Specically, the diversity of antibiotics, their
wide environmental distribution, potential toxicity, persistence,
and poor biodegradability threaten human health and the
stability of ecosystems.1 The third-generation uoroquinolone
antibiotic ciprooxacin (CIP) is frequently utilized to treat
infections caused by microorganisms resistant to other antibi-
otic compounds.2 The strong environmental persistence and
poor biodegradability of CIP contribute to its long-term envi-
ronmental persistence.3 Therefore, effective measures must be
developed to efficiently degrade CIP in water.

Sulfate radical-based advanced oxidation processes (SR-
AOPs) are compelling due to their affordability, stability, low
toxicity, and degradation pathway diversity.4 Typically, radical-
based pathways involve the formation of radicals that are
highly reactive but not very selective, mainly sulfate radicals
(SO4c

−) and hydroxyl radicals (cOH). This lack of selectivity
notably hinders the practical application of these strategies due
ng, Tongren University, Tongren 554300,

University of Science and Engineering,

the Royal Society of Chemistry
to the indiscriminate reaction between SO4c
−/cOH and water

matrix components, such as natural organic matter (NOM) and
inorganic ions.5,6 Non-radical pathways, including singlet
oxygen (1O2) generation, electron transfer and hypervalent
metal oxidation, have gained increasing interest due to its
robustness against inorganic anions and NOM, along with its
high selectivity in degradation applications.7,8

The pursuit of non-radical pathways in SR-AOPs has spurred
the development of diverse catalysts. Metal-free carbonaceous
materials can be employed for physicochemical property regu-
lation, triggering non-radical degradation pathways.9 For
example, graphitic carbon nitride was employed to prepare
nitrogen-doped carbon nanosheets, which were used to activate
PMS and generate 1O2. These nanosheets displayed improved
catalytic performance for bisphenol A degradation.10 Biochar (BC)
was a promising candidate for practical applications because it
exhibits modiable surface functionalities, has a hierarchical
pore structure, and consists of a conductive carbon matrix. Algal
biochar was synthesized and applied toward peroxydisulfate
(PDS) activation as a metal-free catalyst. A mechanistic study
indicated that 1O2 and the electron transfer pathway were criti-
cally involved in the degradation of enrooxacin (ENR) by this
biochar.11 Waste pumpkin seed pomace was used as a raw
material to synthesize a pristine biochar material for activating
PDS, enabling rhodamine B (RhB) to be degraded and mineral-
ized. Quenching experiments revealed that RhB degradation was
primarily caused by the reactive oxygen species 1O2.12
RSC Adv., 2026, 16, 20933–20945 | 20933
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The liquor industry generates distillers' grains as a solid
waste material. Notably, China's yearly production of distiller's
grains is greater than 100 million tons.13 The main components
of this waste product are cellulose, hemicellulose and lignin,
indicating its suitability for biochar production.14 To date, the
distillers' grains biochar has been evaluated for the removal of
heavy metal, phosphates, dyes and antibiotics.15–18 Distillers'
grains biochar can capably adsorb these target contaminants
due to its tunable porosity, large specic surface area, low price
and environmental friendliness.19 Still, few study are available
on the utilization of distillers' grains biochar for catalytic AOP-
based organic pollutant degradation.

The use ofmetal-free carbon-based catalysts for PMS activation
to degrade organic pollutants has been widely investigated.20–22

However, strategies employing distillers' grains biochar for
effectively degrading CIP have not yet been reported. Herein, the
goal of this study is the development of a metal-free biochar/PMS
system for aqueous CIP degradation. First, distillers' grains bi-
ochar was synthesized through ball-milling and pyrolysis, and the
physicochemical characteristics and surface properties of the bi-
ochar were systematically evaluated. The performance of
distillers' grains biochar prepared under various pyrolysis
temperatures was studied, and the optimal reaction conditions
(catalyst dose, concentration of PMS, pH, and reaction tempera-
ture) were identied. Then, the reactive oxygen species involved in
degradation were identied and the PMS activation mechanism
was elucidated. Finally, the catalyst's reusability, stability,
universality resistance to water matrix interference were evalu-
ated. By advancing a mechanistic understanding of PMS activa-
tion by distillers' grains biochar, this work provides a sustainable
option for the valorization of distillers' grains.

2. Experimental
2.1. Materials and chemicals

Distillers' grains were provided by a liquor factory in Tongren
(Tongren, China). Ciprooxacin was acquired from Aladdin
Reagent Co., Ltd (Shanghai, China). Additional chemicals were
provided by Sinopharm Chemical Reagent Co., Ltd, China.

2.2. Preparation and characterization of distillers' grains
biochar

To remove impurities, distilled water was used to wash the
distillers' grains several times. Aer oven drying at 110 °C, the
distillers' grains were ball-milled to obtain a ne powder and
sieved to −100 mesh. Next, the powders were loaded in a quartz
tube furnace and pyrolyzed under a N2 ow at 500 °C, 700 °C
and 900 °C for 2 h (10 °C min−1 ramp rate) to prepare biochar
samples. These biochar samples were denoted as DBC500,
DBC700 and DBC900 based on the pyrolysis temperature.
Further characterization information is detailed in Text S1 of
the SI.

2.3. CIP degradation and analysis

Batch CIP degradation was achieved in 250 mL conical asks
loaded with 100 mL of CIP solution (20 mg L−1) and a specied
20934 | RSC Adv., 2026, 16, 20933–20945
catalyst dosage. The mixture was then reacted in an air bath
shaker at a constant temperature of 25 °C and 150 rpm. Then,
a certain dose of PMS was added, initiating the degradation of
CIP. Samples were obtained at regular intervals and immedi-
ately ltered using a 0.22 mm membrane.

High-performance liquid chromatography (HPLC, Shi-
madzu, LC-20A) using a C18 column (4.6 × 250 mm, 5 mm) and
UV detector was employed to determine the CIP concentration.
A mixture of acetonitrile and 0.1% formic acid aqueous solution
(25 : 75, v/v) was used as the mobile phase, detection was carried
out at a wavelength of 280 nm, and a 1.0 mLmin−1

ow rate was
utilized. Total organic carbon values were measured by a TOC-L
CPN Total Organic Carbon Analyser (Shimadzu, Japan).

A CHI660E A23760 electrochemical workstation (Shanghai
Chenhua Instrument Co., Ltd) was employed for electro-
chemical analyses, including cyclic voltammetry (CV), open
circuit potential (OCP), linear sweep voltammetry (LSV), and
electrochemical impedance spectroscopy (EIS). A 0.2 M Na2SO4

electrolyte was employed for the CV, OCP, LSV, and EIS anal-
yses. Platinum, glassy carbon drop-coated with the catalyst, and
Ag/AgCl were employed as the counter, working, and reference
electrodes in a conventional three-electrode setup.

3. Results and discussion
3.1. Characterization of DBC

Morphological observations of the distillers' grains biochar
were obtained by SEM. DBC500 (Fig. 1a and b) had a relatively
smooth surface, and a minimal surface erosion was found. In
contrast, DBC700 (Fig. 1c and d) had a partly irregular blocky
structure, peeling off from the lumpy carbon (Fig. 1c and d).
Meanwhile, DBC900 (Fig. 1e and f) had noticeable surface
erosion and observable pore structures.

The biochar crystal structures were studied using XRD
(Fig. 2a). A broad peak located at 23.9° was found for all the
three samples, which was ascribed to the (002) plane of graphite
and indicated the formation of amorphous carbon structure.
Another diffraction peak ascribed to the graphite (111) plane
was observed at 43.4°. Meantime, it was found that the biochar
samples contained quite a lot of impurities, such as SiO2 and
CaCO3. The similar results were reported in the previous
study.23 As the pyrolysis temperature was raised, these mineral
peak intensities were enhanced, and peak sharpness increased.
Moreover, higher pyrolysis temperature could lead to the
greater carbonization of the distillers' grains biochar, leading to
higher crystallinity and a more stable structure.24

Fig. 2b illustrated the FT-IR spectra of DBC500, DBC700 and
DBC900. The peak at 3427 cm−1 was potentially related to O–H
stretching vibrations, while those at 2890 and 2973 cm−1

respectively corresponded to aliphatic C–H symmetric and
asymmetric stretches. Aromatic C]C ring stretching (caused by
aromatization) was indicated by the peak at 1445 cm−1, and
aromatic C]C and C]O stretching vibrations were demon-
strated by the 1631 cm−1 peak. The 1049 cm−1 peak corre-
sponded to the stretching vibration of aryl ether C–O–C bonds.
The presence of these bonds was attributed to the thermal
decomposition of cellulose, ester C]O, aliphatic alkyl,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM micrographs of DBC500 (a and b), DBC700 (c and d) and DBC900 (e and f).
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aromatic C]O and –OH groups as well as the aromatic struc-
tures remaining in the lignin residue being exposed.25 Out-of-
plane aromatic deformation was responsible for the C–H
bending peak at 881 cm−1. Moreover, by contrasting the
spectra, it could be seen that the peak for aromatic C]C and
C]O at 1631 cm−1 gradually increased as the pyrolysis
temperature increased. This observation implied that more
intense pyrolysis resulted in the greater aromatization of the
biochar.20

The structures of DBC500, DBC700 and DBC900 were also
characterized by Raman spectroscopy (Fig. 2c). Two prominent
characteristic signals at 1350 and 1592 cm−1 represented lattice
defects (D band) and graphitic structure (G band). The degree of
defects in the three biochar samples was compared using the
intensity ratio of these peaks (ID/IG).26 As listed in Table 1, the ID/
IG value was calculated to be 0.847, 0.927 and 0.989 for DBC500,
DBC700 and DBC900, respectively. Higher ID/IG values were
observed as the pyrolysis temperature was raised, which indi-
cated a greater prevalence of defects and disordered carbon
structures in DBC900. This might be ascribed to the organic
compounds thermally decomposing at high temperatures,
© 2026 The Author(s). Published by the Royal Society of Chemistry
disrupting original carbon lattice and promoting the formation
of structural defects.

N2 adsorption–desorption was utilized to study the porosity
of the three biochars (Fig. S1a of the SI). DBC900 showed a type
IV isotherm with an H3 hysteresis loop, demonstrating the
existence of mesoporosity. The pore size distributions in
Fig. S1b further conrmed this observation. DBC500 and
DBC700 had very low BET specic surface areas (SBET) of just
0.82 and 3.17 m2 g−1, respectively (Table 1). However, when the
pyrolysis temperature reached 900 °C, the SBET and total pore
volume (V) sharply increased to 736 m2 g−1 and 0.47 cm3 g−1.
This signicant enhancement of SBET and V was potentially
caused by the higher pyrolysis temperature inducing the
removal of impurities and release of volatile component, which
promoted the production of pores and enhanced the surface
area. This result was in agreement with the morphological
analysis (Fig. 1).

As shown in Fig. 2d, the surface elemental compositions and
valence states of the three biochar samples were studied using
XPS. The C 1s, N 1s and O 1s peaks were respectively located at
284.5 eV, 398.5 eV and 532.2 eV. The oxygen content
RSC Adv., 2026, 16, 20933–20945 | 20935
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Fig. 2 XRD spectra (a), FT-IR spectra (b), Raman spectra (c) and full XPS spectra (d) of DBC500, DBC700 and DBC900.

Table 1 Typical material properties of DBC500, DBC700 and DBC900

Catalyst ID/IG SBET (m2 g−1) V (cm3 g−1)

DBC500 0.847 0.82 0.0031
DBC700 0.927 3.17 0.0068
DBC900 0.989 736 0.47
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progressively increased with increasing pyrolysis temperature,
while a decline in the nitrogen content was observed. This result
was attributed to the breakage and conversion of nitrogen-
containing species, which released nitrogen from the biochar
samples at higher temperatures.27

The high-resolution C 1s spectra of the samples (Fig. 3a, c
and e) revealed distinct C–C/C]C (284.4 eV), C–O (285.1 eV),
C]O (288.2 eV) and p–p* (292.3 eV) peaks. An apparent
enhancement in C]O and p–p* contents was observed with
20936 | RSC Adv., 2026, 16, 20933–20945
increasing pyrolysis temperature. The enhanced pyrolysis
temperature promoted the transformation of C–O to C]O,
leading to better thermal stability.28 The increased C]O ratio
also indicated greater aromaticity in the biochar samples.29

Additionally, other studies have also veried that raising the
pyrolysis temperature contributed to the production of p–p*

satellite.10,30

DBC500, DBC700 and DBC900 showed two O 1s peaks
located at 531.0 eV (C–O) and 532.8 eV (C]O) (Fig. 3b, d and f).
In agreement with the trend observed in the C 1s spectra,
raising the pyrolysis temperature from 500 °C to 900 °C caused
the C]O content to increase from 5.6% to 37.2%.

The combined characterization from SEM, FT-IR, Raman
spectra, N2 adsorption–desorption isotherms and XPS provided
a comprehensive understanding of how the pyrolysis tempera-
ture affected the physicochemical properties on distillers'
grains biochar. High pyrolysis temperature effectively removed
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 C 1s and O 1s XPS spectra of (a and b) DBC500, (c and d) DBC700 and (e and f) DBC900.
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impurities, tar, volatile components, and minerals from
distillers' grains, generating a biochar with abundant aromatic
structures and high porosity. Moreover, the degree of aromati-
zation, the degree of defects, surface area, pore volume and
© 2026 The Author(s). Published by the Royal Society of Chemistry
C]O content increased observably as the pyrolysis temperature
was raised, which underscored the importance of heat-
treatment conditions in regulating the properties of biochar
materials for specic applications.
RSC Adv., 2026, 16, 20933–20945 | 20937
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3.2. Catalytic performance evaluation

Fig. 4a provided a comparative study of the adsorption of CIP by
DBC500, DBC700 and DBC900 over 60 min. The results indi-
cated that the adsorption capacities of DBC500 and DBC700
were approximately 16.7% and 20.3%, while DBC900 exhibited
29.1%. The highest adsorption performance of DBC900 could
be attributed to its highest SBET (Table 1). The CIP degradation
performance in various systems was illustrated in Fig. 4b. Single
PMS exhibited a limited oxidative ability, resulting in a CIP
degradation of 30.0%. Notably, the addition of distillers' grains
biochar facilitated high CIP decomposition efficiency, which
conrmed that PMS activation induced by distillers' grains bi-
ochar contributed to CIP degradation. The CIP removal effi-
ciency in DBC500/PMS and DBC700/PMS systems were 45.5%
and 72.4 aer 60 min of reaction, respectively. Especially, the
CIP was almost completely degraded within 40 min in DBC900/
PMS system. These ndings highlighted the enhanced PMS
activation capability of DBC900 for reactive oxygen species
(ROS) generation. Moreover, as shown in Fig. 4c, the best TOC
removal efficiency of 41.6% was attained by the DBC900/PMS
system, which further comrmed the its superior efficiency in
mineralization. However, although the CIP was substantially
degraded, a signicant amount of reaction byproducts was still
not easily oxidized aer 60 min.

Fig. 4d and e demonstrated the inuence of catalyst dose and
PMS dosage on CIP degradation, respectively. 84.4% CIP
degradation was attained in 40 min using a DBC900 dose of
1.0 g L−1, and this was improved to 100% efficiency by raising
the dose to 2.0 g L−1. Further raising the catalyst dosage to 3.0 g
L−1 did not lead to any additional improvements. Therefore, for
economic reasons, a 2.0 g L−1 catalyst dosage was selected in
subsequent experiments. Similarly, when the PMS dosage
exceeded 2.0 g L−1, the degradation performance hardly
changed. Therefore, 2.0 g L−1 PMS was used in subsequent
experiments.

Solution pH critically inuences PMS activation and degra-
dation efficiency. Therefore, the degradation of CIP by DBC900/
PMS at various pH levels was investigated (Fig. 4f). In this case,
the pH level did not signicantly inuence the CIP degradation
efficiency. The CIP degradation efficiency reached 96.8% and
97.5% even at extremely acid pH (3.38) and basic pH (11.29),
respectively. Therefore, the DBC900/PMS system achieved
superb CIP degradation performance from pH values of 3.38 to
11.29, which indicated a wide pH range of applicability of this
system. Moreover, compared to other biochars, DBC900
exhibited relatively wide pH range of applicability. The alkali-
activated algal biochar was not suitable for the application in
water of solution pH > 11.0.11 While a biochar-derived horse
manure exhibited superior degradation performance of
sulfamethoxazole (SMX) under mildly alkaline or neutral pH
conditions, the removal of SMX was signicantly inhibited at
extremely basic pH (11.0).29 In the degradation of 1,4-dioxane,
pine needle-based biochar achieved degradation efficiencies
below 50% at pH 9.0 and 11.0.25 This contrast demonstrated the
excellent promise of the DBC900/PMS system for organic
pollutant removal in acid wastewater and alkaline wastewater.
20938 | RSC Adv., 2026, 16, 20933–20945
3.3. Effect of water matrix and adaptability test

The ability of the DBC900/PMS system to remove CIP in real
water samples was studied by investigating the inuence of
certain inorganic anion species and NOM on the CIP removal.
The presence of H2PO4

−, HCO3
−, Cl− and humic acid (HA,

a representative NOM) only negligibly affected the degradation
of CIP (Fig. 5a). The co-existence of the anions and HA inu-
enced PMS activation, affecting the pollutant removal efficiency
in radical-dominated systems.31 Therefore, the negligible effect
of water matrix on the DBC900/PMS system indicated the
greater dominance of singlet oxygen (1O2) and the electron
transfer reaction.32

Tap water and lake water (from Mingde Lake in Tongren
University, Tongren) were also employed as water matrixes for
CIP degradation. The general parameters including pH, TOC
and Cl− of different water bodies were presented in Table S1. As
presented in Fig. 5b, CIP degradation efficiencies in lake water
and deionized water were comparable, and a small decline to
89.5% was observed in tap water, which could be attributed to
the slight effect of Cl− (Fig. 5a).

The reusability of DBC900 was investigated in cyclic CIP
degradation experiments (Fig. 5c). The CIP degradation effi-
ciency only decreased slightly aer ve cycles, and the degra-
dation efficiency of the h cycle was still as high as 86.6%. The
results suggested a good stability of DBC900 catalyst.

Finally, to assess the universality of DBC900/PMS system,
other PPCPs, including tetracycline (TC), ethylparaben (EtP)
and carbamazepine (CBZ), were degraded in the same condi-
tions. As shown in Fig. 5d, TC could be completely removed with
10 min. The degradation efficiency of EtP reached 100% aer
the reaction of 60 min. CBZ was difficult to degrade, showing
a removal rate of 83.9% at 60 min, and the degradation effi-
ciency could further improve under the optimal conditions.

These ndings demonstrated that the DBC900/PMS system
was sustainable and universally applicable, and its catalytic
degradation performance was minimally affected by environ-
mental factors, which was conducive to its utilization in real-
world water treatment applications.
3.4. Catalytic mechanism

3.4.1. Identication of ROS. EPR and scavenging analyses
were performed to study the mechanism of PMS activation and
the CIP degradation pathway in the DBC900/PMS system. EPR
tests were utilized to directly determine the ROS generated
using the spin-trapping agents 5,5-dimethyl-1-pyrrolidine N-
oxide (DMPO) and 2,2,6,6-tetramethyl-4-piperidone (TEMP).
The DMPO oxidation product (5,5-dimethyl-2-oxo-pyrroline-1-
oxyl, DMPO-X) was indicated by signals with the intensity
ratio 1 : 2: 1 : 2: 1 : 2 : 1 (Fig. 6a). As presented in Fig. 6b,
a DMPO-O2c

− adduct signal was not observed, conrming that
O2c

− was not participated in the degradation of CIP. The main
function of O2c

− was to quickly generate 1O2, indicating that
this was not the main species inuencing the reaction.29

Meanwhile, typical TEMP-1O2 1 : 1 : 1 triplet signals were
observed (Fig. 6c), demonstrating the production of 1O2 in the
DBC900/PMS system. With increasing reaction time, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) CIP removal by adsorption; (b) CIP degradation and (c) TOC removal efficiencies in different systems; (d) effect of catalyst dosage in the
DBC900/PMS system; (e) effect of PMS dosage in the DBC900/PMS system; (f) Effect of initial pH in the DBC900/PMS system. Reaction
conditions: [CIP]0 = 20 mg L−1, [PMS]0 = 2.0 g L−1, [catalyst]0 = 2.0 g L−1, pH = 7.48, T = 25 °C.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 20933–20945 | 20939
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Fig. 5 (a) CIP degradation in the presence of HA or an inorganic anion; (b) CIP degradation in various water matrixes; (c) investigation of
reusability of DBC900; (d) DBC900/PMS performance for removing different pollutants. Reaction condition: [CIP]0 = 20 mg L−1, [PMS]0 = 2.0 g
L−1, [catalyst]0 = 2.0 g L−1, [H2PO4

−]0 = [HCO3
−]0 = [ Cl−]0 = = 10 mmol L−1 (if any), [HA]0 = 10 mg L−1 (if any), pH = 7.48, T = 25 °C.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/3
/2

02
6 

3:
56

:0
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
intensity of the DMPO and TEMP adduct signals increased
(Fig. 6a and c), indicating that the system continuously gener-
ated SO4c

−, cOH and 1O2.
As shown in Fig. 6d, the potential ROS for CIP degradation by

the DBC900/PMS system were further identied through
quenching experiments. Tert-butanol (TBA) was utilized as
a quencher for cOH, and ethanol (EtOH) was applied to quench
both SO4c

− and cOH; benzoquinone (BQ) and L-histidine (L-H)
were employed as quenching agent for O2c

− and 1O2, respec-
tively. The addition of each free radical inhibitor (TBA, EtOH
and BQ) only led to a slight decline in the degradation efficiency
of CIP. In contrast, introducing the non-free radical inhibitor (L-
H) signicantly suppressed CIP degradation. This nding
indicated CIP degradation in the DBC900/PMS system mainly
involved 1O2 as the predominant ROS.

Moreover, when dimethyl sulfoxide (DMSO), a surface-
bound radical scavenger, was added, a decline in the CIP
20940 | RSC Adv., 2026, 16, 20933–20945
degradation efficiency from 100% to 69.8% was achieved, con-
rming that catalytic CIP degradation might involve surface-
bound radicals.33 EPR tests indicated that SO4c

− and cOH were
formed in the reaction system, but the quenching experiments
indicated that the CIP degradation was minimally affected
when adding the quenching agents for SO4c

− and cOH. On the
other hand, TBA and MeOH were hydrophilic free radical
scavengers, only capable of quenching the free radical species
in the bulk solution. These scavengers were only minimally able
to adsorb onto hydrophobic surfaces to quench surface-bound
radical species.34 Therefore, SO4c

− and cOH were more likely
to exist as surface-bound radicals.

Overall, these results demonstrate that various ROS,
including SO4c

−, cOH 1O2, were generated in the DBC900/PMS
system. Surface-bound SO4c

− and cOH might be involved in
CIP degradation on catalyst surface, while the signicant
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 EPR spectra obtained using (a and b) DMPO and (c) TEMP as spin-trapping agents under different reaction time; (d) quenching exper-
iments in the DBC900/PMS system.
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generation of 1O2 in the bulk solution notably contributed to the
degradation of CIP.

3.4.2. Conrmation of electron transfer pathway. Electro-
chemical analyses were performed using glassy carbon elec-
trodes loaded with distillers' grains biochar as the working
electrode to study the electron transfer process in the DBC900/
PMS system. According to the OCP curves (Fig. 7a), when
DBC900 acted as the working electrode, introducing PMS
immediately led to an increase in the open-circuit potential.
This might be attributed to electrons transferring between PMS
and DBC900 to form a metastable intermediate (DBC900-
PMS*).11 With the further introduction of CIP, the potential
signal showed a noticeable uctuation, which was due to the
direct electron extraction from the adsorbed CIP by the DBC900-
PMS* complex.11 Therefore, direct electron transfer was
involved in CIP degradation in the DBC900/PMS system.
Moreover, DBC900 exhibited the highest OCP value of the three
© 2026 The Author(s). Published by the Royal Society of Chemistry
biochar samples, providing a better interfacial electron transfer
environment.9,11

EIS was utilized to assess the conductivity of the biochars,
and the EIS Nyquist plots were shown Fig. 7b. By comparison, it
could be seen that DBC900 exhibited the smallest semicircle
diameter, suggesting it possessed the lowest impedance as well
as a strong electron transfer and storage capability. Besides, the
CV curves (Fig. 7c) showed that the integrated area were in
a sequence of DBC900 > DBC700 > DBC500. This result indi-
cated DBC900 had the most capacitive property and could
transfer and store more electrons, providing higher catalytic
performance in the system.9,11

LSV tests (Fig. 7d) were also used to investigate the charge
transfer among DBC900, PMS and CIP. Aer adding PMS, an
increase in current was observed, signifying the interaction
between DBC900 and PMS to form DBC900-PMS* complex. The
further addition of CIP triggered again an increase in current,
indicating the formation of a reactive current from CIP to
RSC Adv., 2026, 16, 20933–20945 | 20941

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02077a


Fig. 7 (a) OCP curves; (b) Nyquist plots; (c) CV curves; (d) LSV curves of different systems.
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DBC900-PMS* complex. This was in agreement with the OCP
analysis (Fig. 7a).

3.4.3. Investigation of reaction sites. The Raman and XPS
spectra of fresh and post-reaction DBC900 were compared to
identify the reactive sites in the DBC900. Aer catalytic CIP
degradation, the ID/IG value decreased from 0.989 to 0.915
(Fig. 8a), which indicated the defects in DBC900 were signi-
cant active sites in the catalysis process. The defects in carbon
materials can enhance the PMS activation efficiency through
electron transfer.35 The defective carbon structures in DBC900
decreased aer the reaction, leading to a decline in the catalytic
degradation efficiency.

The full XPS spectra of DBC900 before and aer reaction did
not show any notable changes (Fig. 8b), which could explain the
result of the stability of DBC900. The C 1s spectra (Fig. 8c)
showed a decrease in C]O content from 11.4% to 7.2%, and
the p–p* satellite disappeared. Meanwhile, it also could be
observed from Fig. 8d that C]O content was sharply decreased
from 37.2% to 8.1%. These results indicated highlights C]O in
DBC900 was crucially involved in this catalytic reaction. On the
20942 | RSC Adv., 2026, 16, 20933–20945
one hand, hexagonally networked C]O groups can directly
generate 1O2 via persulfate activation.36 On the other hand, the
lone pair electrons in the ketonic C]O Lewis base could
enhance the density of electrons around nearby carbon atoms,
contributing to transfer of electrons between DBC900 and
PMS.37

Based on the experimental results, a possible catalytic CIP
degradation pathway in the DBC900/PMS system was proposed.
CIP was mainly degraded through non-radical pathway and
electron transfer pathway. In the non-radical pathway, PMS
activation proceeded via the ketonic C]O in DBC900 to
generate 1O2 (Eq. (1)). Moreover, defects in DBC900 could acti-
vate PMS to produce O2c

−, and then O2c
− immediately reacted

with H2O to produce 1O2 (eqn (2) and (3)). In the electron
transfer pathway, DBC900 interacted with PMS to form DBC900-
PMS*, a metastable active species. In this interaction, the
electron donor CIP transferred electrons to DBC900-PMS*,
resulting in CIP degradation while generating surface-bound
SO4c

− and cOH (eqn (4) and (5)).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Raman spectra and (b) full XPS spectra of DBC900 before and after reaction; (c) C 1s and (d) O 1s XPS spectra of DBC900 after reaction.
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DBC900–C]O + HSO5
− + OH− / 1O2 + SO4

2− (1)

DBC900–Defects + HSO5
− + cOH / O2c

− + SO4
2− + 2H+ (2)

2O2c
− + 2H2O / 1O2 + H2O2 + 2OH− (3)

DBC900-PMS* + CIP / intermediates + SO4c
− (4)

SO4c
− + H2O / cOH + SO4

2− + H+ (5)
3.5. Degradation pathway of CIP

The degradation products of CIP in the DBC900/PMS system
were analyzed by LC-MS, and the detected intermediates were
summarized in Table S2. As illustrated in Fig. 9, the piperazine
ring in CIP molecule (m/z = 332) was cleaved to form interme-
diate product of P1 (m/z= 306), Meanwhile, CIP was attacked by
ROS to produce the intermediate P2 (m/z = 330) as a result of
© 2026 The Author(s). Published by the Royal Society of Chemistry
deuorination. Then, the deuorination of intermediate P1 and
the piperazine ring cleavage of P2 resulted in the generation of
P3 (m/z = 304). The hydroxyl group in P3 was shed to form P4
(m/z = 288). The intermediate P5 (m/z = 245) was generated by
the further oxidation of piperazine ring in P4. The decarboxyl-
ation of P5 resulted in the formation of P6 (m/z= 218). P7 (m/z=
178) was generated through the elimination of cyclopropane.
The hydroxyl group and amino group in P7 was shed to form P8
(m/z = 146). Finally, intermediate P8 was further degraded into
small molecules via ring-opening and subsequently mineralized
into CO2, H2O and NO3

−.
Moreover, Toxicity Estimation Soware Tool (T.E.S.T.) was

employed to evaluate the toxicity of CIP and its intermediate
products. As illustrated in Fig. S2, CIP, with the developmental
toxicity of 1.09, was found to be “toxic”. Aer the degradation by
the DBC900/PMS system, the developmental toxicity of all the
degradation products was reduced. Especially, the intermedi-
ates P3, P5 and P7 exhibited development non-toxicant.
RSC Adv., 2026, 16, 20933–20945 | 20943
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Fig. 9 Proposal degradation pathway of CIP in the DBC900/PMS system.
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4. Conclusion

Herein, waste distillers' grains were utilized to prepare a high-
performance biochar catalyst via high-temperature pyrolysis
for enhanced CIP degradation in SR-AOPs. The DBC900 catalyst
pyrolyzed at 900 °C demonstrated superb potential for acti-
vating PMS to degrade CIP in water. 100% CIP removal was
achieved by the DBC900/PMS system within 40 min. This
system also strongly resisted interference from inorganic ions
and HA, and good performance was maintained across a wide
range of pH levels. Notably, aer ve cycles of use, a CIP
degradation efficiency of 86.6% was maintained by DBC900,
emphasizing its suitability as a reusable catalyst. Scavenging
and EPR analyses demonstrated that the reaction mechanism
involved non-radical pathway and electron transfer pathway.
The generation of 1O2 and electron transfer mediated by the
metastable complex DBC900-PMS* were crucially involved in
degrading CIP. The transformation of waste distillers' grains
into metal-free carbon nanomaterials provided a compelling
method for utilizing and valorizing distillers' grains.
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