journal of environmental sciences 108 (2021) 201–216

Available online at www.sciencedirect.com

www.elsevier.com/locate/jes

Review

A critical review on the application of biochar in
environmental pollution remediation: Role of
persistent free radicals (PFRs)
Kun Luo 1, Ya Pang 1,∗, Dongbo Wang 2, Xue Li 1, Liping Wang 1, Min Lei 1,
Qi Huang 2, Qi Yang 2,∗
1 Department
2 College

of Bioengineering and Environmental Science, Changsha University, Changsha 410003, China
of Environmental Science and Engineering, Hunan University, Changsha 410082, China

a r t i c l e

i n f o

a b s t r a c t

Article history:

Biochar as an emerging carbonaceous material has exhibited a great potential in environ-
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mental application for its perfect adsorption ability. However, there are abundant persistent
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free radicals (PFRs) in biochar, so the direct and indirect PFRs-mediated removal of organic
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and inorganic contaminants by biochar was widely reported. In order to comprehend deeply

Available online 11 March 2021

the formation of PFRs in biochar and their interactions with contaminants, this paper reviews the formation mechanisms of PFRs in biochar and the PFRs-mediated environmental
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applications of biochar in recent years. Finally, future challenges in this field are also pro-
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posed. This review provides a more comprehensive understanding on the emerging appli-
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cations of biochar from the viewpoint of the catalytic role of PFRs.
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Introduction
Biochar is an environmental-friendly carbonaceous material, which is produced by the carbonization of low-cost
biomass residue at limited oxygen atmosphere (Reddy, 2015;
Wang et al., 2017a; Luo et al., 2019a). In recent years, its application in environmental remediation has received extensive
attention (Tan et al., 2015; Mohan et al., 2014). Initially, the
biochar is mainly used as an effective and economic adsorbent due to its large surface area and abundant surface func-

∗

tional groups (Chen et al., 2012; Hale et al., 2013; Yang et al.,
2018). However, adsorption only realizes the transformation
of pollutants from liquid or gas phase to adsorbent and cannot completely break down pollutants (Quintanilla et al., 2010;
Yao et al., 2013). Recently, the catalytic decomposition of organic pollutants induced by biochar has been widely reported
(Yang et al., 2017a; Qin et al., 2018). Researchers ascribed the
phenomena to the persistent free radicals (PFRs) in biochar, a
stable resonance that bound to the external or internal surface of solid particles. The PFRs in biochar can be detected by
electron paramagnetic resonance (EPR) spectroscopy and their
concentrations range from 1016 to 1019 spins/g (Fang et al.,

Corresponding authors.
E-mails: pangya0989@ccsu.edu.cn (Y. Pang), yangqi@hnu.edu.cn (Q. Yang).

https://doi.org/10.1016/j.jes.2021.02.021
1001-0742/© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

202

journal of environmental sciences 108 (2021) 201–216

40

Adsorption
(35.74%)

3000
Degradation
(23.22%)

2000

Others
(41.04%)

1000

(b)

0

30

20

"biochar+degradation" or "biochar+degrade"

4000

"biochar"
"biochar+degradation" or "biochar+degrade"
"biochar+sorption" or "biochar+adsorption"

Number of publications containing keywords

(a)

Number of publications containing keywords
"biochar+PFRs" or "biochar+FRs"

Number of publications containing keywords

5000

1200
1000
800
600
400
200
0

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

10

0

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Fig. 1 – Evolution of the number of publications containing the keywords “biochar + degradation” or “biochar + degrade”
and “biochar + sorption” or “biochar + adsorption” between 2010 and 2019 (a); the number of publications containing the
keywords “biochar + PFRs” or “biochar +FRs” between 2010 and 2019 (b).

2014a; Fang et al., 2015a). PFRs in biochar have high reactivity, and can accept and provide electrons (Kappler et al., 2014;
Xu et al., 2016; Gehling and Dellinger, 2013), thus endowing
biochar with an excellent catalytic capacity for the degradation of refractory organic pollutants (Liao et al., 2014).
According to the data from the ISI Web of Science, the
amounts of publications containing the keyword “biochar” are
constantly increasing from 2010 to 2019 (Fig. 1a), indicating
that there is a growing interest on the research of biochar
among the worldwide scientific community. As mentioned
above, adsorption and degradation are the main mechanisms
for environmental pollutants removal by biochar. The number
of publications including the keywords “biochar + sorption” or
“biochar + adsorption” and the keywords “biochar + degradation” or “biochar + degrade” between 2010 and 2019 also go up
obviously, which account for 35.74% and 23.22% of that containing the keywords “biochar” in 2019, respectively. Further
searching the keywords “biochar + PFRs” or “biochar +FRs”,
it can be found that hardly any relative publications are retrieved from indexed journals between 2010 and 2013, and the
number is only 37 in 2019 (Fig. 1b), indicating that the PFRsmediated removal of organic and inorganic contaminants by
biochar has received attention only recently.
The available reviews about the application of biochar in
environmental remediation are mainly concerned on its adsorption ability, but there are limited reviews to summary the
catalytic behavior of biochar in environmental pollution remediation. Moreover, the reviews on the PFRs in biochar are
mainly focused on its occurrence, formation, environmental
fate and risks (Pan et al., 2019; Ruan et al., 2019; Odinga et al.,
2020). The study on PFRs-mediated activation of O2 , S2 O8 2−
or H2 O2 to generate reactive oxygen species (ROS) and their
interactions with organic and inorganic contaminants is disperse, even with some confusing and contrary interpretations.
Hence, this review firstly summarized the formation mechanisms of PFRs in biochar. Then the catalytic role of PFRs in the
environmental pollution remediation was discussed from different biochar-PFRs based systems, including the redox sys-

tem, the advanced oxidation system, the photocatalytic system, and the sonocatalytic system. Finally, the future challenges in this research field were proposed.

1.

What is PFRs?

Unlike the typical short-lived radicals (hydroxyl radicals (•OH),
sulfate radicals (SO4 •− ), peroxy radicals, phenyl, vinyl and
methyl radicals), PFRs is a kind of stable and relatively unreactive radical with lifetimes ranging from several days to several
months (Lian and Xing, 2017; Chen et al., 2018).
Antal and Grønli (2003) found that organic substances undergo partial carbonization, and accompany with the formation of “dangling bonds” exist in the form of carbonor oxygen-centered “unpaired” electrons (free radicals) or
carbon-centered unshared electron pairs (singlet or triplet carbenes). The “dangling bonds” can self-annihilate or complex
with transition metal oxides and are stabilized, thus forming resonance-stabilized radicals, such as semiquinones, cyclopentadienyls, and phenoxyls, which are referred as PFRs.
According to the EPR parameter g factor, PFRs are typically divided into three categories: oxygen-centered radicals
(g factor more than 2.0040, for example semiquinone radical), carbon-centered radicals (g factor less than 2.0030, for
example aromatic radicals), and the combination of carbonand oxygen-centered radicals or carbon-centered free radical with oxygen-containing functional groups (g factor between 2.0030 and 2.0040) (Dellinger et al., 2007; Dela Cruz et al.,
2012). The oxygen-centered radicals are more stable than
carbon-centered radicals in atmospheric environment, so the
semiquinone-type radicals are more difficult to react with O2
compared with the aromatic radicals (Ruan et al., 2019). Moreover, since aromatic carbon atoms have a smaller positive
Mulliken charge, carbon-center radicals have stronger electron donor capacities (EDCs) than the adjacent oxygen atom
(Zhong et al., 2018). The structure of biochar can be considered as a quaternary structure from molecular-level, includ-
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Fig. 2 – Common precursor molecules of PFRs.

ing heterogeneous phases, graphene-like aggregates, nanosized aromatic clusters, and atomic arrangements (Xiao and
Chen, 2017). Considering the quinone free radicals produced
by shedding aromatic ring nanosheet structure on the surface
of biochar, the nanosized aromatic cluster structure might be
the active site of PFRs on the surface of biochar (Xiao et al.,
2016).

dehydration, decarboxylation, aromatization and intramolecular condensation, biochar is finally formed (Kotake et al.,
2014; Collard and Blin, 2014).
PFRs generation is not only related to the cleavage of
molecular chemical bond, but also affected by the transition
metals in the biomass or added during pyrolysis process. A
large amount of phenol and quinone moieties are formed
through the decomposition of lignin and other components
in biochar at high temperature. When the electrons are transferred from the phenol and quinone moieties to transition
metals, the surface-bound PFRs are formed (Dellinger et al.,
2007). The possible formation mechanisms of PFRs on the surface of metal oxide include three steps: (1) the substituted aromatic compounds are adsorbed onto the surface of particles
containing transition metals by physical adsorption; (2) the
strong chemical bonds between substituted aromatic compounds and the particles are formed through chemical adsorption; (3) the single electron is transferred from the substituted aromatics compounds to transition metals and the
PFRs are formed (Dellinger et al., 2007; Vejerano et al., 2011,
2012; Dela Cruz et al., 2011).
Hence, the formation of PFRs during pyrochar preparation
is through the following two ways: (1) chemical bond of lignin
in biomass breakdown during pyrolysis process; (2) the phenol
and quinone moieties transferring the electrons to transition
metal ions. Therefore, the biomass types and compositions,
metal content and pyrolysis conditions have a great influence
on the generation of PFRs.

2.2.

2.

The formation mechanisms of PFRs

2.1.

PFRs formation during pyrolysis process

Biochar includes pyrochar generated by pyrolysis of biomass
at 350–700 ◦ C and hydrochar obtained through hydrothermal
carbonization of biomass at 150–350 ◦ C (Mumme et al., 2014;
Yue et al., 2019). The formation of PFRs is mainly by pyrolysis
of the organic components in biomass, so the amount of PFRs
in pyrochar is generally more than that of hydrochar. These
organic components are regarded as the precursor for generating PFRs and their molecules are shown in Fig. 2.
The main components of biomass are hemicellulose, cellulose and lignin. The decomposition temperature of hemicellulose and cellulose is about 200 ◦ C, while that of lignin
is relatively high (>300 ◦ C) (Nzihou et al., 2013). The pyrolysis
temperature of biomass for biochar preparation is commonly
higher than 300 ◦ C. The cellulose and hemicellulose are firstly
break down to oligosaccharides through polymer depolymerization, and then different micromonomers are formed by
cleavage of glucose bonds (Zhang et al., 2013). Therefore, the
formation of biochar-PFRs may be related to the decomposition process of lignin (Kibet et al., 2012). The lignin with complex three-dimensional structures undergoes complex decomposition process, including a series of free radical reactions. The PFRs are formed through the homolytic cleavage of
α- and β-alkyl-aryl ether, C-C and C-O bonds in lignin, which
can be used as electron donors to reduce organic molecules to
other types of free radical substances (Kibet et al., 2012). After
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PFRs formation during hydrothermal carbonization

Hydrochar is prepared from biomass via hydrothermal carbonization at low temperature and low moisture content
(Wilk and Magdziarz, 2017; Lang et al., 2019). In general, under subcritical operating conditions, hydrothermal carbonization of biomass is achieved by the ionic reaction with a large
number of H3 O+ and OH− induced by the autoionization of
water (Sasaki et al., 2000; Wang et al., 2018). The biomass
with high molecular weight can be broken by H3 O+ and
OH− into oligomers and monomers (Funke and Ziegler, 2010;
Wang et al., 2016), then further form hydrochar through
polymerization, condensation and aromatization (Sevilla and
Fuertes, 2009; Liu et al., 2018). Simultaneously, the cyclic carbon π -system stabilizes the unpaired electrons in free radicals and produces PFRs (Demir-Cakan et al., 2009; Chen et al.,
2017a; Montes-Morán et al., 2004). Meanwhile, during the hydrothermal carbonization, water is easily decomposed into
•OH and •H (Akiya and Savage, 2002). The generated •H firstly
reacts with O2 to form peroxy radicals (Reaction (1)), and
then the radical chain reactions occur by breaking some weak
bonds and extracting hydrogen (Reactions (2) and (3)). Finally, the homogenized hydroxylation (Reaction (4)) and condensation reactions (Reaction (5)) terminate the free radical
chain reactions (Qin et al., 2018). The PFRs, such as phenol and
quinone radicals are formed during the free radical reactions.
O2 +• H→• HO2

(1)

R − H+• H → R• + H2

(2)
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R• + O2 → ROO•

(3)

R• + OH → ROH

(4)

R• + R• → R − R

(5)

Considering the complexity of biomass components and
their properties, the types of PFRs produced are different
during hydrothermal carbonization process. For example,
the phenoxyl- and semiquinone-type PFRs can be formed
by transferring electrons from aromatic carbon structure to
metal ions, and the phenoxyl-PFRs are further decomposed
to carbon-centered PFRs. Meanwhile, the catechol and hydroquinone with several phenolic hydroxyls can form oxygencentered PFRs, such as semiquinone-type PFRs (Ruan et al.,
2018, 2019).

3.

How to enhance the production of PFRs?

The types and intensities of PFRs in biochar are closely related to the preparation conditions, biomass types, metal contents and phenolic compounds (PCs) treatment. As reported,
the PFRs types in biochar changed with the transformation
of phenolic hydroxyl group, phenoxy group and semiquinone
group (Vejerano et al., 2012).

3.1.

Temperature

The concentrations and types of PFRs are pyrolysis temperature and time dependent. The g factor decreased with the increase of pyrolysis temperature and pyrolysis time, indicating
the PFRs types changed during pyrolysis process (Cains et al.,
1997; Demirbaş, 2000). The oxygen-centered PFRs tend to decompose into carbon-centered PFRs with neighboring oxygen
atoms when the pyrolysis temperature increased (Qin et al.,
2016, 2017a). Researches shows that semiquinone-type radicals break down into phenoxyl-type radicals (Vejerano et al.,
2011), and phenoxyl-type radicals change to cyclopentadienyl
ketene-type radicals as the temperature and pyrolysis time increased (Vončina and Šolmajer, 2002; Khachatryan et al., 2006).
Thus at relatively low temperatures, the oxygen-centered radicals were predominant in biochar, and the combination of
carbon- and oxygen-centered radicals with the increase of pyrolysis time and temperature (Xu et al., 2016; Vejerano et al.,
2011). Moreover, biochar pyrolysis temperature has great influence on the concentration of PFRs generated. Generally,
higher pyrolysis temperature favored PFRs formation within
a certain temperature range. The PFRs concentrations were
19.6 × 1018 and 9.98 × 1018 spins/g for biochar originated
form pine needles and wheat straws at the temperature of
500 ◦ C, respectively, which were significantly higher than
those pyrolyzed at 300◦ C (pine needles: 4.57 × 1018 spins/g)
and (wheat straws: 3.31 × 1018 spins/g) (Fang et al., 2017). However, Yang et al. (2016) observed that the PFRs signals reduced
when pine wood was pyrolyzed up to 500 °C, while reduced

significantly as the pyrolysis temperature further increased
to 700 °C. Meanwhile, Qin et al. (2017a) also found that the
concentration of PFRs in rice husk-derived biochar increased
at 300–500 ◦ C, and then decreased at 500–700 °C. Thus they
proposed a U-shaped relationship between biochar pyrolysis
temperature and PFRs concentration. On the one hand, the decreased PFRs should be ascribed to the breakdown and reorganization of organic structures in biomass at excessive pyrolysis temperature (Qin et al., 2016). On the other hand, the
phenolic compounds in biomass gradually decomposed with
increasing pyrolysis temperature and time, resulting in that
the amount of PCs participating in the development of PFRs
reduced (Ruan et al., 2019).

3.2.

Biomass types

In general, biochars prepared from different types of biomass
showed various g-factors and EPR intensity (Liao et al., 2014;
Fang et al., 2017). The EPR signals for the corn stalks were
higher than that of rice straws and wheat straws, and the EPR
intensity for the biochar originated from lignin was 5 times
that of biochar from cellulose (Liao et al., 2014). In addition,
the PFRs concentrations for biochar derived from pine needles
doubled that derived from wheat straws (Fang et al., 2017). The
results suggested the lignin in the precursor had a very important contribution to the EPR signals of biochar, which was accordance with the report that the formation of biochar-PFRs
is mainly related to the decomposition of lignin in biomass
(Kibet et al., 2012). The g-factors of biochar prepared from the
common biomass, for example corn stalks, rice and wheat
straws, bamboo and pig manure were larger than 2.0040,
which indicated that the PFRs in biochar were representative
oxygen-centered free radicals (Liao et al., 2014; Huang et al.,
2019). The PFRs in pine needles-based biochar were carboncentered radicals or carbon-centered radicals with adjacent
oxygen atom (Fang et al., 2014a). However, the relationships
between g-factors and biomass types are still unknown.

3.3.

The metals and PCs treatment

The electron can flux from carbon matrix to metal atoms during biochar preparation, so the transition metal has significant
influence on the types and yield of PFRs (Fang et al., 2015a).
Generally, the transition metal ions at relatively low concentration can accept electrons from phenolic compounds, which
are conducive to the formation of PFRs. However, excessive
transition metal ions consume PFRs in biochar because the
electron-shuttling effect of PFRs will accelerate the reduction of transition metal ions. The abilities of the metal oxides to promote PFRs formation followed the sequence, Al2 O3
> ZnO > CuO > NiO (Yang et al., 2017b). The production
of PFRs enhanced by Fe2 O3 was lower than CuO due to the
higher oxidation potential of Fe2 O3 (Vejerano et al., 2012). And
copper, zinc, nickel and ferric iron were beneficial for the
generation of phenoxyl-type and semiquinone-type radicals
(Vejerano et al., 2011, 2012). Moreover, the addition of PCs (i.e.,
hydroquinone, catechol, phenol and chlorophenol) to biomass
during biochar preparation favored the production of PFRs,
since the PCs are commonly considered as the preferable precursors for generating PFRs (Ruan et al., 2019). For example,
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compared with bamboo and corn stalk, the biochar derived
from pig manure contained the highest concentration of PFRs
(14.13 × 1018 spins/g), which should attribute to the high content of metals and PCs in pig manure (Huang et al., 2019).

4.
How to utilize biochar-PFRs for
environmental remediation?
4.1.

Redox systems

There are abundant surface functional groups, graphitized
and semiquinone structures, and conjugated π -electron systems related to saturated aromatic structures in biochar, so
the biochar can donate electrons and participate in redox reaction (Kappler et al., 2014; Sanroman et al., 2017; Joseph et al.,
2018). The EDCs of the biochar increased with the pyrolysis
temperature at 200–400 ◦ C, decreased at 400–650 ◦ C, and then
increased again at 650–800 ◦ C (Zhang et al., 2018). In general,
biochar prepared at relatively low temperatures (200–650 ◦ C)
contains more oxygen-containing functional groups, so the
increase of EDCs should be attributed to the phenolic hydroxyl
groups. However, the oxygen-containing functional groups
disappeared at the high temperature above 650 ◦ C. Simultaneously, the aromatic structures generated and the conjugated π -electron system related to the aromatic structure determined the EDCs of biochar (Zhang et al., 2017; Zhang et al.,
2018, 2019a). Some scholars also thought that the changes in
EDCs of biochar might be attributed to the transformation
of phenolic and quinone moieties at different temperatures
(Xu et al., 2013; Zhang et al., 2019a).
Due to the unique redox-active property, biochar has been
applied to remove redox-sensitive pollutants in natural engineering systems (Klüpfel et al., 2014). Dong et al. (2014) found
that the dissolved organic matter (DOM) extracted from
biochar could reduce Cr(VI) and the PFRs in DOM played a vital role in this process. The transformation of Cr(VI) is controlled by the surface reaction, in which the available PFRs
act as a key electronic donor. The Lewis acid-base interaction
formed a specific electron transfer bridge between PFRs and
Cr, resulting in creating more electron deficiency, which further improved the transformation of Cr(VI) in aqueous solutions (Zhu et al., 2020a). Zhao et al. (2018) reported that the
consumption of biochar-PFRs accompanied with the removal
of Cr(VI), in which semiquinone-type biochar-PFRs acted as
redox sites to directly donate electrons for the reduction of
Cr(VI) to Cr(III) and formed quinone groups simultaneously. In
addition to oxygen-centered PFRs, the aromatic structure and
graphite region of biochar are also associated with electrical
conductivity, which are crucial for electron transfer (Sun et al.,
2017; Yu et al., 2015). For example, Cr(VI) was reduced to Cr(III)
by biochar with graphitic carbon-based structure and the electron transfer from carbon-centered PFRs was the main mechanism (Zhong et al., 2018).
In addition, PFRs can play the role of electron mediator (electron shuttles) to accelerate electron transfer
(Saquing et al., 2016; Yu et al., 2015). It was reported that the
addition of biochar enhanced the biodegradation of organic
pollutants through improving electron transfer between Fe3+
and dechlorination bacteria (Tong et al., 2014; Saquing et al.,

Fig. 3 – Schematic diagram of heavy metal redox process
induced by biochar-PFRs.

2016). However, which components of biochar enhanced the
electron transfer was not mentioned in this study. Subsequently, Xu et al. (2016) reported that the semiquinone-type
PFRs in biochar was the redox mediators and could serve as
a temporary electron carrier in the multiple redox reactions.
Based on this conclusion, they evaluated the electron transfer during Cr(VI) reduction by biochar derived from peanut
shell and affirmed that biochar exhibited dual function, electron donor and electron shuttle (Fig. 3) (Xu et al., 2019a). At
low pH, biochar is inclined to be an electron donor, and the
oxygen-containing functional groups in its interior, such as C-O and -C=O are regarded as the electron donor moieties.
However, at higher pH, biochar prefers to be the electron shuttle, which is associated with the oxygen-centered radicals, e.g.
semiquinone-type PFRs (Xu et al., 2019a). An recent report discovered that phenolic-OH and semiquinone-type PFRs in ricehusk-derived biochar could activate the O2 to produce OH•
and H2 O2 under acidic and neutral conditions and achieved
the oxidation of As (III) (Zhong et al., 2019). However, under
alkaline conditions, As (Ⅲ) could be directly oxidized by the
semiquinone-type PFRs in biochar regardless of the presence
of O2 . Hence, the role of PFRs in redox systems is strongly pH
dependent.
The biochar-involved redox reactions include the direct
electrons donation of biochar-PFRs and the indirect electron
mediation from electron sources to contaminants induced by
biochar-PFRs. As electron mediator, biochar-PFRs can accept
electrons from electron donating sources and transfer them
to the contaminants. Hence full knowledge of the interaction between biochar and electron donating sources is crucial
to interpret the whole electron transfer network during contaminants degradation by biochar (Xu et al., 2019b; Mu et al.,
2018). Low molecular weight organic acids (LMWOAs) are rich
in natural environment, which are commonly used as the
electron donating sources (Mu et al., 2018; Jiang et al., 2019).
Xu et al. (2019b) investigated the interaction between biochar
and LMWOAs and the electron shuttling effect of biochar-PFRs
during Cr(VI) reduction. The interaction between biochar and
LMWOAs existed in both redox reactions and adsorption process. For the biochar derived from peanut shell at 400◦ C, the
Cr(VI) reduction through the electron transfer between LMWOAs and biochar was predominated due to the repeated
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Fig. 4 – The generation of ROS induced by biochar-PFRs and its potential to degrade organic pollutants.

cycle of reduction-oxidation of biochar-PFRs. While for the
biochar generated at 700◦ C, the enhanced sorption of LMWOAs on biochar associated with the conjugated structure of
biochar was crucial to the Cr(VI) reduction through the direct
electron shuttling process.

4.2.

Advanced oxidation systems

Due to the high content of PFRs, biochar can effectively catalyze hydrogen peroxide (H2 O2 ), persulfates (PS) and oxygen
(O2 ) to induce the generation of ROS, such as •OH, SO4 •−
and H2 O2 for the degradation of environmental pollutants
(Dela Cruz et al., 2012; Kiruri et al., 2013; Truong et al., 2010)
(Table 1, Fig. 4).

4.2.1.

Biochar/H2 O2 system

Generally, the degradation of organic contaminant by sole
H2 O2 and biochar is relatively low. However, when H2 O2 serves
as an oxidizing agent and biochar-PFRs is applied as an
H2 O2 activator to construct the biochar/H2 O2 system, which
is also called Fenton-like systems, the •OH (a powerful oxidizer with the redox potential 1.9–2.7 V) is generated and
achieved the enhanced degradation of organic contaminants.
Fang et al. (2014a) firstly explored the activation of H2 O2 by
biochar. 95%–100% of 2-chlorobiphenyl (2-CB) was degraded
by H2 O2 in the presence of biochar, while no obvious 2-CB
degradation was observed without biochar. Compared with
the biochar with different concentration of PFRs, the correlation between •OH generation and PFRs concentration was
positive, indicating the PFRs is the key factor for the generation of •OH. The activation mechanism was proposed that
the biochar-PFRs, such as semiquinone-type PFRs transfer single electron to H2 O2 to produce •OH (Fig. 4). Meanwhile, the
oxygen-centered PFRs in hydrochar could also activate H2 O2
to form •OH, which is conducive to the degradation of organic
pollutants (Ruan et al., 2018).

Moreover, hydrochar frequently exists with iron ion in water environments, and the interaction between them might affect the transformation of organic contaminants (Garg et al.,
2013). The abundant carbon-centered PFRs and hydroxyl
groups in hydrochar facilitate the formation of Fe(III) complexes, thus enhance the electron transfer from carboncentered PFRs and hydroxyl groups to Fe(III) ions and the
resulted Fe(II) can favor the decomposition of H2 O2 to produce more •OH (Qin et al., 2017b). That is, the PFRs and hydroxyl groups in hydrochar effectively promote the cycle of
Fe(III)/Fe(II), and guarantee enough Fe(II) ions in Fenton-like
system, which is conducive to the rapid catalytic decomposition of H2 O2 to generate highly reactive •OH. The production
of PFRs in pryrochar depends on pyrolysis temperature, surface modification, biomass types and its compositions, which
exert a significant effect on the activation of H2 O2 . The biochar
produced at higher pyrolysis temperature (300–800 °C) had
higher capacity in promoting the formation of •OH. The corresponding sulfamethazine (SMT) degradation rate in different biochar/H2 O2 system increased from 0.0211 to 0.427 min−1
(Huang et al., 2016). The effects of biomass types on the formation of biochar-PFRs, and their activation potential for H2 O2
were also explored (Huang et al., 2019). The results showed
that the pryrochar derived from pig manure contained the
highest concentration of PFRs (14.13 × 1018 spins/g), and the
correlation analysis among the amount of PFRs, •OH formation and tetracycline (TC) degradation rate in biochar/H2 O2
system indicated that PFRs play an important role in the
degradation of TC (Huang et al., 2019). The results of EPR trapping experiment and linear sweep voltammetry demonstrated
that •OH was the main reactive radical, and H2 O2 activation by
biochar-PFRs was associated with the electron transfer pathway from PFRs to H2 O2 .
In general, the organic contaminants removal in the
biochar/H2 O2 system involves the synergetic effect of ad-
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Table 1 – Applications of biochar in advanced oxidation systems for the remediation of pollutants.
Biomass

Reaction systems

Pollutants

Performance

Mechanism

Reference

pine needles, wheat
straw, maize straw

biochar + H2 O2

2-CB

H2 O2 was effectively activated
by BC-PFRs, thus produces •OH
to degrade 2-CB.

Fang et al.
(2014a)

corn stalks, bamboo,
and pig manure

biochar + H2 O2

TC

When 2-CB=10.6 μmol/L,
H2 O2 =10 mmol/L, biochar =1
g/L, pH=7.4, approximately 95%
of 2-CB was degraded.
When TC=67.5 μmol/L, H2 O2 =5
mmol/L, biochar= 0.5 g/L,
pH=7.4, approximately 100% of
TC was degrade.

Huang et al.
(2019)

sewage sludge

biochar + H2 O2

CIP

•OH was the dominant reactive
radical and electrons transfer
pathways might be responsible
for the activation of H2 O2 by
BC-PFRs.
•OH was the dominant radical
in CIP degradation during
Fenton-like oxidation.

sludge

biochar + H2 O2

CIP

lignin

biochar + H2 O2

BPA

wheat straws

biochar + H2 O2

SMT

pine needles

biochar +PMS

1,4-D

pine needles

biochar +PS

PCBs

rice straw

biochar +PS

aniline

spent malt rootlets

biochar +PS

SMX

camellia seed husks

biochar +PS

TC

municipal sewage
sludge

biochar +PDS

TC

sludge

biochar +PDS

SMX

sludge

biochar +PS

4-CP

When CIP=10 mg/L, H2 O2 =10
mmol/L, biochar= 0.2 g/L,
pH=4.0, approximately 90% of
CIP was degrade.
When CIP=10 mg/L, H2 O2 =1
mmol/L, biochar= 0.4 g/L,
pH=7, approximately 93% of
CIP was removed.

When BPA=50 mg/L, H2 O2 = 40
mmol/L, biochar= 1 g/L,
50%-80% of BPA was removed.
When SMT=13.7 mmol/L,
H2 O2 = 10 mmol/L, biochar= 1
g/L, approximately 100% of
SMT was degraded.
When 1,4-D=20 μmol/L,
PMS=8.0 mmol/L, biochar=1
g/L, pH=6.5, 84.1% of 1,4-D was
degrade.
When PCB=3.9 μmol/L, PS=8.0
mmol/L, biochar=1 g/L, pH=7.4,
approximately 80-100% of PCB
was degraded for different
metal loaded.
When aniline=10 mg/L, PS=90
mg/L, biochar=0.6 g/L, pH=3,
approximately 94.1% of aniline
was degraded.
When SMX=250 μg/L, PS= 250
mg/L, biochar=90 mg/L,
approximately 94% of SMX was
degraded.
When TC=20 mg/L, PS= 10
mmol/L, biochar=0.4 g/L,
approximately 92.3% of TC was
removal.
When biochar=0.2 g/L, TC=100
mg/L, PDS=4.2 mmol/L,
pH=2.17, 82.24% of TC was
degraded.

When SMX= 40 μmol/L,
PDS=1.5 mmol/L, biochar=2
g/L, pH=5.0, 94.6% of SMX was
removed.
When 4-CP=0.039 mmol/L, PS=
1.85 mM, biochar= 1 g/L,
pH=6.30, the removal of 4-CP
achieved 92.3%.

sp2 C=C, C=O, pyridonic-N and
pyridinic-N in biochar are
catalytic reactive sites, and
single-electron transfer from
BC-PFRs to H2 O2 is a possible
activation mechanism.
The oxygen-centered PFRs
activated H2 O2 to produce •OH,
thus degrade BPA.
•OH was the dominant radical
in SMT degradation during
Fenton-like oxidation.

Li et al., 2019

Luo et al.
(2019b)

Ruan et al.
(2018)
Huang et al.
(2016)

•OH was the dominant free
radical within biochar/PMS,
and the defect of biochar
contributed to the generation
of SO4 •− and •OH.
BC-PFRs activates PS to
produce SO4 •− and degraded
PCBs efficiently.

Ouyang et al.
(2019)

Holes are reactive species
responsible for the degradation
of aniline.

Wu et al.
(2018)

PS activation seems to occur on
the biochar surface through
interactions with the surface
functional groups in PFRs, thus
generating radicals.
The degradation mechanism
includes radical and nonradical
pathway involving SO4 •− and
•OH and 1 O2 .
SO4 •− and •OH were
responsible for the degradation
of TC, and one internal electron
migration path (from sp3 to
nanocrystalline sp2 carbon)
was the activation mechanism.
1
O2 was the predominant
reactive species of the
biochar/PDS system.
Oxygen-containing functional
groups and Fe species on the
surface were considered as
reactive components for the
activation of PS.

Fang et al.
(2015a)

Kemmou et al.
(2018)

Yu et al.
(2019)

Yin et al.
(2019)

Wang et al.
(2017b)

Huang et al.
(2018)

(continued on next page)
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Table 1 (continued)
Biomass

Reaction systems

Pollutants

Performance

Mechanism

Reference

sludge

biochar +PMS

BPA

1

O2 was the main reactive
species responsible for BPA
degradation

Wang et al.
(2018)

sludge

biochar +PMS

TCS

•OH,

SO4 •− and 1 O2
contributed to TCS degradation

Wang and
Wang (2019)

sawdust

Biochar+PS

AO7

When BPA=10 mg/L, PMS= 0.1
g/L, biochar= 0.2 g/L, pH=6.0,
approximately 100% of BPA
was removed.
When TCS=0.034 mmol/L,
biochar= 0.5 g/L, PMS=0.8
mmol/L, pH 7.2, approximately
99.2% of TCS was degraded.
When AO7= 50 mg/L,
biochar=1.5 g/L, PS=9 mmol/L,
90% of AO7 was degraded.

He et al.
(2019)

pine needles, wheat
and maize straw

biochar

DEP

Graphite holes and active
radicals such as SO4 •− and
•OH took part in the oxidation
process.
BC-PFRs mediate the formation
of O2 •− , H2 O2 and •OH, and
•OH degrades DEP efficiently.

pine wood, corn
stalks, peanut shells,
rice, wheat straws

biochar

PNP

•OH was responsible for the
degradation of PNP, and PNP
could also degrade through the
direct contact with BC-PFRs.

Yang et al.
(2017a)

When DEP=5.0 mg/L,
biochar=1.0 g/L, pH =7.4, 100%,
95% and 89% of DEP was
degraded in P300, W300 and
M300 suspensions.
When PNP=400 mg/L,
biochar=30 g/L, approximately
100% of PNP was removed.

Yang et al.
(2016)

Notes: 2-CB (2-chlorobiphenyl), PDS (peroxydisulfate), PS (persulfates), PMS (peroxymonosulfate), TC (tetracycline), CIP (ciprofloxacin), PCBs
(polychlorinated biphenyls), SMX (sulfamethoxazole), SMT (sulfamethazine), 1, 4-D (1,4-dioxane), 4-CP (4-chlorophenol), BPA (bisphenol A),
TCS (triclosan), DEP (diethyl phthalate), PNP (p-nitrophenol), AO7 (acid orange 7)

sorption and degradation, including biochar adsorption, PFRsactivated H2 O2 , PFRs-activated O2 and PFRs themselves. The
contribution of different mechanisms to ciprofloxacin (CIP) removal in biochar/H2 O2 system was quantitatively investigated
(Luo et al., 2019b). They found that the catalytic oxidation
proportion by biochar-PFRs were 61.69% and 70.19% respectively for raw biochar and HNO3 modified-biochar. The mechanism for H2 O2 activation by biochar-PFRs has been proposed
to be the enhanced single-electron transfers from sp2 C=C,
C=O, pyridonic-N and pyridinic-N of biochar-PFRs to H2 O2 .
Obviously, the HNO3 modification increased the quantities
of biochar-PFRs, especially the oxygen-centered radicals, and
promoted the generation of •OH. Additionally, N dopping in
biochar can regulate the electronic properties of the inert carbon lattice by destroying electron distribution and spin density (Kong et al., 2014), which enhances the activation of H2 O2
and is benefical for the degradation of pollutants.

4.2.2.

Biochar/PS system

Advanced oxidation processes (AOPs) based on PS (such
as peroxydisulfate (PDS) and peroxymonosulfate (PMS))
have received increasing attention in wastewater treatment
(Yin et al., 2019; Yu et al., 2019). PS must be firstly activated
by homogeneous or heterogeneous catalysts to form the sulfate radical (SO4 •− ), which is responsible for the degradation
of organics (Matta et al., 2010). Compared with the •OH-based
AOPs, PS-based AOPs are not only effective in a wider pH
range, but also present a higher redox potential (2.5–3.1 V),
which would be preferable (Huang et al., 2018; Watts and
Teel, 2006; Buxton et al., 1988).
Considering the abundant PFRs in biochar, it possesses the
activation potential towards PS (Fang et al. 2015a). The ac-

tivation mechanism is summarized as follows: (1) biocharPFRs transfer electrons to S2 O8 2− to form SO4 •− ; (2) biocharPFRs transfer electrons to O2 to form superoxide radical anion (SRA), which subsequently reacts with S2 O8 2− to generate
SO4 •− ; (3) SO4 •− from above two pathways reacts with H2 O
or OH− to form •OH (Fig. 4). The dominant reactive species
for pollutants degradation are SO4 •− and •OH (Yu et al., 2019).
However, it is reported that S2 O8 2- may be difficult to adsorb onto biochar surface due to the negative zeta potential
(−22.8 mV) of biochar, so PFRs in biochar could not directly
transfer electrons to PS (Wang et al., 2019a). The addition of
conductive substance can solve this problem successfully. In
the presence of Fe(III), biochar and Fe(III) is attached via electrostatic interactions. The carbon-centered PFRs in biochar
can act as electron donors, and transfer electron to Fe(III)
successfully, thus resulting in the formation of Fe(II), which
is conducive to the subsequent activation of PS (Wang and
Wang, 2019). In addition, Ouyang et al. (2019) further verified
besides biochar-PFRs, the predominant influencing factor on
the activation potency of biochar towards PMS was the defective structure in biochar, such as edge defects, curvatures and
vacancies. The defective structure improved the generation of
dangling σ bonds, and its π -electrons are not confined by edge
carbons, thus accelerating the generation of SO4 •− and •OH
via electron transformation from biochar to PMS through following equations (Reactions (6) and (7)) (Ouyang et al., 2019;
Ghanbaric and Ahmadi, 2017).
+
−
•−
HSO−
5 + biochardefects → OH + SO4 + biochardefects

(6)

+
2−
HSO−
5 + biochardefects → •OH + SO4 + biochardefects

(7)
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Specifically, biochar is regarded as the combination of
DOM, acid-soluble substance (ASS), carbon matrix (CM) and
basal part (BSP), but their contributions to the degradation of
pollutants are equivocal. Yu et al. (2019) separated the four
parts by specific physicochemical methods, and demonstrated
that ASS was the most crucial contributor for the biochar calcinated at 400 ◦ C (biochar-400) and 600 ◦ C (biochar-600), while
CM took the absolutely dominance for the biochar calcinated
at 800 ◦ C (biochar-800) in the catalysis of PDS. Coupled with
the radical capture technique and EPR, the tetracycline degradation in biochar-800/PDS was confirmed to be completely
controlled by radicals, in which ASS was responsible for the
generation of SO4 •− , and CM was committed to the production of •OH. The one internal electron migration from sp3 to
nanocrystalline sp2 carbon was recognized as the activation
mechanism. Considering the proved existence of PFRs in CM
and DOM (Fang et al., 2017), the role of PFRs should be taken
into account in exploring the contributions of different parts
of biochar to activating PDS.
Nonradical reactions are also discovered during the pollutants oxidation by PS/biochar system, whereas the reaction pathways involved remain controversial. The holes, 1 O2
and surface-confined electron transfer were responsible for
the degradation of pollutants in biochar/PS system (He et al.,
2019; Yin et al., 2019; Huang et al., 2018; Zhu et al., 2018,
2020b). Wu et al. (2018) reported that the aniline could be effectively degraded via PS activation by rice straw-based biochar,
and 94.1% of aniline was degraded within 80 min. The radical/hole quenching experiments and EPR demonstrated that
the predominant reactive species were graphite holes instead
of SO4 •− and •OH, and the possible mechanism was as follows: the S2 O8 2- adsorbed on the surface of biochar is reduced
by electron donor groups, such as hydroxyl, carboxyl and PFRs,
and the holes are generated simultaneously.
Recently, it was confirmed that biochar could effectively activate PDS through a non-radical pathway dominated by 1 O2 ,
which provided a novel insight into the activation pathway of
PDS (Yin et al., 2019). Huang et al. (2018) reported that the 1 O2
was catalytically generated by the ketone structure in biochar
at the edge of carbon matrix, which should be the main reaction species for the degradation of bisphenol A. The ketonecatalyzed PMS decomposition process could be described by
Reactions (8)–(11). However, 1 O2 only contributed to 0.004%–6%
of the total organic matter degradation, and the main pathway
of non-radical oxidation due to the differences of inherent redox potentials was that the surface-confined electrons transfer from organic matter to PS/carbon complexes through the
conductive surface of biochar (Zhu et al., 2020b). The findings
contributed to a comprehensive understanding of biocharcatalyzed PS process.

(8)
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(9)

(10)

(11)
For the differences of biomass sources and preparation
conditions, the influence factors for the concentrations and
types of PFRs in biochar are relatively complex. The predominant reactive species responsible for the degradation of pollutants in biochar/PS system are discrepant at different researches, but the discrepancies have not been clearly elucidated. According to the discussion above, SO4 •− and •OH are
originated from the electron transferring from the carboncentered PFRs to PMS for the defect structures of biochar
(Ouyang et al., 2019), the holes are formed for the reduction
of S2 O8 2- by electron donor groups, such as the hydroxyl and
carboxyl on PFRs (Wu et al., 2018), and the 1 O2 is catalytically
generated by the ketone structure of biochar (Huang et al.,
2018). Thus the predominant reactive species for the pollutants degradation in biochar/PS system should associate with
the structure of PFRs in biochar.

4.2.3.

Sole biochar system

Recently most of researches mainly focused on the activation
of strong oxidants such as H2 O2 and PS by biochar for the
degradation of organic pollutants. However, due to the high
reactivity of biochar-PFRs, organic pollutants can also be degraded in sole biochar system. Qin et al. (2016) observed the
catalytic degradation of 1,3-dichloropropene (1,3-D) in aqueous cow manure- and rice husk-based biochar slurry. The enhanced 1,3-D degradation was attributed to the PFRs in aqueous biochar slurry. Similarly, Fang et al. (2015b) explored the
effect of biochar suspensions on the degradation of diethyl phthalate (DEP) in the presence of dissolved O2 , and found 89%–
100% of 5.0 mg/L DEP was effectively degraded. EPR coupled
with salicylic acid trapping methods verified •OH was generated in biochar suspensions induced by biochar-FPRs, and
approximately 12 spin of PFRs were consumed to generate
one trapped •OH. The proposed mechanism for •OH formation is that the electrons are transferred from biochar-PFRs to
O2 to generate SRA (O2 •− ) and H2 O2 , which subsequently reacts with PFRs to produce •OH through single-electron transfer process (Fig. 5).
Yang et al. (2016) explored the degradation of pNitrophenol (PNP) in a sole biochar system, and presented
that biochar-PFRs played a vital role in the removal of organic
contaminant. The degradation of PNP had a close relationship
with the EPR signal strength in biochar. However, they found
that tert-Butanol could not completely inhibit the degradation of PNP, indicating •OH-based mechanism could not fully
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Fig. 5 – The schematic diagram of ROS generation induced
by biochar-PFRs.

Fig. 6 – The generation of ROS induced by PFRs under light
and its potential to degrade organic pollutants.

explain PNP degradation. H2 O2 can be formed and destroyed
in a sole biochar system, and the following equations (Reactions (12)–(16), m represents the carbon matrix) illustrated
the process of H2 O2 formation (Fang et al., 2015b; Yang et al.,
2016).

Cm • , Cm O• + PNP → products



H2 O
Cm (O2 ) → Cm −2H+ + H2 O2

H2 O

H2 O

(12)

Cm,nrs • + PNP → products

4.3.


H2 O

Cm OO• → Cm −H


+

+ HO2 •

(13)

hydroquinone/semiquinone + O2

(14)

→ semiquinone/quinone + O2

(14)



H2 O
Cm • + O2 → Cm −H+ + O2 •−

(15)

HO2 • + O2 •− + H2 O → H2 O2 + O2 + OH−

(16)

Moreover, carbon-centered radicals reacted with H2 O2 to
generate •OH by one-electron transfer as following Reaction
(17) (Fang et al., 2014b):


H2 O
Cm • + H2 O2 → Cm −H+ + •OH + OH−

(17)

However, H2 O2 removal (through the addition of catalase)
only has a slightly inhibitory effect on PNP degradation (12%–
30%), and has little influence on the change of PFRs signal (<6
radicals annihilated per 1000 PNP reacted). So the mechanism
of PNP degradation through direct reacting with biochar-PFRs
was presented.
Thus the degradation of PNP was proposed by two ways:
degrading by ROS originated from H2 O2 induced by PFRs (Reaction (18); ˜20%) and directly reacting with PFRs (Reactions
(19)-(20); ˜80%). Among direct reaction with PFRs, non-free radical reaction sites play a dominant role and PFRs play a relatively minor role, unless PFRs serves as the catalyst (Yang et al.,
2017a).
H2 O

•OH + PNP → products

(18)

(19)

(20)

Photocatalytic systems

Except for degrading organic contaminants by activation of
oxidants, biochar can photocatalytically degrade contaminants under UV and/or visible light irradiation (Table 2). In
general, electrons on biochar are transformed from the valence band to the conduction band under irradiation and form
the electron-hole pair. Consequently, the generated •OH and
O2 •− induce the degradation of contaminants on the biochar
surface (Fig. 6) (Lyu et al., 2020; Liang et al., 2021). As reported, the generation of ROS from biochar under light irradiation should be ascribed to the existence of carbon matrix
(BCM) and DOM, and the BCM-bound PFRs (biochar-PFRs) and
BCM quinone-like structure (BCM-Q) are the two dominant
factors influencing the formation of •OH and 1 O2 from BCM
(Fang et al., 2017; Li et al., 2011). On the one hand, the BCM-Q
induces the formation of excited triplet states (3[BCM-Q]∗ ) under light irradiation, resulting in the generation of 1 O2 . Meanwhile, biochar containing a high amount of surface boundPFRs can effectively induce the formation of more •OH under light. On the other hand, DOM from biochar promotes the
yield of •OH and 1 O2 via enhanced electron transfer induced
by light energy. As reported by Fang et al. (2017), under ultraviolet and simulated sunlight, diethyl phthalate (DEP) was effectively degraded and partially mineralized in biochar suspension, in which •OH and 1 O2 were the dominant ROS. The
63.6%–74.6% of •OH and 10%–44.7% of 1 O2 formation was attributed to BCM, while DOM derived from biochar induced
46.7%–86.3% of 1 O2 and 3.7%–12.5% of •OH generation. Meanwhile, Fu et al. (2015) found the photoreactions preferentially
targeted aromatic and methyl moieties to generate CH2 /CH/C
and carboxyl/ester/quinone functional groups. The dissolved
biochar generated ROS including 1 O2 and O2 •− during irradiation, carbonyl-containing structures instead of aromatic ke-
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Table 2 – Applications of biochar in photocatalytic systems for the remediation of pollutants
Biomass

Light source

Pollutants

Performance

Mechanism

leaves and wood
sticks

daylight irradiation

SM2

When SM2=250 μg/L,
output energy =40 W,
biochar=100 mg/L,
approximately 72% of
SM2 was removed.

pine needles and
wheat straws

UV light

DEP

urea, glycine,
L( + )-arginine, and
puree

UV light

OG Cr (VI)

When DEP=20 mg/L,
output energy =100 W,
biochar=200 mg/L,
52.3–72.3% of DEP was
removed.
When OG=0.05 mM,
Cr(VI)=0.3 mM,
biochar=5 g/L, output
energy =15 W,
approximately 40% of
Cr(VI) and 80% of OG
were simultaneously
removed.

poplar woodchips

visible light
irradiation

EFA

•OH

H2 O2 and
was
responsible for SM2
degradation, and
OFGs accounted for
the ROS generation
under daylight
irradiation.
•OH and 1 O2 were
the dominant radical
in DEP degradation.

When EFA=20 mg/L,
ball-milled biochar=0.20
g/L, irradiation intensity
was 23.20 mW/cm2 ,
80.2% of EFA was
degrade, and 66.4% of
EFA was mineralized.

ROS were
responsible for the
oxidation of OG, and
organic acids
produced by the
partial oxidation of
OG may serve as
electron donors for
reduction of Cr(VI).
O2 •− and h+ were
the dominant radical
in EfA degradation.

Reference
Chen et al. (2017b)

Fang et al. (2017)

Jeon et al. (2017)

Xiao et al. (2020)

Note: SM2 (sulfadimidine), DEP (diethyl phthalate), OG (orange G), EFA (enrofloxacin)

tones participated in the sensitization process of 1 O2 , and selfgenerated ROS played an important role in the process of phototransformation.
Hydrochar can also produce ROS due to the existence of
biochar-PFRs. Chen et al. (2017b) systematically compared the
photochemistry performance of hydrochar and pyrochar, and
demonstrated that oxygen-centered radicals were predominantly for the two biochar although pyrochar contained more
PFRs. Meanwhile, hydrochar produced more H2 O2 and •OH
under daylight irradiation, which was mainly due to its abundant photoactive surface oxygenated functional groups (OFGs)
structure. Xiao et al. (2020) found ball-milling could expose
more carbon defects and OFGs on biochar, and dramatically
increased the photocatalytic degradation of organic pollutants, which further verified the photogenerated ROS ability of
biochar was related to the amount of OFGs. Therefore, the possible mechanism of the photogeneration of ROS by hydrochar
is as following: the OFGs and PFRs on the surface of hydrochar
serve as a photosensitizer, and the hydrochar acts as an electron shuttle. The excited electrons are transferred from OFGs
and PFRs to the electron acceptor (e.g., O2 ) adsorbed on the
surface of hydrochar and different ROS are generated.
Biochar is a good alternative as a photocatalyst carrier.
Considering the graphitized and semiquinone structures of
biochar and the existence of biochar-PFRs, the introduction of
biochar can broaden the light absorption range of photocatalysts and provide an effective electron transfer channel to facilitate the separation of photogenerated electron-hole pairs.

Based on the above advantages, biochar-based catalysts may
be the potential substitutes for removing environmental pollutants in photocatalytic system, which has attracted increasing scientific attention and becomes an active research filed.

4.4.

Sonocatalytic systems

Sonochemical process can form many cavitation bubbles,
which burst suddenly after expanding to a critical size. During this process, the strong local heat and high pressure
are formed at the liquid- gas interface (Balachandran et al.,
2016; Saalbach et al., 2018), and eventually free radical species
(mainly •OH) are generated according to the following equations (Reactions 21–23) (Le et al., 2015; Gholami et al., 2019a):
Sonocatalyst

Ultrasonication

→

h+ + e−

−

(21)

e− + O2 → O2 •

(22)

H2 O2 + O2 •− → •OH + OH− + O2

(23)

These oxidizing species are continuously produced by ultrasonication and contribute to the decomposition of organic
contaminants (Harada and Okitsu, 2015; Adewuyi, 2001). However, the degradation efficiency of ultrasonication alone is relatively low, and the energy consumption is relatively high, so
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some sonocatalysts are introduced to the ultrasonication system (Zhang et al., 2019b; Gholami et al., 2019b). Due to its high
specific surface area and hydrophobicity, biochar can accelerate the nucleation of cavitation bubble in sonocatalytic system
(Khataee et al., 2017; Kim et al., 2018). Li et al. (2017) utilized
biochar derived from sugarcane bagasse for sonocatalytic
degradation of methylene blue and a significant synergetic effect was observed. A free radical chain reaction was proven to
occur predominately in the interfacial region while to a lesser
extent in bulk solution. Similarily, Kim et al. (2018) applied
biochar derived from peat moss to remove Rhodamine B in
a sonochemical system. They found that the raw biochar may
be a useful sonocatalyst in a low-frequency ultrasound system, whereas physical/chemical activation or surface modification via hetero-atom doping should be taken to enhance the
role of biochar in high-frequency ultrasound systems.

5.

Conclusions and prospects

Recent researches showed that the PFRs in biochar play an
important role in the environmental pollution remediation
by biochar. In this review, the latest formation mechanism
of PFRs was summarized in detail, and the performance of
biochar-based systems, including redox system, advanced oxidation system, photocatalytic system, and sonocatalytic system, for environmental pollution remediation were systematically evaluated from the viewpoint of the catalytic role of PFRs.
However, the research in this field is still at an early stage, and
there is a need to improve the technology that extends to the
level of the pilot plant.
1) How to generate preferred concentrations and types of
PFRs and enhance the superior catalytic characteristics of
biochar for specific pollutants is a scenario worth topic in
the future. Although we have understood that PFRs can improve the electron transfer, the mechanisms on electron
transfer/shuttle from biochar to target contaminants remain controversial. Moreover, the influence mechanisms
of structural graphitization, surface functional groups, inherent/external metals, and PFRs on contaminants removal are not clear and their contributions are equivocal.
2) Studies showed that the ROS induced by biochar-PFRs,
polycyclic aromatic hydrocarbon and trace heavy metals in
the biochar exhibit adverse health effects in humans and
plants (Liao et al., 2014). Thus when biochar is used in natural environment, its biological toxicity should be assessed.
In addition, most of studies on biochar are carried out under laboratory conditions, and the field-scale studies are
few. In the future, the potential interaction of biochar-PFRs
with minerals, inorganic/organic compounds and microorganisms in real environment should be focused on.
3) The degradation efficiency of contaminants by sole biochar
is relatively low, and the reusability of biochar-PFRs is
poor. Recent studies indicated that surface modification
by physical/chemical activation and heteroatomic doping
enhanced the catalytic activity and stability of biochar
(Luo et al., 2019b; Liu et al., 2020). So the development of
high-performance biochar-based catalysts may be crucial

to expand the application of biochar-based technology in
environmental pollution remediation.
4) Sole biochar exhibits lower efficiency to pollutants
removal for limited amount of PFRs. So exploring combined technologies such as photocatalysis+biochar,
sonocatalysis+biochar to enhance the catalytic function
of biochar induced by PFRs may be an important direction for the application of biochar-based technology in
environmental pollution remediation.
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