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Abstract

Advanced oxidation processes based on peracetic acid (PAA) have emerged as a sustainable
strategy for water treatment; however, developing efficient, stable, and environmentally
friendly catalysts remains challenging. In this study, a functional cobalt-based catalyst
(CPBCx) was fabricated by immobilizing cobalt ions onto phytic-acid-modified biochar to
active PAA for the degradation of sulfamethoxazole (SMX). The effect of pyrolysis tem-
perature on the catalytic performance was investigated, with CPBC8 showing the highest
SMX degradation efficiency, under the conditions of a CPBC8 dosage of 200 mg/L, a PAA
concentration of 0.2 mM, and an initial SMX concentration of 5 mg/L, and a 99.0% removal
of SMX was achieved within 10 min. Moreover, the removal efficiency remained above
90% after five consecutive cycles. Mechanistic analysis revealed that biochar, acting as an
efficient electron shuttle, enhanced electron transfer and accelerated the Co2+/Co3+ redox
cycle, thereby shifting the SMX degradation pathway from a radical-dominated route to
a non-radical one dominated by singlet oxygen (1O2). Density functional theory (DFT)
calculations identified the vulnerable attack site (N11) on the SMX molecule. Transforma-
tion products and degradation pathways were elucidated using ultra-performance liquid
chromatography coupled with time-of-flight mass spectrometry (UPLC-TOF-MS), and the
identified intermediates exhibited low ecotoxicity. Furthermore, the CPBC8 composite
demonstrated sustained degradation rates, good stability, and environmental compatibil-
ity for practical application. This study provides a sustainable and efficient solution for
applying biochar-based PAA advanced oxidation processes in water treatment.

Keywords: peroxyacetic acid; functional cobalt-based biochar; sulfamethoxazole;
electron shuttle

1. Introduction
Sulfamethoxazole (SMX), a broad-spectrum antibiotic, poses significant environmental

and health risks due to its frequent detection and persistence in aquatic environments,
where it resists complete degradation by conventional treatment processes [1–3]. Peracetic
acid (PAA)-based advanced oxidation processes (AOPs) have attracted considerable atten-
tion because of their environmentally benign byproducts, high redox potential, and low
O–O bond energy [4,5] and have become an important technological approach for efficient
SMX removal [6]. These processes generate highly reactive radicals (e.g., •OH and R–O•),
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which disrupt the SMX molecular structure via ring-opening and bond cleavage reactions,
ultimately leading to complete mineralization into inorganic small molecules (e.g., CO2

and H2O) [7].
Studies have shown that the transition metal cobalt (Co) can efficiently activate PAA [8],

exhibiting significantly superior performance compared to PAA oxidation alone [9,10].
For instance, Wang et al. constructed a homogeneous Co(II)/PAA system that achieved
over 90% SMX degradation within 15 min under neutral conditions, with acetylperoxy
radicals (CH3C(O)OO•) identified as the primary reactive species [11]. However, the
cobalt in homogeneous systems requires secondary recovery after the reaction, resulting in
significantly increased costs. To address this issue, the immobilization of Co species has
been widely investigated as an effective strategy to develop efficient and environmentally
friendly catalytic systems [12].

Biochar, as a common supporting material, can immobilize or encapsulate Co species,
thereby addressing the issue of secondary cobalt treatment in homogeneous systems [13].
Zhang et al. fabricated a biochar-supported cobalt nanoparticle composite using ZIF-67 as
a precursor, in which Co retains the advantages of the precursor and enables morphology
control through inheritance, while biochar provides dispersibility, stability, and facilitated
electron transfer. Consequently, through the synergistic action of radical (R–O•) and non-
radical (1O2) pathways, the system achieved 98.9% removal of carbamazepine (CBZ) within
30 min [14]. In addition, Xia et al. developed a CoFe2O4-BC composite that achieved
95.61% CBZ removal within 30 min; the introduction of biochar played a crucial role as an
electron shuttle, accelerating the Co(II)/Co(III) cycle and shifting the degradation pathway
from a conventional radical route to a non-radical pathway dominated by singlet oxygen
(1O2) [15].

Among various biomass feedstocks, peanut shell, a common agricultural residue,
exhibits advantages such as high carbon content and low cost [16]. However, biochar
derived from direct pyrolysis of peanut shell suffers from disadvantages, including low
specific surface area and uneven pore distribution. Phytic acid, a naturally occurring and
environmentally benign saturated cyclic acid, can further tailor the porous structure of
biochar through modification [17]. Deng et al. found that phytic acid modification dramati-
cally increased the specific surface area of biochar from 1.89 (pristine BC) to 1376.39 m2/g
(PABC) [18]. Furthermore, the calcination temperature could distinctly affect the morphol-
ogy of biochar and cobalt valence (converting Co3+ to more active Co2+/Co0) [19], as well
as the specific surface area, pore volume, and carbon content of the biochar [20]. To further
extend the current understanding, this study will further examine how the morphological
evolution of ZIF-67-derived cobalt-based biochar composites at different calcination tem-
peratures affects catalytic activity—an aspect still lacking systematic investigation—and,
moreover, the specific configuration of cobalt on phytic-acid-modified biochar, whose
mechanistic function in PAA activation has yet to be fully clarified.

Therefore, to address the knowledge gaps concerning the configuration of cobalt
species on modified biochar and the influence of calcination temperature on material
morphology, this study synthesized a series of Co-based carbon composites (CPBCx) for
PAA activation toward SMX degradation, using phytic-acid-modified biochar and ZIF-67
as a precursor. The research focuses on four aspects: (i) to examine the effects of calcination
temperatures on the morphology, structure, and catalytic performance of CPBCx composites
using multiple characterization techniques; (ii) to optimize the experimental parameters
through comprehensive performance evaluation; (iii) to investigate the reaction mechanism
and identify the dominant reactive species; and (iv) to analyze the toxicity changes during
the reaction and evaluate the practical application performance.
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2. Materials and Methods
2.1. Chemicals and Materials

Specific information of the chemical reagents used in this study can be found in the
Text S1 [21,22].

2.2. Synthesis of CPBCx Composites

The CPBCx composites were synthesized via a two-step method. ZIF-67, prepared
from 2-MeIM and Co(NO3)2·6H2O according to Text S2 [14], was used as the precursor.
Modified biochar (PBC) was prepared from commercially obtained peanut shells following
the method in Text S3 [18]. ZIF-67 and PBC at a mass ratio of 1:4 (i.e., 0.1 g ZIF-67 and
0.4 g PBC) were dispersed in 45 mL of a 1:1 (v/v) methanol/water mixture. The mixture
was vigorously stirred for 10 min, followed by sonication for 10 min, and then transferred
into a Teflon-lined autoclave and maintained at 160 ◦C for 12 h. The resulting product was
placed in a tube furnace and calcined under a nitrogen atmosphere at target temperatures
of 600 ◦C, 700 ◦C, 800 ◦C, and 900 ◦C (with the corresponding products denoted as CPBC6,
CPBC7, CPBC8, and CPBC9, respectively) for 2 h at a heating rate of 5 ◦C/min. After
calcination, the material was centrifuged, washed twice with ethanol and three times with
ultrapure water, and then dried at 80 ◦C for 3 h to obtain the final products, denoted
as CPBCx.

2.3. Experimental Procedure

The specific experimental procedures are detailed in Text S4. All experiments were
performed in triplicate. A continuous fixed-bed column experiment was conducted using a
mini-scale column (Figure S1), with the specific operational conditions detailed in Text S5.

2.4. Analytical Methods

The SMX concentration was quantified using liquid chromatography–mass spec-
trometry (LC-MS) under the operating conditions specified in Text S6. The screening
and identification of SMX transformation products (TPs) were conducted, with detailed
chromatographic and mass spectrometric parameters provided in Text S7.

The kinetic rate constant (k) and activation energy (Ea) for pollutant degradation
was determined using the equation provided in Text S8 [23]. The reactive oxygen species
(ROS) in the CPBC8/PAA system were identified through inhibitor experiments, and the
contribution of each ROS was calculated based on the inhibition rate according to the
method described in Text S9.

The acute (LC50 or EC50) and chronic (ChV) toxicity of SMX and its TPs to fish,
daphnid, and green algae were forecasted by the Ecological Structure–Activity Relationship
(ECOSAR v2.0 USA) software [24]. The seed germination experiment was conducted in
strict accordance with the method described in Text S10.

2.5. Characterization Methods and Theoretical Calculations

Material characterization for PBC and CPBCx composites, including morphology,
crystal structure, and surface properties, was performed as detailed in Text S11. Electro-
chemical measurements of the materials were conducted following the methods described
in Text S12. In addition, density functional theory (DFT) calculations were employed to
predict the susceptible attack sites on SMX at the atomic level, with computational details
provided in Text S13 [25–28].
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3. Results and Discussion
3.1. Characterizations and Catalytic Performance of CPBCx

The influences of calcination temperatures on CPBCx composites were systematically
investigated. As depicted in Figure 1a of XRD patterns, the peak at 2θ = 26.3◦ corresponded
to the (002) plane of graphitic carbon in biochar [14]. Meanwhile, peaks at 2θ = 20.9◦,
36.5◦, 42.4◦, 44.5◦, 51.5◦, and 76.2◦ were assigned to the (001), (111), (200), (002), (101),
and (110) planes of CoO2, CoO, and Co0, respectively [29]. Compared with pristine
biochar (Figure S2), the CPBCx composites exhibited distinct diffraction peaks of Co,
confirming successful Co loading onto the biochar support. As the calcination temperature
increased, the intensities of the CoO and Co0 peaks gradually increased, indicating that
high temperature promotes the reduction of cobalt species to lower valence states (e.g.,
Co0). Since Co2+ is the primary active species, excessively high temperatures lead to further
reduction of Co2+; in contrast, a more diverse cobalt speciation was obtained at 800 ◦C,
which could be favorable for subsequent redox processes [19,30].

 
 

10 20 30 40 50 60 70 80

In
te

ns
ity

(a
.u

.)

2 Theta(degree)

CPBC6

CoO2
CoO

Graphite
♦Co0

♣
•

♥♥♥

♥

♥

♥ ♦

♦ ♦

♦♦
♦

♦

♦

••

• •

• •

• •

♣

♣

♣

♣

CPBC7

CPBC8

CPBC9

(a)

4000 3500 3000 2500 2000 1500 1000 500

Tr
an

sm
itt

an
ce

 (%
)

Wavenumber (cm-1)

CPBC6O-H
C=O

C-O
Co-O

CPBC7

CPBC8

CPBC9

(b)

500 1000 1500 2000 2500 3000

R
am

an
 in

te
ns

ity
 (a

.u
.)

Raman shift (cm-1)

D G

CPBC6 ID/IG=0.867

CPBC7 ID/IG=0.988

CPBC8 ID/IG=1.096

CPBC9 
ID/IG=1.199

(c)

0

20

40

60

80

100

SM
X

 r
em

ov
al

 r
at

e 
(%

)

k 
(m

in
-1

)

CPBC6 CPBC9CPBC8CPBC7

0.0

0.1

0.2

0.3

0.4(d)

Figure 1. The characterizations of CPBCx composites: XRD (a), FTIR (b), and Raman spectrum (c);
the SMX degradation of CPBCx (d). Reaction conditions: [Catalysts] = 200 mg/L, [PAA]0 = 0.2 mM,
[SMX]0 = 5 mg/L, pH0 = 6.8, T = 25 ◦C.

As shown in Figure 1b, the CPBCx composites exhibited three characteristic FT-IR
absorption bands of biochar structure at 3438, 1633, and 1091 cm−1, corresponding to O–H,
C=O, and C–O bonds, respectively [31]. An additional band appearing around 550 cm−1
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was attributed to the stretching vibration of the Co–O bond [32]. Notably, as the calcination
temperatures increased from 600 ◦C to 900 ◦C, the intensity of Co–O band gradually
diminished. This reduction can be ascribed to the reduction of Co3+ to lower-valence states
(e.g., Co0), which was consistent with the XRD results [19].

All isotherms of CPBCx composites displayed typical type IV characteristics (Figure S3),
confirming the existence of mesoporous structure [33]. As presented in Table S1, with the
increment of calcination temperatures from 600 ◦C to 900 ◦C, the specific surface area in-
creased from 636.1994 to 891.3164 m2/g, the pore volume from 0.5028 to 0.7181 cm3/g, and
the pore diameter from 23.60 to 34.12 nm. A higher specific surface area could provide more
active sites and reaction interfaces, while larger pore volume and diameter significantly
enhance the diffusion efficiency of reactants toward active sites [34].

As the calcination temperature increased from 600 ◦C to 900 ◦C, the ID/IG ratio in
Raman spectroscopy (Figure 1c), reflecting the degree of defects and disorder, increased
from 0.867 to 1.199, indicating an increase in structural defects. This was primarily at-
tributed to the release of volatile components from the precursor at high temperatures,
leading to extensive etching of the carbonaceous framework and pore formation, thereby
enhancing structural disorder [35]. Additionally, the loaded cobalt species may disrupt the
graphitic microcrystalline structure of the biochar, further introducing additional structural
defects [36].

Figure 2a illustrated the massive and bulk-like structure of PBC. The phytic acid
modification process introduced abundant surface wrinkles, providing ample active sites
for subsequent metal loading [18]. Meanwhile, the ZIF-67 precursor presented a well-
defined polyhedral morphology (Figure 2b) [37]. As the calcination temperature increased
from 600 ◦C to 900 ◦C (Figure 2c–f), numerous porous structures gradually developed on
the surface, consistent with the trend of structural disorder indicated by Raman results
(Figure 1c). The TEM image in Figure 2g further confirmed the presence of the layered
structure in CPBC8 composite. Additionally, HRTEM imaging (Figure 2h) revealed lattice
fringes with spacings of 0.24 and 0.35 nm, corresponding to the (111) crystal plane of CoO
and the (002) plane of graphitic carbon, respectively [38]. Furthermore, the EDS elemental
mapping (Figure 2i–l) demonstrated homogeneous distribution of C, O, and Co throughout
the CPBC8 composite.

The XPS survey spectra (Figure S4) confirmed the presence of Co, C, and O, indi-
cating the successful loading of Co onto the PBC substrate. In the high-resolution C 1s
spectrum (Figure 3a), three peaks were deconvoluted at binding energies of 284.8, 286.39,
and 288.94 eV, assigned to graphitic carbon, C–O, and C=O, respectively [39]. As the
calcination temperature increased, the relative content of C–O gradually decreased from
37.68% to 18.15%, while that of graphitic carbon increased from 58.36% to 69.57% (Table S2).
This indicates that oxygen-containing functional groups (e.g., epoxy and hydroxyl groups)
were reduced by the thermal treatment [40]. For O 1s in Figure 3b, the peaks at 531.5,
532.0, 533.2, and 533.7 eV were attributed to adsorbed O–H, C=O, C–OH, and C–O bonds,
respectively. A distinct peak at 530.0 eV was ascribed to lattice oxygen (Olatt, O2−) from
cobalt oxides [41,42]. Notably, as temperature increased, the C–OH content decreased
from 33.38% to 20.77%, while the content of Olat raised from 3.14% to 5.01%. This may be
attributed to the thermal decomposition of surface oxygen-containing functional groups,
which exposes the surface of cobalt oxides and promotes their crystallization [19]. For Co
2p in Figure 3c, the satellite peaks at 787.2 and 803.4 eV were characteristics of Co2+ [43].
The peak at 795.86 eV was assigned to Co0. The doublets at 781.0/797.1 and 783.4/798.3 eV
were attributed to Co3+ and Co2+ species [44]. With increasing calcination temperature,
the Co3+ content decreased from 31.99% to 18.20%, while the Co2+ content increased from
34.18% to 50.34%, and Co0 appeared (increasing from 0% to 14.32%). These results indicated
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that a substantial portion of Co3+ was reduced to Co2+ or even Co0, forming a multi-valent
cobalt system [19].

Figure 2. SEM images of PBC (a), ZIF-67 (b), and CPBCx (c–f); TEM images (g,h) and EDS element
mapping images (i–l) of CPBC8.
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Figure 3. XPS analysis of CPBCx: C 1s (a), O 1s (b), and Co 2p (c).

The performance of CPBCx composites for activating PAA towards SMX degradation
was evaluated (Figure 1d). As the temperature increased from 600 ◦C to 800 ◦C, the SMX
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degradation efficiency markedly improved from 93.3% to 99.0%, with the corresponding
pseudo-first-order kinetic constant (kobs) increasing from 0.302 to 0.401 min−1. This en-
hancement was primarily attributed to the increased specific surface area and improved
accessibility of cobalt active sites. However, when the calcination temperature was further
raised to 900 ◦C, both the SMX degradation efficiency and kobs value slightly decreased
to 94.5% and 0.312 min−1, respectively. This decline likely resulted from partial collapse
of the carbon skeleton and agglomeration or leaching of cobalt species at excessive high
temperature (1.421 mg/L at 900 ◦C in Table S3), reducing the availability and stability of
active sites. Therefore, the CPBC8 composite (calcined at 800 ◦C) exhibited optimal overall
performance, characterized by a high specific surface area, low metal leaching (0.648 mg/L),
high catalytic reactivity, and favorable cost-effectiveness.

3.2. Effects of Different Experimental Parameters

Direct oxidation by PAA alone towards SMX was only 6.1% (Figure 4a). The adsorp-
tion efficiencies of SMX by BC, PBC, and CPBC8 were 16.6%, 59.6%, and 59.8%, respectively.
The similarly high adsorption efficiencies of PBC and CPBC8 demonstrated the success-
ful introduction of abundant surface functional groups and adsorption sites via phytic
acid modification. With PAA addition, CPBC8 exhibited remarkable synergistic catalytic
superiority (0.401 min−1) compared with ZIF-67 (0.382 min−1) (Figure 4b) [45–50].
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Figure 4. The SMX degradation in different systems (a), pseudo-first-order rate constant of SMX
degradation in various reaction systems (b), the influence of different reaction conditions on SMX
degradation: PAA concentration (c), SMX concentration (d), CPBC8 dosage (e), initial pH (f). Reaction
conditions: [PAA]0 = 0.2 mM (except of (c)), [SMX]0 = 5 mg/L (except of (d)), [Catalysts]0 = 200 mg/L
(except of (e)), pH0 = 6.8 (except of (f)), T = 25 ◦C.

As shown in Figures 4c and S5a, when the PAA concentration increased from 0.05 to
0.2 mM, SMX degradation efficiency significantly improved from 84.6% to 99.0% (with the
kobs increasing from 0.180 to 0.401 min−1). This enhancement was primarily attributed to
increased PAA dosage promoting the generation of more reactive radical species. However,
a further increase to 0.25 mM did not yield continued improvement, likely due to quenching
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or coupling reactions among the surplus radicals [51,52]. Meanwhile, the increment of
SMX concentration from 1 to 10 mg/L decreased its removal efficiency within 10 min from
99.8% to 83.5%, and kobs value decreased from 0.459 to 0.128 min−1 (Figures 4d and S5b).
This inhibitory effect was ascribed to competitive adsorption of SMX and its intermediates
on the CPBC8 surface, potentially covering or blocking some active sites, as well as their
competition for the limited reactive species [39,53]. In addition, increasing the dosage of
CPBC8 from 50 to 200 mg/L led to a distinct increase in SMX degradation efficiency from
88.0% to 99.0%, with kobs increasing from 0.126 to 0.401 min−1 (Figures 4e and S5c), owing
to a greater number of available active sites. Nevertheless, no further enhancement was
observed at 500 mg/L, likely due to agglomeration of excess catalysts in solution [46].

As illustrated in Figures 4f and S5d, the initial pH (3–11) significantly influenced SMX
degradation efficiency in CPBC8/PAA system, with efficiencies of 81.0%, 95.8%, 99.0%,
89.4%, and 81.3% at 3, 5, 7, 9, and 11, respectively. At pH 3, excessive H+ ions may form
hydrogen bonds with the O–O group of PAA molecules, thereby enhancing intermolec-
ular forces, stabilizing the PAA structure, and consequently inhibiting its activation and
decomposition [14]. The degradation efficiency did not differ much in the pH range of
5–7. Under neutral conditions, surface Co2+ sites on CPBC8 dominated, and PAA remained
largely undissociated, favoring their interaction to generate reactive species. In contrast,
under alkaline conditions, the decline in SMX removal efficiency can be attributed to the
negative surface charge of CPBC8 (Figure S6) and the predominance of anionic PAA− [54]
and SMX− [55] species, which could cause electrostatic repulsion and inhibit SMX degrada-
tion. Additionally, OH− suppressed free radical generation, further reducing degradation
efficiency of SMX [56].

The influences of common inorganic anions (Cl−, CO3
2−, HCO3

−, NO3
−, and SO4

2−)
on SMX degradation by CPBC8/PAA system were also investigated (Figure S7). As
the Cl− concentration increased to 5 mM, the SMX degradation efficiency decreased to
80.1% (Figure S7a). The Cl− exhibited an inhibitory effect due to its radical scavenging
behavior [21]. When the CO3

2− concentration increased to 5 mM, the degradation effi-
ciency dropped to 32.2% (Figure S7b). The CO3

2− can react with •OH and R–O• to generate
CO3

•−, which has a lower reaction rate, thereby inhibiting SMX degradation [57]. The pres-
ence of HCO3

− significantly suppressed SMX degradation. As its concentration increased
from 0 to 5 mM, the removal rate declined from 99.0% to 74.8% (Figure S7c), which may be
attributed to the inhibitory effect of HCO3

− on PAA decomposition [58]. In contrast, the ef-
fects of NO3

− (Figure S7d) and SO4
2− (Figure S7e) were negligible, with SMX degradation

efficiency remaining above 90%.
As the humic acid (HA) concentration (measured as TOC) increased from 0 to 10 mg/L,

the SMX degradation efficiency decreased from 99.0% to 74.4% (Figure S7f). This inhibition
was attributed to the ability of HA to consume organic radicals and compete with PAA
for active sites on the catalyst [11,59]. Furthermore, rising the reaction temperature to
55 ◦C resulted in complete SMX removal within 3 min (Figure S8), a fivefold increase in
kobs, and the activation energy was 35.7207 kJ/mol, which is significantly lower than those
reported for other cobalt-based composites (Table S4). This activation energy exceeded
the diffusion-controlled range (10–13 kJ/mol), confirming kinetic control rather than mass
transfer in CPBC8/PAA system [60,61], while elevated temperatures enhanced molecular
collisions to improve the degradation efficiency of SMX [62].

3.3. Mechanism Investigation in CPBC8/PAA System
3.3.1. Identification of Reactive Species

Radical quenching experiments were conducted to identify the dominant reactive
species in CPBC8/PAA system (Figure 5a). Quenchers with different specificities were
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employed: tert-butanol (TBA), a specific quencher for •OH; methanol, a quencher for both
•OH and organic oxygen radicals (R–O•); 2,4-hexadiene (2,4-HD), a specific quencher for
R–O• [11]; p-benzoquinone (p-BQ), a quencher for superoxide anion radical (O2

•−); and
L-histidine (L-HD) and furfuryl alcohol (FFA), quenchers for 1O2.
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Figure 5. Quenching experiment (a); contribution of active species to SMX degradation in the
CPBC8/PAA system (b); XPS analysis of CPBC8 and used CPBC8: C 1s (c); O 1s (d); and Co 2p (e);
I–t curve for SMX degradation by PAA activated with CPBC8 (f) (inset: LSV curves of PBC, ZIF-67,
and CPBC8).

The addition of 1 mM methanol significantly suppressed the SMX degradation ef-
ficiency to 72.0%, suggesting the involvement of multiple reactive species such as •OH,
CH3C(O)OO•, and CH3C(O)O•. To further differentiate their roles, 1 mM TBA and 2,4-HD
were added separately. TBA lowered the efficiency to 84.6%, confirming the role of •OH,
while 2,4-HD reduced it to 85.3%, providing direct evidence for the participation of R–O•.
In addition, the addition of 1 mM p-BQ drastically decreased the degradation efficiency
to 38.6%, confirming that O2

•− also played a significant role. Moreover, the addition of
0.5 mM L-HD or FFA strongly inhibited SMX degradation, reducing the efficiency to 39.3%
and 48.1%, respectively, unequivocally indicating that 1O2 played a crucial role in this
system [14].

To further identify the dominant reactive species in SMX degradation, the relative
contributions of the aforementioned ROS were calculated (Figure 5b and Text S9). The
results showed that the contribution efficiencies of 1O2, R–O•, •OH, and O2

•− were 57.38%,
16.29%, 18.36%, and 7.97%, respectively. The discrepancy between the contribution of
O2

•− and the quenching experiment results can be attributed to the role of O2
•− as a

precursor of 1O2, which can be further converted to 1O2. This finding indicated a distinct
mechanistic shift: the unmodified Co/PAA system degrades SMX primarily via a radical
pathway dominated by CH3C(O)OO• and CH3C(O)O• species [63]; in contrast, upon the
introduction of modified biochar into the CPBC8/PAA system, the degradation pathway
can be transformed into a non-radical pathway dominated by 1O2. In summary, quenching
experiments confirmed that SMX degradation in CPBC8/PAA system involved multiple
reactive species (including 1O2, •OH, R–O• and O2

•−), with 1O2 being dominant.
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3.3.2. Activation Mechanism Elucidation

The C 1s spectrum of used CPBC8 in Figure 5c revealed that the C–O content increased
from 16.45% to 29.95%, while the C=O content decreased from 17.12% to 7.94%, indicating
the oxidation of C=O to C–O during the reaction. These oxygen-containing groups in
biochar can activate PAA to generate 1O2 (Equations (1) and (2)) [64–66], which can be also
demonstrated from the results of the O 1s spectra (Figure 5d). Additionally, the O–H content
decreased from 8.92% to 5.01% (Figure 5d), suggesting the involvement of O–H in lowering
the activation energy of PAA by increasing the electron density of CPBC8 [67]. The Olatt

content decreased from 5.01% to 2.81%, possibly due to the consumption of Co sites during
1O2 generation [68]. Moreover, after the reaction, the Co2+ content decreased from 50.34% to
33.27%, whereas Co3+ increased from 18.20% to 34.27% (Figure 5e), implying the Co3+/Co2+

cycle played a crucial role in the catalytic process (Equations (3)–(8)) [69]. The Co3+/Co2+

cycle established a synergistic degradation system involving both radical and non-radical
pathways via electron transfer, further facilitated by the C=O/C–O interconversion and the
electron-conducting biochar matrix [70].

The role of electron transfer in CPBC8/PAA system was further investigated by elec-
trochemical measurements. Chronoamperometry measurements (i-t, Figure 5f) displayed
notable current responses upon addition of SMX and PAA, confirming electron transfer
at the catalyst–SMX and catalyst–PAA–SMX interfaces. Here, PBC acted as an electron
shuttle, further enhancing the electron transfer capability [71]. In addition, comparative
analysis of linear sweep voltammetry (LSV, inset of Figure 5f), cyclic voltammetry (CV,
Figure S9), and electrochemical impedance spectroscopy (EIS, Figure S10) demonstrated
that the introduction of PBC effectively modulated the electrochemical properties of CPBC8.
Serving as an electron shuttle, PBC endowed CPBC8 with a higher current density [72],
enhanced electron storage and transfer capability [73], and lower charge transfer resistance
compared to ZIF-67 [74]. These improved electrochemical characteristics facilitated efficient
PAA activation for SMX degradation.

BC-surface+e− + (O-O)→O•−
2 +BC (1)

O•−
2 + e−→1O2 (2)

Co2++CH3C(O)OOH→Co3++CH3C(O)O•+OH− (3)

Co3++CH3C(O)OOH→Co2++CH3C(O)OO• + H+ (4)

CH3C(O)O•→CH•
3 + CO2 (5)

CH•
3 + O2→CH3OO• (6)

CH3C(O)OOH + CH3C(O)O•→CH3C(O)OO•+CH3C(O)OH (7)

Co3++2O2−→Co2+ +1 O2+3e− (8)

3.4. Degradation Pathways and Toxicity Evaluation

To predict the potential degradation pathways of SMX in the CPBC8/PAA system,
DFT calculations were performed to identify the vulnerable sites of SMX. The electrostatic
potential (ESP) distribution of SMX (Figure 6a) indicated that the main negatively charged
regions were located around S14, O15 and O16 atoms. Meanwhile, the highest occupied
molecular orbital (HOMO) of SMX was concentrated around the electron-rich atoms N11,
C1, and C5, while the lowest unoccupied molecular orbital (LUMO) was localized around
the positively charged S14 atom and the electronegative N11 atom [75].
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Figure 6. Distributions of ESP (a), HOMO and LUMO (b), the possible degradation pathway of
SMX in CPBC8/PAA system (c). Reaction conditions: [CPBC8] = 200 mg/L, [PAA]0 = 0.2 mM,
[SMX]0 = 5 mg/L, pH0 = 6.8, T = 25 ◦C.

Moreover, the Fukui functions (f+, f−, f 0) were further employed to evaluate the
regioselectivity of SMX (Table S5) [76]. The indices f+, f− and f 0 describe sites susceptible to
nucleophilic, electrophilic, and radical attack, respectively, with higher values indicating
greater reactivity. Quenching experiments identified 1O2 as the dominant reactive species,
which primarily degraded SMX via electrophilic addition. As shown in Table S5, the
highest f− values were observed at N11, N17, and N24. However, the higher f+ value of
N24 introduces uncertainty due to its nucleophilic susceptibility. Charge density difference
(CDD) analysis was further employed. Typically, negative CDD values denote sites prone
to electrophilic attack. N11 and N17 exhibited the most negative CDD values, confirming
their high susceptibility to electrophilic attack by 1O2 in CPBC8/PAA system [77].

A total of 13 intermediates were detected by UPLC-TOF-MS (Table S6). Combined with
DFT calculations, four possible degradation pathways of SMX are proposed, as illustrated
in Figure 6c. Pathway I involved the oxidation of the N–H bond. DFT calculations indicate
that N11 was susceptible to 1O2 attack and is subsequently oxidized to the hydroxylamine
intermediate (TP268). This intermediate is further oxidized and ultimately converted to
TP300 [78]. Pathway II proceeded via cleavage of the S–N bond. Since N17 is a highly
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sensitive site for 1O2 attack, this bond was broken through both non-radical and radical
pathways, generating TP155, which was further oxidized to TP108 [79]. Pathway III
involves cleavage of the S–C bond, which was susceptible to radical attack, leading to
bond cleavage and formation of TP163. This intermediate was subsequently oxidized to
smaller fragments, including TP99, TP115, and TP112 [80]. Pathway IV corresponded to
hydroxylation. The carbon atoms on the benzene ring were readily attacked by hydroxyl
radicals, ultimately being oxidized to TP253 [81]. As the reaction proceeds, all intermediates
are eventually mineralized to CO2 and H2O.

As shown in Figure 7, acute toxicity (96 hr LC50, 48 hr LC50, and 48 hr EC50) and
chronic toxicity (ChV) of SMX and its intermediates to fish, daphnid, and green algae were
assessed based on the ECOSAR model. The results indicated that the toxicity of all interme-
diates was reduced, demonstrating the system’s effectiveness in mitigating environmental
risks, highlighting the CPBC8/PAA system as a safe and sustainable advanced oxidation
process for water treatment.

   

   

Figure 7. Ecotoxicity assessment of acute toxicity (a–c) and chronic toxicity (d–f) of SMX and
its transformation products to fish, Daphnia magna, and green algae in the CPBC8/PAA system.
Reaction conditions: [CPBC8] = 200 mg/L, [PAA]0 = 0.2 mM, [SMX]0 = 5 mg/L, pH0 = 6.8, T = 25 ◦C.

3.5. Stability Investigation

To further evaluate the practical application potential of CPBC8/PAA system, a hydro-
ponic experiment was conducted using mung bean sprouts. Their growth lengths were
recorded after cultivation in four solutions: ultrapure water, untreated SMX solution, SMX
solution treated with ZIF-67/PAA for 15 min, and SMX solution treated with CPBC8/PAA
for 15 min (Figure 8a,b). In ultrapure water, the average sprout length was 9.58 cm. The
untreated SMX solution severely inhibited growth (4.18 cm), confirming its toxicity, while
treating with ZIF-67/PAA resulted in even shorter sprouts (2.31 cm) likely due to substantial
Co2+ leaching from ZIF-67 (Table S3). In contrast, the CPBC8/PAA-treated solution allowed
significantly better growth (7.84 cm, Figure 8b), demonstrating effective toxicity reduction.

https://doi.org/10.3390/w18131617

https://doi.org/10.3390/w18131617


Water 2026, 18, 1617 13 of 18

  

  

0

2

4

6

8

10

12

14

Le
ng

th
(c

m
)

Blank CPBC8 SMX ZIF-67

(b)

1st 2nd 3rd 4th 5th
0

20

40

60

80

100
R

em
ov

al
 e

ffi
ci

en
cy

 (%
)

(c)

up water

tap water

secondary
water

river water

lake water

0 20 40 60 80 100
Removal efficiency (%)

(d)

0 200 400 600 800

0.0

0.2

0.4

0.6

0.8

1.0

Time (h)

(e)

0

20

40

60

80

100

C
t

R
em

ov
al

 e
ffi

ci
en

cy
 (%

)

Figure 8. Practical application of CPBC8/PAA system for efficient SMX degradation: seed growth
status under different solution cultures (a), seed growth length (b), cyclic experiments (c), different
water matrix (d) and continuous flow experiment (e). Reaction conditions: [Catalysts] = 200 mg/L,
[PAA]0 = 0.2 mM, [SMX]0 = 5 mg/L, pH0 = 6.8, T = 25 ◦C.

Recycling experiments (Figure 8c) showed that the SMX degradation efficiency re-
mained above 95% over five consecutive cycles, and the cobalt ion leaching concentration in
the solution after each cycle was below 0.5 mg/L (Table S3). Meanwhile, the comparison of
XRD (Figure S11) and FTIR (Figure S12) patterns of CPBC8 before and after the reaction re-
vealed no significant structural changes. These results collectively demonstrate that CPBC8

possesses excellent reusability and stability. To further explore its practical applicability,
real water samples collected from local surface water sources were tested (Figure 8d). Al-
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though degradation efficiency was somewhat reduced due to radical quenching by natural
organic matter (particularly humic substances), the CPBC8/PAA system still maintained
the SMX removal efficiency exceeding 95%. This competitive performance in complex
matrices underscores its potential for antibiotic-contaminated wastewater remediation.
Furthermore, a continuous-flow column experiment was conducted (Figure 8e) under the
conditions of a flow rate of 1 mL/min, a catalyst dosage of 1 g CPBC8, and an initial SMX
concentration of 5 mg/L. The system sustained the SMX removal efficiency of over 85% for
800 h, highlighting its long-term operational stability under dynamic conditions.

4. Conclusions
In this study, using ZIF-67 as a precursor, a composite material (CPBC8) was success-

fully synthesized by integrating modified biochar with cobalt for the efficient activation
of PAA toward SMX degradation. By investigating the physicochemical properties of
the material at different pyrolysis temperatures, a comprehensive understanding of the
influence of calcination temperature on degradation performance was obtained. Under
the conditions of a CPBC8 dosage of 200 mg/L, PAA concentration of 0.2 mM, and an
initial pH of 6.8, the CPBC8/PAA system achieved 99.0% removal of 5 mg/L SMX within
10 min, demonstrating remarkable performance, with optimal efficacy across pH 5–9.
Quenching experiments confirmed the synergistic role of radical species (•OH, O2

•−, and
CH3C(O)OO•) and non-radical pathways (1O2) in driving SMX oxidative degradation. Fur-
thermore, DFT calculations identified N11 and N17 on the SMX molecule as the vulnerable
atomic sites, consistent with intermediate product analysis. SMX degradation proceeded
via pathways including oxidation of the aniline –NH2 group and cleavage of the S–N bond.
Ecotoxicity assessment using the ECOSAR model confirmed that the CPBC8/PAA system
effectively reduced the environmental hazard of the degradation intermediates. These
findings demonstrate that incorporating modified biochar endows the composite with
superior electron transfer efficiency, more diverse degradation pathways, and enhanced
environmental compatibility compared to pristine ZIF-67. This study establishes a novel
strategy for PAA activation based on engineered biochar, advancing its application in the
treatment of antibiotic-contaminated water.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w18131617/s1. Text S1: Reagents and chemicals; Text S2: Synthesis
of ZIF-67; Text S3: Synthesis of PBC; Text S4: Batch Experimental Procedure; Text S5: A continuous
fixed-bed column experiment; Text S6: LC-MS/MS conditions for SMX; Text S7: Identification of
SMX Transformation Products (TPs); Text S8: Reaction kinetics and activation energy; Text S9: The
contribution of ROS; Text S10: Seed germination experiment; Text S11: Characterization methods;
Text S12: Electrochemical analysis; Text S13: DFT calculations; Table S1: The BET characterization
results of CPBCx composites; Table S2: Relative contents of C Co and O species on the surfaces of
CPBCx, derived from XPS spectra; Table S3: Co ions concentration in different systems; Table S4:
Comparison of CPBC8 with various reported cobalt-based catalysts in terms of Ea for pollutant
degradation; Table S5: Fukui indexes of SMX; Table S6: Intermediate of SMX identified by UPLC-Q-
TOF-MS; Figure S1: The schematic diagram of the mini-column experiments; Figure S2: XRD patterns
of PBC; Figure S3: Nitrogen adsorption–desorption isotherms of CPBCx; Figure S4: Survey scan of
XPS spectra of CPBCx; Figure S5: Pseudo-first-order rate constant of PAA concentration (a), SMX
concentration (b), CPBCx dosage (c), Initial pH (d); Figure S6: Zeta potential of CPBC8; Figure S7:
The effect of inorganic anion concentration on SMX degradation: Cl− (a), CO3

2− (b), HCO3
− (c),

NO3
− (d), SO4

2− (e) and HA (f); Figure S8: Reaction temperature on the degradation of SMX in the
CPBC8/PAA system; Figure S9: CV test of the PBC, ZIF-67 and CPBC8; Figure S10: EIS test of the
PBC, ZIF -67 and CPBC8; Figure S11: XRD patterns of CPBC8 and used CPBC8; Figure S12: FTIR
patterns of CPBC8 and used CPBC8.
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