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The development of efficient, low-cost, and environmentally friendly catalysts has the potential to signif-
icantly enhance the persulfate-based advanced oxidation technology for wastewater treatment. In this
study, chitosan gel was ultilized as the biomass to be pyrolyzed by two-step pyrolysis method at
600 �C and 800 �C to produce biochar (BC-800). Results from the SEM, TEM, BET, Raman, and XPS char-
acterizations showed that the BC-800 had a surface area of 1748 m2/g and a hierarchical pore structure
with co-existing macropores, mesopores, and micropores, as well as an obvious graphitic carbon, pyri-
dinic N, and graphitic N configurations. The prepared biochar was found to activate persulfate (PS) for
rapid degradation of 2,4-dichlorophenol, with 90% of pollutants removed in 5 min due to the excellent
mass transfer facilitated by the abundant pores. Chemical quenching experiments, EPR detection, and
electrochemical analysis indicated that the degradation process was triggered by a nonradical pathway,
in which the biochar acted as an electron transfer shuttle between the oxidant and pollutant. This elec-
tron transfer mechanism not only enabled the degradation system have a wide pH range for application,
but it also demonstrated high resistance to inorganic anions in the aquatic environment. This research is
expected to enhance the preparation method of hierarchical porous biochar and provide effective tech-
nical support for the biochar-activated PS for water purification.
� 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Advanced oxidation processes (AOPs) are highly efficient and
promising technologies for the treatment of wastewater. Among
the various AOPs, the activation of persulfate (PS) (including perox-
ymonosulfate or peroxydisulfate) to produce reactive oxygen spe-
cies (ROS) has attracted extensive attention due to the formation of
unique sulfate radicals or singlet oxygen, low cost, and the abun-
dant choice of activators (Dong et al., 2022; Dong et al., 2023; Li
et al., 2023a; Li et al., 2023b；Yu et al., 2020a). The activator can
have significant effect on PS-based AOPs. Metals (such as Fe2+

and Co3+), metal oxides, composite metal oxides (such as MnFe2O4
and CoFe2O4), and metal-free carbon materials (such as graphene
oxide, reduced graphene oxide, and carbon nanotubes) have been
applied to activate PS (Dolatabadi et al., 2023; Li et al., 2022a; Li
et al., 2019; Ren et al., 2020; Zhang et al., 2020). Although metal-
based activators have been found to be effective, their shortcom-
ings, such as resource scarcity and biotoxicity caused by leached
metals, are inevitable. Therefore, more attention is being paid to
metal-free carbon materials.

Carbonaceous materials such as zero-dimensional fullerene,
nano-diamond, one-dimensional carbon nanotubes, two-
dimensional graphene-based materials, and three-dimensional
mesoporous carbon, activated carbon, and biochar have been
extensively explored for the activation of PS over the past decades
(Fu et al., 2022; Indrawirawan et al., 2015; Yu et al., 2019). Among
these materials, biochar shows significant potential for large-scale
application due to its low cost, adjustable porous structure and
surface area, and abundance of oxygen functional groups that can
be easily modified (Dai et al., 2021; Song et al., 2022). The use of
biochar in environmental remediation not only achieves the effect
of resource utilization by using organic solid waste as biomass, but
also contributes to carbon reduction. In fact, biochar has been
found to exhibit superior activation ability that is comparable with
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graphene and metal-based activators (Wang et al., 2019; Yu et al.,
2019). The catalytic performance of biochar is highly influenced by
its physiochemical properties, such as carbon configuration, porous
structure, surface area, and zeta potential. For instance, N-doped
biochar synthesized at 900 �C (N-BC-900) showed a degradation
rate constant of 39 times higher than that of N-BC-400, which were
mainly attributed to the increased graphitic carbon nanosheet and
surface area resulting from the increased pyrolysis temperature.
And the regulation of physiochemical properties of N-BC could lead
to a variation in the activation pathway from radical to nonradical
way (Zhu et al., 2018). Besides, in our previous studies, shrimp
shell based biochar was found to be a highly effective catalyst for
PS activation. It was observed that the porous biochar significantly
enhanced the mass transfer ability, and the high surface area
allowed for high adsorption of target pollutants on the biochar,
thus accelerating the contact between active oxygen substances
and the pollutant (Yu et al., 2020b), bringing high degradation effi-
ciency. These findings demonstrate the critical role of designing
biochar with a meticulous approach based on the feedstock, target
pollutant, and application to obtain an efficient catalyst in biochar-
based AOPs.

Compared to homogeneous catalytic systems in AOPs, the use of
biochar as a heterogeneous catalyst may reduce the mass transfer
efficiency. To overcome this issue, various methods such as modi-
fying the hydrophilicity of biochar, increasing reaction tempera-
ture, and enhancing the porous and surface area have been
employed as effective strategies (Nguyen et al., 2019; Pang et al.,
2018; Zou et al., 2020). Previous research has shown that meso-
porous and microporous coexisted biochar (with a reaction rate
constant of 0.052 min�1) exhibits a slightly higher reaction rate
than mesoporous carbon (with a reaction rate constant of
0.048 min�1) in PS-based AOPs/2,4-DCP systems (Tang et al.,
2018; Yu et al., 2020b). Therefore, preparing a biochar catalyst with
an abundant and multi-type porous structure can be an effective
approach to improving its performance. The porous property of
biochar is mainly influenced by the feedstock and preparation pro-
cess. Chitosan, the second most abundant biomass after cellulose,
contains numerous AOH and ANH2 groups and is widely used in
food, medicine, and industrial wastewater treatment (Strnad and
Zemlji, 2023). Additionally, chitosan can absorb 20–35 times of
its weight’s water. When the water saturated chitosan is dried
using vacuum freeze dryer, numerous pores were left. Although
acid dissolution of chitosan is the most commonly used method,
KOH can be ultilized to dissolve chitosan without changing its
properties. Moreover, KOH is widely employed in the production
of pores in activated carbon and biochar (Dehkhoda et al., 2016;
Wang et al., 2022). Hence, using KOH in this study can achieve
the dual benefits of dissolving chitosan and introducing pores into
biochar.

In this study, to prepare biochar with excellent catalytic proper-
ties, chitosan was selected as the biomass, and KOH was utilized as
both solvent and pore-forming agent. After dissolving chitosan in
KOH solution, the resulting gel was dried using a vacuum freeze
dryer. The loosely porous chitosan solid was then subjected to
pyrolysis two times to produce biochar. Scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), Raman and Brunauer Emmett
Teller (BET) were employed to characterize its physicochemical
properties. The activation ability for PS was evaluated by assessing
the degradation of 2,4-dichlorophenol (2,4-DCP), dyes and antibi-
otics. The effects of pH value, concentration of pollutant, oxidant
and biochar, and the co-existing common anions were studied.
Furthermore, the activation mechanism was investigated using
quenching experiments and electron paramagnetic resonance
(EPR) detection. The biochar, which possesses an abundant hierar-
2

chical porous structure, is expected to serve as a highly effective
and environmentally friendly catalyst in PS-based AOPs.
2. Materials and methods

2.1. Materials

Peroxydisulfate (Na2S2O8), urea, chitosan (deacetylation degree:
80–95%, viscosity: 50–800 mPa�s.), potassium hydroxide, 2,4-
dichlorophenol, terramycin, methyl orange, NaCl and NaHCO3

were purchased from Aladdin Biochemical Co. Ltd. 5,5-dimethyl-
1-pyrrolidine N-oxide (DMPO, 97%) and 2,2,6,6-tetramethyl-4-pip
eridinol (TEMP, 98%) were acquired from Sigma-Aldrich (Shanghai,
China). Methanol and acetone (chromatography grade) were
obtained from Fisher Company Inc (Shanghai, China). Ultrapure
water (18.25 MX�cm) was utilized to prepare aqueous solutions.

2.2. Preparation and characterization of biochar

The chitosan, KOH, urea, and H2O were mixed in a weight ratio
of 4:11.04:7.68:77.28, and stirred using a magnetic stirring
machine for 20–30 min. The resulting mixture was frozen at
�20 �C and then thawed at room temperature. This process was
repeated three times to dissolve the chitosan and form a homoge-
nous gel. The gel was then placed in a vacuum drying oven at room
temperature to remove any bubbles. Afterward, the gel was dried
in a vacuum freezing dryer, resulting in the formation of a material
resembling loofa sponge. The material was pyrolyzed at 600 �C for
2 h under nitrogen conditions. The resulting biochar was washed
with water to neutral and then dried at 80 �C. The washed biochar
was pyrolyzed again under nitrogen conditions for 2 h at 800 �C
with a rate of 5 �C min�1. The obtained biochar was named as
BC-800. For comparison, the dissolved chitosan (loofa sponge-like
material) was pyrolyzed under nitrogen for 2 h at 700 �C with a
rate of 5 �C min�1, and the resulting biochar was named as BC-700.

SEM and TEMwere applied to analyze the surface morphologies
and structures of the biochar, respectively. The specific surface
area, pore size distribution, and pore volume of the biochar were
determined using N2 adsorption–desorption isotherm measure-
ments with an ASAP 2020 HD88 instrument from Micromeritics
(USA). And the BET surface area subtract the t-plot micropore area
was the surface area of mesoporous pores. And the mesoporous
volume was obtained by subtract the t-Plot micropore volume
from the total pore volume. X-ray photoelectron spectroscopy
(XPS) was used to characterize the elemental compositions of the
biochar, and the degree of carbonization was assessed by Raman
spectroscopy using a Thermo Scientific DXP 780 instrument (USA).

2.3. Experimental procedures

2.3.1. Catalytic degradation of 2,4-DCP
The experiment was carried out in Erlenmeyer flasks on a recip-

rocating shaker at 120 rpm and a temperature of 27 ± 1.0 �C in the
absence of light. The initial pH of the reaction solution was approx-
imately 7.0. The reaction was initiated by adding 1.25 mM PS and
0.12 g/L BC-800 into the reaction solution containing 40 mL of
50 mg/L 2,4-DCP, and the glass vials were capped. Control experi-
ments were conducted using BC-700 as a catalyst under the same
conditions. Samples were periodically taken (1 mL) and filtered
using a 0.22 lm cellulose-acetate membrane for analysis. The con-
centration of 2,4-DCP was determined by HPLC (Waters e2695)
using a C18 column (5.0 lm, 4.6 mm � 250 mm) and a UV detector
set at 286 nm, with a mobile phase of methanol/water = 80/20.
Quenching experiments and anti-interference experiments (using
Cl�1 and HCO3

-1 as the interfering ions) were conducted by adding
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ethanol, methanol, and other anions to the reaction system. All
batch experiments were conducted in triplicate, and the mean val-
ues were presented. Pseudo-first-order kinetic investigation of 2,4-
DCP degradation process was fitted by Langmuir-Hinshelwood
model, which expressed as ln Ct/C0 = kt. Where C0 and Ct corre-
spond to the 2,4-DCP concentrations at initial state and degrada-
tion time of t, respectively. And k was the pseudo-first-order rate
constant.
2.3.2. Electrochemical test
The electrochemical impedance spectroscopy (EIS) performance

of biochar samples, BC-800 or BC-700, was evaluated using a CHI
660C electrochemical analyzer (CHI-660C, China). In this experi-
ment, a glassy carbon electrode loaded with biochar was employed
as the working electrode. The preparation process involved dis-
solving 0.012 g of chitosan in 10 mL of 0.1 M HAC solution, fol-
lowed by the addition of 0.005 g of the prepared biochar. The
mixture was sonicated for 3 h to facilitate biochar dispersion. Sub-
sequently, the glassy carbon electrode was rubbed with sandpaper
(0.05 lm), cleaned with acetone, methanol, and distilled water
using ultrasonication, and then dried in an oven. Finally, 5–8 lL
of the dispersed biochar was dropped onto the surface of the glassy
carbon electrode and dried at 37 �C.
3. Results and discussion

3.1. Characterization of biochar

The SEM image in Fig. 1a shows that BC-800 contains numerous
macropores with diameters ranging from 0.3 to 4 lm, while Fig. 1b
shows that smaller pores are present on the frame of BC-800. The
BET analysis indicates the presence of micropores and mesopores.
And the BC-800 has a BET surface area of 1748 m2/g, a total pore
volume of 0.976 cm3/g, and an average pore diameter of 2.23 nm
(Fig. 2). The mesoporous structure is the dominant feature for
BC-800, with a surface area of 1674.9 m2/g and a mesoporous vol-
ume of 0.970 cm3/g. The adsorption–desorption isotherm curves
demonstrate a typical IV type (Fig. 2a), which is consistent with
the mesoporous structure of BC-800, as confirmed by the BET anal-
ysis (Fig. 2b). In contrast, BC-700 has a low surface area of
275.23 m2/g and a pore volume of 0.1802 cm3/g. The surface area
and pore volume of BC-800 was significant high compared to most
other biochar, which are mainly due to the preparation process (Yu
et al., 2020b; Ding et al., 2023; Zhang et al., 2015). The use of
freeze-drying was found to be an effective method for obtaining
a three-dimensional porous structure in chitosan, and the dried
chitosan gel was a loofa sponge-like product. During the subse-
quent pyrolysis process, some of porous structure was preserved
and contributed to the formation of macropores, as shown in
Fig. 1a. The presence of macropores in BC-800 is an important
characteristic that facilitates mass transfer. Furthermore, KOH
served not only as a solvent but also as an activating agent for pore
formation. Instead of micropores, mesoporous volume accounted
for about 99% of the total pore volume in BC-800. This differs from
Lee’s study, where chitosan, urea, and KOH were mixed and pyro-
lyzed at 800℃ without the use of freeze-drying pre-treatment,
resulting in mesoporous volume accounting for only 52% of the
total pore volume (Lee et al., 2017). The combination of KOH with
freeze-drying was identified as a critical factor in the formation of
abundant mesopores in BC-800. Moreover, the two-step pyrolysis
process was proved to be essential for the development of pores
and the enlargement of pore size by eliminating compounds such
as water-soluble and volatile matter, as well as gases such as CO,
CO2, CH4, H2, and H2S from the biochar. Notably, direct pyrolysis
of freeze-dried chitosan at 800℃ resulted in the formation of white
3

solid materials that could dissolve in water and exhibited strong
alkalinity. This observation suggests that under high temperature,
a significant portion of C in chitosan likely reacted with KOH to
generate K2CO3, K2O, and CO2.

Furthermore, in order to provide further characterization of the
prepared biochar, TEM and Raman analysis were also conducted.
TEM images at different magnification scales (Fig. 1c,d) confirmed
the multi-porous and smooth structure of the biochar, which was
consistent with the SEM results. Moreover, the presence of a typi-
cal stripe-like structure was observed in Fig. 1d, which indicated
the formation of graphitic carbon (Liu et al., 2018). Additionally,
Raman spectroscopy was performed on BC-800 and BC-700 using
an excitation wavelength of 532 nm to investigate the defective
and graphitic features. As depicted in Fig. 1e, typical D and G peaks
were observed at around 1350 cm�1 and 1580 cm�1, respectively.
The D peak, arising from the ring breathing vibration mode of car-
bon, is commonly considered as the signal of disordered or edge
graphite carbon, while the G peak, often resulted from the in-
plane vibration mode of sp2-hybridized carbon (graphitic carbon)
(Kim et al., 2012; Yu et al., 2020b). The ID/IG value, which is com-
monly used to evaluate the relative degree of defect and graphiti-
zation, was 0.982 and 0.967 for BC-700 and BC-800, respectively.
The decrease in the ID/IG value indicated that the graphitization
degree of the biochar increased with the rising of pyrolysis temper-
ature. This was consisten with the previous results that with the
increasing of pyrolysis temperature, the carbon configuration
transformed from amorphous to graphitic type, especially when
the temperature exceeded 700 �C (Li et al., 2022b; Yuan et al.,
2023). And XPS spctrum of C1s (Fig. 1g) also verified the sp2-
hybridized graphitic carbon (C@C).

The addition of urea served two purposes: first, to significantly
undermine the molecular hydrogen bond and hydrophobic interac-
tions of chitosan and raise the critical micelle concentration,
thereby promoting chitosan dissolution (Fang et al., 2015; Fang
et al., 2017). Second, during pyrolysis, urea acted as a nitrogen
source and doped to the biochar. XPS spetrum of BC-800 showed
that N elements existed in the biochar with atomic percentage of
7.4% (Fig. 1f). And N1s spectrum presented three peaks, which
belong to pyridinic N, pyrrolic N and graphitic N (Fig. 1h) (Xu
et al., 2016; Zhong et al., 2021). Doping nitrogen has been shown
to be an effective way to modulate the electronic properties of
the carbon framework and improve the catalytic performance of
biochar (Liu et al., 2022; Li et al., 2020). As for O 1s spectrum,
C@O and CAO were the main chemical state.

3.2. Catalytic performances of biochar for 2,4-DCP degradation

Firstly, adsorption and catalytic experiments of BC-800 and BC-
700 were conducted. Specifically, 40 mL of 50 mg/L 2,4-DCP solu-
tion was treated by adding 0.75 mM PS and different biochar with
a pH value of 7. As shown in Fig. 3a, single 0.005 g BC-800 could
remove 56% of 2,4-DCP. After Adding PS, the removal efficiency
was close to 98% (experiments showed that single PS had negligi-
ble ability to remove 2,4-DCP), indicating the excellent catalytic
ability of BC-800 for PS. Moreover, the catalytic speed was rapid,
with 90% of 2,4-DCP removed in the first 5 min, and complete
degradation of 2,4-DCP could be reached in about 30 min. The reac-
tion rate constants based on pseudo first order kinetics were
k = 0.0577 min�1 (r2 = 0.928) for adding 0.005 g BC-800, which
was higher than mesoporous carbon based PS-2,4-DCP AOPs sys-
tem (Tang et al., 2018). The rapid degradation speed was very use-
ful for practical applications. Compared with BC-800, the catalytic
efficiency and speed of BC-700 (k = 0.0271 min�1 r2 = 0.956) were
inferior (Fig. 3b). As verified by BET surface area and pore size anal-
ysis, the surface area of BC-800 (1748 m2/g) was 6.3 times that of
BC-700, and the graphitization degree of BC-800 was higher than



Fig. 1. SEM images of BC-800 (a,b), TEM images of BC-800 (c,d), Raman results of BC-800 and BC-700 (e), XPS full spectrum (f), C1s peaks (g), N1s peaks (h) and O1s peaks (i)
of BC-800.

Fig. 2. N2 adsorption/desorption isotherm and pore distribution of BC-800 and BC-700.
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Fig. 3. The adsorption and catalytic performances of BC-800 (a) and BC-700 (b).
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that of BC-700. Therefore, BC-800 was used for further
investigation.
3.3. The effect of operating parameters

Operation parameters including pH, the concentration of BC-
800, PS, and pollutant, were investigated. Fig. 4a and 4b showed
that with the reduction of BC-800 or the increasing of 2,4-DCP,
the removal efficiency decreased. Since BC-800 mainly acted as
an activator (the mechanism study indicated that the activation
process was a non-radical pathway), PS could not be fully activated
under insufficient BC-800, and subsequently, the degradation of
2,4-DCP would decrease correspondingly. A similar explanation
could be used for the effect of 2,4-DCP concentration, and the
degradation rate constant decreased from 0.0774 to 0.0216 min�1

(r2 greater than 0.914) with the increasing of 2,4-DCP from 30 to
100 mg/L. The rapid degradation of 2,4-DCP was beneficial for
practical applications. The distinctive porous structure may have
contributed to the fast degradation. As verified by SEM and BET
results, macroporous-mesoporous-microporous coexisted in BC-
800, and mesoporous took up more than 90% of the proportion.
Mass transfer efficiency could be significantly improved due to
the abundant macroporous and mesoporous structure. Besides
mass transfer, the nanoconfined space (nanopore) could enrich
reactants (Zhang et al., 2021). As demonstrated in Fig. 3, BC-800
was able to adsorb 2,4-DCP, prolonging the residence time of reac-
tants on the catalyst surface. The generated reactive oxygen sub-
stances could quickly contact and degrade 2,4-DCP, leading to
rapid degradation performances. In our previous study, shrimp
shell biochar with a hierarchical porous structure also exhibited
fast adsorption and catalytic performances due to the increased
mass transfer ability. Therefore, preparing biochar with different
porous structures may be a feasible strategy for improving its per-
formance. Fig. 4c indicated that exceeding PS would not inhibit the
degradation reaction, mainly due to the non-radical activation pro-
cess, which avoids the self-quenching of sulfate radicals by PS. As
shown in Fig. 4d, this degradation system had a wide pH suitabil-
ity, and the following experiments were done without adjusting
the pH value. Besides excellent pH compatibility, the catalytic sys-
tem could maintain high removal efficiency for 2,4-DCP under high
concentrations of commonly existing anions. The anti-interference
experimental results were presented in Fig. 4e, after adding Cl�1

and HCO3
-1 with the concentration of 10 and 400 times that of PS,

the removal efficiency of 2,4-DCP was still higher than 90%. The
5

wide pH adaptability and good anti-interference performance indi-
cated that this catalytic system could be used for most wastewater.
After usage, the biochar was simply washed with water and etha-
nal, and could be reused three times with activation efficiency of
initial 80%). When the BC-800/PS was used to treat dye (methyl
orange) and antibiotics (oxytetracycline), the removal efficiency
of antibiotics was inferior to that of the dye, as presented in
Fig. 4f. It is possible that the chemical stability of oxytetracycline
(C22H24N2O9) was stronger than that of methyl orange (C14H14N3-
SO3Na) in this system, and methyl orange was more inclined to
donate electrons to BC-800/PS, leading to a high degradation
efficiency.
3.4. Activation mechanism investigation

Firstly, the activation pathway was investigated using quench-
ing experiments and EPR detection. Ethanol and methanol, which
had high quenching ability for both �OH and SO4

�-, were used to
detect the two free radicals. As shown in Fig. 5a, no inhibition
effect was observed after adding ethanol and methanol (C methanol

or ethanol/PS = 300 or 500) to the catalytic system. EPR detection
using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a trapping
agent also verified the absence of both �OH and SO4

�-. These results
suggested that the non-radical pathway is responsible for the
degradation of 2,4-DCP in this catalytic system. To further investi-
gate the non-radical pathway, a quenching experiment using NaN3

(k 1O2 + sodium azide = 2� 109 M�1s�1) as a quenching solvent and
EPR detection using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMP)
as a trapping agent were conducted (Yu et al., 2020a). The absence
of 1O2 was observed, indicating that the 1O2-dominated degrada-
tion mechanism could be excluded. Notably, unlike the signal of
DMPO-OH or DMPO-SO4 or TEMPO, a characteristic signal of
DMPOX adducts (5,5-dimethyl-2-pyrrolidone-N-oxyl) was
detected in the catalytic degradation system (Fig. 5b). According
to the previous studies, there were three ways to produce DMPOX:
the first way is oxidation of DMPO-OH by a large amount of �OH
and SO4

�-, the second way involved the reaction between 1O2 and
DMPO, However, both these pathways were eliminated due to
the exclusion of the radical pathway and 1O2-based non-radical
pathway. The third way is a reaction between DMPO and carbon
surface-bound oxidative complexes (Fontmorin et al., 2016, Jiang
et al., 2018; Li et al., 2018). As verified by TEM and Raman results,
BC-800 had a good graphitization degree, which was beneficial for
electron transfer. Carbon catalysts used as charge-transfer media-



Fig. 4. Factorial effects for the catalytic degradation of 2,4-DCP, BC-800 concentration (a), 2,4-DCP concentration (b), PS concentration (c), pH value (d), co-existing anion
concentration (e), and effect of degradation of methyl orange and oxytetracycline(f). (Unless otherwise stated, the reaction conditions were based on: BC-800 = 0.12 g/L;
PS = 1.25 mM; 2,4-DCP = 50 mg/L; pH = 7; and T = 25 �C).
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tors to promote electron transport from the pollutants to PS were
reported by many researchers (Xi et al., 2021; Yu et al., 2020b;
Zhong et al., 2021). A similar mechanism where BC-800 acted as
an electron transfer medium to trigger the non-radical pathway
may dominate the 2,4-DCP oxidation in the BC-800/PS system. As
presented in Fig. 5c of the EIS results, the charge-transfer resis-
tance of BC-800 significantly reduced compared with BC-700, indi-
cating the excellent charge transfer capacity. In a contrast
experiment (Fig. 5d), where BC-800 and PS were first mixed,
125 mg/L of 2,4-DCP was added to the BC-800/PS system at differ-
ent times, the removal efficiency of 2,4-DCP was almost the same
for the three batches of experiments. If BC-800 and PS reacted
6

and produced radicals or active complexes, the removal efficiency
of 2,4-DCP would decrease with the increasing of addition time,
because the lifetime of radicals or active complexes was limited.
Therefore, based on the these analysis, an electron transfer path-
way was verified to dominate the degradation of 2,4-DCP, where
BC-800 acted as an electron transfer medium, and the degradation
could only be triggered in the presence of BC-800, PS, and 2,4-DCP
as shown in Fig. 6. Regarding the formation of DMPOX, during the
degradation of 2,4-DCP in the BC-800/PS system, it was possible
that BC-800 could transform to an oxidative state (BCox-800 repre-
sented the oxidation state of BC-800), and DMPO reacted with
BCox-800 to produce DMPOX.



Fig. 5. Quenching experiments by different quenching reagent (a), the EPR detection spectrum of BC-800/2,4-DCP/PS system (b), electrochemical impedance spectroscopy
(EIS) results of BC-800 and BC-700 (c), the different adding time of 2,4-DCP to BC-800/PS system (d).

Fig. 6. Mechanism diagram of activation pathway in BC-800 /PS /2,4-DCP system.
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4. Conclusion

In this study, hierarchical porous biochar with high surface area,
and excellent graphitic carbon configuration was prepared through
a two-step pyrolysis method. This biochar showed effective ability
and rapid rates for PS activation, and 90% 2,4-DCP could be
degraded in 5 min. The batch experiments showed that the cat-
alytic degradation performances maintained high even under a
wide pH range of 3–11 and the coexistence of high concentrations
of Cl�1 and HCO3

-1, indicating good anti-interference properties.
Additionally, activation mechanism studies suggested that a non-
radical pathway, that biochar acted as an electron transfer shuttle
between the oxidant and pollutant, where the degradation process
was triggered only in the coexistence of biochar, PS, and 2,4-DCP.
7

This study not only provided an simple method for the preparation
of effective biochar catalyst in AOP, but also suggested regulating
porosity and carbon configuration might be a purposeful way in
the carbon catalyst/PS AOP system.
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