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Biochar has attracted increasing attention in water pollution control, attributed to its various merits, e.g., tunable
physico-chemical properties. The oxygenated functional groups (OFGs) on biochar are key active sites for
removing pollutants from water through interfacial adsorption/redox reaction. However, there is still a lack of
comprehensive knowledge and perspective on tuning OFGs on biochar for enhanced performance in water
pollution control. Here, this review highlighted the mechanisms of biochar OFGs in water pollution control,
analyzed the strategies and mechanisms for tuning OFGs on biochar, and investigated the performances of
biochars with tuned OFGs in removing inorganic/organic pollutants via adsorption/redox reactions. Specifically,
strategies for tuning OFGs on biochar are far more than the well-recognized ex-situ oxidation of pristine biochar.
These strategies include in-situ low temperature preservation of hydroxyl and carboxyl, in-/ex-situ oxidation of
biochar, and in-/ex-situ grafting of carboxyl on biochar via cycloaddition/acylation reaction. The resultant
biochars showed enhanced performances in adsorption (mainly mediated by hydroxyl, carboxyl and ketone
through surface complexation, H-bonding, and electrostatic attraction) and redox reaction (mainly mediated by
redox-active hydroxyl and ketone). Finally, this review presented future directions on developing biochar with
specially tuned surface OFGs as a sustainable high-performance adsorbent/carbocatalyst for water pollution
control.
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1. Introduction
Water pollution control has become a global concern due to the
prevailing anthropogenic pollution in water environment (Hu et al.,
2017). The development of high performance and cost-effective mate
rials is crucial for water pollution control. In recent years, attributed to
the abundant biomass source (including pure and raw biomasses),
tunable physicochemical properties (e.g., pore structure, surface area,
surface functionality, and conductivity), and ease of production (by
hydrothermal carbonization (HTC) (Dai et al., 2014, 2015, 2017a),
torrefaction (Li et al., 2019d; Chen et al., 2021; Lu et al., 2021), pyrolysis

(Dai et al., 2018, 2017b; Xu et al., 2020) and gasification (Widjaya et al.,
2018)) and scaling up, biochar-based materials has attracted increasing
attentions as green and sustainable materials for water pollution control
(Xiao et al., 2018).
Based on the composition of organic elements in biochar, oxygen is
the second richest element after carbon. It is mainly bonded with carbon
in biochar matrix in the form of oxygenated functional groups (OFGs), e.
g., hydroxyl, carboxyl, ketone, lactone and ether groups (Fig. 1a). The
OFGs on biochar play critical roles in the interaction between biochar
and pollutants in water (Fig. 1b–f). These OFGs (e.g., hydroxyl,
carboxyl, ketone) have been reported to be the main active adsorption
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performances of biochar with customized OFGs. Finally, the overarching
objective of this review is to provide new insights on tuning OFGs on
biochar and promote the application of biochar as a green and sustain
able material for water pollution control. In this review, biochar from
various biomass sources (e.g., glucose, cellulose, straw, sludge) by
various thermochemical conversion processes (e.g. pyrolysis, torre
faction and HTC) are included. The literatures about tuning OFGs on
biochar were searched in Web of Science and Google Scholar using the
keywords “biochar (or hydrochar)” and “oxidation, oxygenation,
oxygenated functional group, hydroxyl, carboxyl, or ketone”.

sites for heavy metals (e.g., Hg (Zhang et al., 2020), Cd (Fan et al.,
2018)), nuclides (e.g., U (Dai et al., 2020)), nutrients (e.g., ammonium
(Wang et al., 2020)), hazardous anions (e.g., ClO−4 ) (Fang et al., 2014b),
and organic pollutants (e.g., antibiotics (Huang et al., 2020), dyes (Li
et al., 2019d)) through surface complexation, H-bonding, and electro
static attraction. Moreover, OFGs on biochar are electroactive sites for
electron donating (by hydroxyl) and accepting (by ketone/quinone),
favoring the catalytic degradation of organic pollutants (Sun et al.,
2020a; Xiao et al., 2020) and reduction of heavy metals (Xu et al.,
2020b, 2019). Thus tuning OFGs on biochar is critical for its perfor
mance in water pollution control via adsorption/redox reaction. How
ever, there is a lack of knowledge on tuning biochar OFGs for promoting
its performance in adsorption/redox reactions.
Various strategies, e.g., oxidation (Dai et al., 2020), amination
(Zhang et al., 2019d), sulfonation (Yu et al., 2021), activation (Patra
et al., 2021) and compositing (Zhao et al., 2021; Wan et al., 2020), have
been developed for enhancing the performance of biochar in water
pollution control, and many review papers have provided the progress
and perspective on the preparation and modification of biochar for
various applications (Patra et al., 2021; Zhao et al., 2021; Wan et al.,
2020). However, little comprehensive knowledge and perspective are
available on tuning OFGs of biochar for promoting its performance in
water pollution control. The well-recognized strategy for tuning OFGs
on biochar is ex-situ oxidation of the pristine biochar (Dai et al., 2020).
Actually, strategies for tuning OFGs on biochar for enhanced perfor
mances are far more than ex-situ oxidation (Dai et al., 2020). For
example, our previous studies suggested that torrefaction facilitate the
preservation of hydroxyl and carboxyl groups on biochar surface, and
the resultant biochar was highly efficient for adsorbing both inorganic
and organic pollutants from water (Li et al., 2019d; Lu et al., 2021);
carboxyl grafting via cycloaddition has been well-developed for
enhancing the performance of carbon materials (Sarkar et al., 2011;
Mahardiani et al., 2019), while little is known about the efficacy of
carboxyl grafting via cycloaddition on enhancing the performance of
biochar.
Herein, this review highlighted the environmental mechanisms
involved with OFGs on biochar, critically summarized the strategies and
mechanisms for tuning OFGs on biochar, and investigated the enhanced

2. Mechanisms involved with OFGs on biochar in environmental
remediation
The OFGs on biochar mediate its reactivities in surface complexa
tion, H-bond donation/acception, electrostatic attraction/repulsion, and
electron donation/acception, which mediate the performance of biochar
in removing pollutants from water through adsorption/redox reaction.
2.1. Adsorption involved with OFGs on biochar
2.1.1. Surface complexation (phenolic hydroxyl, carboxyl, ketone)
It has been well documented that surface OFGs, e.g., carboxyl and
phenolic hydroxyl as hard Lewis bases, can serve as complexation sites
for cations. According to the concept of hard and soft (Lewis) acid and
base (HSAB), a hard acid prefers to complex with a hard base, and a soft
acid prefers to complex with a soft base (Fig. 1b). For example, Pb
complexation with carboxyls and hydroxyls contributed 38–42% of the
total Pb adsorption by sewage sludge-derived biochar (prepared at
500 ◦ C) (Lu et al., 2012), Cd complexation with OFGs accounted for 84%
of the total Cd adsorption by oily sludge-derived biochar (prepared at
500 ◦ C) (Tian et al., 2020). A surface complexation model by Alam et al.
(2018) successfully simulated the adsorption performance of U(VI) by
biochars from wood chip and wheat straw, and spectroscopy (EXAFS,
XPS and FTIR) analyses suggested that U(VI) adsorption onto biochar is
primarily through –COOH and –OH groups via the formation of both
inner- and outer-sphere complexes.

Fig. 1. The typical OFGs on biochar surface (a); the illustration of complexation between carboxyl and cationic metals (b), and H-bonding between deprotonated
−
–
carboxyl (as a H-bond acceptor) and HPO2−
4 (c), and protonated carboxyl (as a H-bond donor) and ClO4 (d); the illustration of electron accepting by ketone C– O for
activating persulfate (e) and electron donating from hydroxyl for Cr(VI) reduction (f).
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2.1.2. H-bond donating/accepting (hydroxyl and carboxyl)
In an H-bond, typically as X–H…A, the group X–H is the H-bond
donor, while A is the acceptor (typically as F, O or N). Carboxyl and
phenolic hydroxyl can serve as both H-bond donors and acceptors
(Fig. 1c, d). Specifically, if not protonated, the oxygen in OFGs (e.g.,
carboxyl) could act as H-bond accepting sites and form H-bonds with Hbond donors (Fig. 1c), such as triazine (Fang et al., 2014b), ammonium
(Mia et al., 2017), protonated phosphate anions (H2PO−4 and HPO2−
4 )
(Yu et al., 2015), and chlortetracycline (Xu et al., 2020a). The OFGs (e.
g., –COH/–COOH) on high temperature biochar (prepared at 700 ◦ C)
were also observed as H-bond donating sites for the highly efficient
adsorption of anionic ClO−4 at an initial pH of 3–4 (Fig. 1d) (Fang et al.,
2014b). The properties of OFGs (e.g., phenolic hydroxyl, carboxyl) as
H-bond donors or acceptors are highly dependent on pH-induced pro
tonating/deprotonating state. For example, OFGs as H-bond donor is
most efficient at pHIEP (pH of isoelectric point) for ClO−4 adsorption
(Fang et al., 2014b). While, at pH < pHIEP, carboxyls could be proton
ated, facilitating the electrostatic attraction to ClO−4 , but electrostatic
attraction is weaker than H-bond, resulting in a poorer adsorption per
formance toward ClO−4 at pH < pHIEP (Fang et al., 2014b).

and the dissociable surface OFGs (Zhu et al., 2020). Mia et al. (2017)
observed a significant linear relationship (r2 = 0.90, p = 0.04) between
the proportion of –COOH determined from the FTIR band at ~
1700 cm− 1 and the surface charge for this group (Fig. 2a), and a sig
nificant nonlinear relationship between –COOH determined by XPS C1s
spectra and the total surface charge assigned to –COOH, H-bonded
–COOH together (Fig. 2a) (r2 = 0.91, p = 0.03). As shown in Fig. 2b,
oxidation of biochar would result in a more negatively charged surface
on biochar. Besides the amount of OFGs on biochar, the surface charge
on biochar is also mediated by the dissociation of carboxyl and phenolic
hydroxyl at a certain pH condition (Dai et al., 2018; Fang et al., 2014b;
Wang et al., 2013).
2.2. Redox reaction involved with OFGs on biochar
2.2.1. Electron donating/accepting (phenolic –OH and ketone/quinone
– O)
C–
– O (i.e., ketone and quinone) is responsible
The ketone/quinone C–
for its electron accepting (Fig. 1e) (Sun et al., 2017; Klüpfel et al., 2014),
while the phenolic –OH has been identified as the main group for
electron donating (Fig. 1f) (Klüpfel et al., 2014; Chacon et al., 2020).
Thus these OFGs determine the electron exchange capacity of biochar
(Fig. 2c, d). Sun et al. further distinguished the electron transfer by
redox-active functional groups from the electron transfer by carbon
matrix, and quantified their specific contribution to the total electron

2.1.3. Electrostatic attraction/repulsion
Electrostatic attraction/repulsion between biochar and charged
molecules/colloids is mediated by the surface charge of biochar, and the
surface charge of biochar is ascribed to its aliphatic/aromatic surface

Fig. 2. (a) The correlation between the charge of –COOH from potentiometric titration and the proportion (%) of –COOH peak area in DR-FTIR and XPS spectra;
(b) the correlation between the surface charges at pH 7 and CECs of biochars and their oxidation degrees treated by H2O2 with various concentrations; (c) Correlation
between the XPS measured atomic ratio of C–OH and EDC; (d) atomic ratio of C–
– O and EAC.
Reprinted with the permission from Mia et al. (2017) and Chacon et al. (2020).
3

L. Dai et al.

Journal of Hazardous Materials 420 (2021) 126547

transfer to and from biochar (Sun et al., 2017, 2018), suggesting that
functional groups accounted for 100–78% of the total electron transfer
for the biochar prepared at 400–500 ◦ C, whereas for high temperature
biochar, direct transfer by carbon matrix is the major mechanism (Sun
et al., 2017, 2018). By analyzing the relationship between redox prop
erties and functional groups of various biochars, Chacon et al. (2020)
found that electron donating capacity of biochar is linearly increased
with the amount of C–OH (Fig. 2c) (R2 = 0.854, p < 0.001), while the
electron accepting capacity of biochar is linearly increased with the
– O (Fig. 2d) (R2 = 0.873, p < 0.001).
amount of C–
Electron transfer by biochar is an important factor in redox reaction,
e.g., advanced oxidation of organic pollutants (Fig. 1e), and metal
reduction/oxidation (Fig. 1f). Ketone group on a graphitic biochar
prepared by pyrolysis in CO2 was observed to be the electron-accepting
sites to activate persulfate and generate singlet state oxygen for catalytic
degradation of organic pollutants (Fig. 1e) (Sun et al., 2020a). Quinone
group was also observed to be efficient to initiate photocatalysis and
generate singlet state oxygen and hydroxyl radical (Fang et al., 2017).
Therefore, tuning the electro-active OFGs on biochar favors its appli
cation as a metal-free carbocatalyst in water pollution control.

applications (Liu et al., 2019), there is still a lack of comprehensive
knowledge on tuning OFGs on the biochar surface for enhanced per
formances in water pollution control. Attributed to the activity of OFGs
on biochar, tuning OFGs on biochar facilitates its enhanced perfor
mances in removing pollutants via adsorption/redox reaction. Based on
the process of carbonization and OFGs formation, tuning OFGs on bio
char can be categorized into in-situ (Fig. 3a) and ex-situ routes (Fig. 3b).
The in-situ routes indicate that the carbonization of biomass and tuning
OFGs on the resultant biochar are conducted in the same reactor; while
the ex-situ routes indicate that the carbonization of biomass and sub
sequent tuning of OFGs on biochar are not conducted in the same
reactor. In this review, we critically summarized that the strategies for
tuning OFGs on biochar are far more than the well-recognized ex-situ
oxidation of pristine biochar (Fig. 3).
3.1. Low temperature preservation of hydroxyl and carboxyl on biochar
The biomass carbonization to biochar is a complex process of
dehydroxylation/dehydrogenation, oxidation, demethylenation/deme
thylation, decarboxylation, aromatization and intramolecular conden
sation (Li et al., 2013; Harvey et al., 2012; Keiluweit et al., 2010),
resulting in a condensed aromatic structure with a poor oxygen content.
A complex process of the formation, transformation and decomposition
of OFGs (e.g., hydroxyl, carboxyl, carbonyl, quinone, ester, and lactone)
on biochar occurs simultaneously with the carbonization process of
biomass (Zhang et al., 2019e). The H-bonded –OH (i.e., R–CHnOH…O,
FTIR band around 3400 cm− 1) in biochar is directly from the original
biomass (Harvey et al., 2012), while the free –OH (FTIR band around
3700 cm− 1) largely occurs on biochars prepared at temperature
≥ 300 ◦ C (Harvey et al., 2012). The free –OH includes R–OH and
R–COOH, which are evolved from the H-bonded –OH (Harvey et al.,
2012). Among free –OH, the R–OH is derived from the cleavage of
H-bonds, while the R–COOH on biochar is derived from the oxidation of
lignin-derived phenol/alcohol and the thermal degradation of cellulosic
component via a cycloreversion-oxidation coupled pathway (Harvey
– O or quinone C–
– O could be transformed
et al., 2012). The ketone C–
– O, phenolic –OH, or C–O at temperatures above
from carboxyl C–
650 ◦ C (Zhang et al., 2019e). Consequently, low temperature biochar is
relatively rich in hydroxyl and carboxyl. For example, our previous re
sults indicated that the biochars by torrefaction at 200–300 ◦ C possessed
more OFGs (e.g., hydroxyl, carboxyl) than the biochar prepared by py
rolysis (Li et al., 2019d; Lu et al., 2021). The rich hydroxyl and carboxyl
groups on low temperature biochar facilitate its surface complexation
and H-bond donating/accepting for adsorption of cationic pollutants (Li

2.2.2. Environmental persistent free radicals (EPFRs) (phenoxyl and
semiquinone radicals)
The EPFRs are resonance-stabilized and bound to the outer or inner
surfaces of a solid particle, which can be observed by electron para
magnetic resonance (EPR). They can be formed during the (hydro)
thermal carbonization of biomass (Ruan et al., 2019). In-situ EPFR ob
servations revealed that, with the increase of pyrolysis temperature, the
amount of EPFRs was increased ascribed to the increase of
oxygen-centered free radicals in the mixture of oxygen-and carbon-
centered free radicals (Liao et al., 2014). Fang et al. (2015) further found
that the introduction of transition metals and phenolic compounds
facilitated the formation of EPFRs in biochar. Besides biochar from py
rolysis, hydrochar from HTC was also reported to possess abundant
EPFRs (Ruan et al., 2018; Yan et al., 2018). It is reported that EPFRs can
activate persulfate and hydrogen peroxide, and initiate photocatalytic
oxidation for efficient degradation of various pollutants (Fang et al.,
2015, 2014a; Huang et al., 2019).
3. Strategies and mechanisms for tuning OFGs on biochar
Although various types of strategies, i.e., surface functionality con
trol/modification, activation, and compositing with functional mate
rials, have been developed to prepare designer biochar for various

Fig. 3. Summary of the in-situ (a) and ex-situ (b) routes for tuning OFGs on biochar.
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et al., 2019d; Lu et al., 2021), and electron donating (from hydroxyl) for
heavy metal reduction (Liu et al., 2017).

amount of acrylic acid as the functional comonomer, which showed that
the carboxyl amount in the hydrochar was increased upon increasing
acrylic acid amount in HTC system (Demir-Cakan et al., 2009). Besides,
the in-situ HTC routes, ex-situ introduction of carboxyl groups on
carbonaceous materials (e.g., graphite, graphene, carbon nanotube,
activated carbon) via the Diels-Alder reaction have been well developed
(Sarkar et al., 2011; Mahardiani et al., 2019), suggesting that carboxyl
groups could be incorporated onto the biochar surface via this reaction.
More efforts are need to explore the potential of carboxyl grafting via the
Diels-Alder reaction on promoting the performance of biochar.

3.2. Carboxyl grafting via in-/ex-situ acylation/cycloaddition reaction
Grafting carboxyl groups on biochar can be achieved via in-situ HTC
of biomass with functional organic comonomers, or ex-situ acylation/
cycloaddition reaction. As shown in Fig. 4a, the surface hydroxyl groups
can react with anhydride via the acylation reaction, resulting in the
introduction of carboxyl groups on biochar surface. For example, Li et al.
(2019b) prepared maleylated hydrochar by heating the mixture of
hydrochar and maleic anhydride at 140 ◦ C for 6 h. The FTIR spectra
showed that the band at 3430 cm− 1 (ascribed to –OH groups) in the
maleylated hydrochar was weaker than that in the pristine hydrochar,
while a new peak (ascribed to carbonyl) at 1706 cm− 1 was observed in
the maleylated hydrochar, and the maleylated hydrochar showed
characteristic carboxylate asymmetric and symmetric stretching bands
at 1588 and 1385 cm− 1, suggesting that acylation between maleic an
hydride and surface hydroxyl groups of hydrochar successfully grafted
carboxyl groups on the hydrochar surface.
Moreover, functional organic comonomers, e.g., acrylic acid and
maleic anhydride can act as a diene component in surface Diels-Alder
reactions (Fig. 4b), resulting in the grafting of carboxyl groups on bio
char surface. For example, in Demir-Cakan et al. (2009) reported that
HTC of glucose in the presence of acrylic acid was very efficient for the
preparation of carboxyl-rich hydrochar. This study applied a small

3.3. In/ex-situ oxygenation
Carbonaceous materials can be oxidized by liquid oxidants (e.g.,
H2O2, HNO3) and gaseous oxidants (e.g., air (O2), steam, CO2, or O3)
(Lopez et al., 2003; Han et al., 2019). Energy is always required to
promote the oxygenation process, especially for the oxidation by the low
active air, steam or CO2. For example, the oxidation of the edge site of
graphite by the low active CO2 can be activated at a high temperature of
about 300 ◦ C to overcome the high energy barrier (Han et al., 2019). The
energy can be provided by conventional heating, plasma, microwave,
mechanochemical method (i.e., ball-milling).
In-situ oxygenation strategies (Table 1), including air purging after
HTC (Ledesma et al., 2018), wet torrefaction in air (Zhou et al., 2019; Ge
et al., 2020), pre-oxidation in air before pyrolysis (Toles et al., 1999),
post-oxidation in air after pyrolysis (Toles et al., 1999), pyrolysis in

Fig. 4. The illustration of OFG grafting on biochar surface via acylation (a) and cycloaddition reaction (b).
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Table 1
Tuning OFGs via in-situ routes for enhanced adsorption of heavy metals and
organic pollutants.
In-situ routes

Key preparation
process

Adsorption
performance

Ref.

In-situ air
oxidation after
pyrolysis

The H3PO4impregnated
nutshell was heated
at 170 ◦ C for 0.5–1 h
in N2, then at 450 ◦ C
for 1 h in N2,
followed by in-situ
oxidation with air at
300 ◦ C for 4 h.
The H3PO4impregnated
nutshell was preoxidized in air at
170 ◦ C for 0.5–1 h,
followed by in-situ
activation in N2 at
450 ◦ C for 1 h.
HTC of glucose with
10% acrylic acid at
190 ◦ C for 16 h

The maximum Cu
adsorption was
increased from
< 0.2 mmol/g to
around 0.6 mmol/
g.

(Toles et al.,
1999)

In-situ air
oxidation
before
pyrolysis

In-situ OFG
grafting via
HTC with
functional
organic
comonomer

HTC of glucose/
bacterial cellulose
with 10% acrylic
acid at 180 ◦ C for
3h

HTC of 3 g glucose
with 3 g acrylic acid
at 190 ◦ C for 8 h
Wet torrefaction
in air activated
by H3PO4

Low temperature
(< 350 ◦ C)
pyrolysis in N2
Dry torrefaction
in air or N2

Pyrolysis in aircontaining
atmosphere

H3PO4 soaked
biomass was heated
at 200 ◦ C for 5 h in
ambient air,
followed by
neutralization with
NaCO3 at 75 ◦ C for
4 h.
Biochar was directly
prepared by heating
H3PO4-impregnated
cauliflower leaves at
120 ◦ C in air for 2 h.
Pecan nut shell was
directly heated in N2
at temperature
200–350 ◦ C for
20–50 min
Torrefaction of corn
stover in N2 or air at
250 ◦ C for 30 min

Cotton (0.25 g) in a
sealed tube was
fixed with a certain
amount of air, then
pyrolyzed at 600 ◦ C
for 1 h.
Wood was firstly
pyrolyzed at 400 ◦ C
for 2 h in N2

The maximum Cu
adsorption was
increased from
< 0.2 mmol/g to
around 0.9 mmol/
g.

(Toles et al.,
1999)

The maximum Pb
adsorption was
increased from
60.8 to 351.4 mg/
g; the maximum
Cd adsorption was
increased from 6.5
to 88.8 mg/g
The maximum Pb
adsorption was
increased from
223.65 mg/g for
glucose hydrochar
to 562.26 mg/g for
carboxyl-enriched
glucose hydrochar.
The maximum U
(VI) adsorption
was increased from
22 to 147 mg/g
The maximum Cd
adsorption reached
197 mg/g.

(Demir-Cakan
et al., 2009)

The maximum Pb
and Cu adsorptions
reached 225 and
81 mg/g,
respectively
Pb adsorption
reached 125 mg/g.

The maximum U
(VI) adsorptions
for biochars
prepared in N2 and
air at 250 ◦ C
reached 102 and
112 mg/g,
respectively.
The maximum MB
adsorption reached
102 mg/g.

The maximum
tetracycline was

Table 1 (continued )
In-situ routes

Key preparation
process

Adsorption
performance

atmosphere,
followed by purging
with gas mixture
(50–70 mL/min air,
and 200 mL/min
N2) and heating to
700 ◦ C at a heating
rate of 8 ◦ C/min for
3 h.
Pine wood biochar
was prepared at
800 ◦ C for 3 h in
Air/N2 (1:5)
atmosphere.

increased from
10.4 to 96.1 mg/g.

The maximum
adsorption of
sulfadiazine was
increased from
5 mg/g for the
biochar prepared
at 800 ◦ C for 3 h in
pure N2, to
261 mg/g for the
biochar prepared
at 800 ◦ C for 3 h in
Air/N2 (1:5)
atmosphere.

Ref.

(Li et al.,
2019a)

air-containing atmosphere (Unger and Killorn, 2011; Li et al., 2019b;
Zhu et al., 2018), pyrolysis in CO2 atmosphere (Chen et al., 2020; Sun
et al., 2020b), pyrolysis with organic acid salts (Liu et al., 2018), have
been reported to increase the OFGs on biochar for enhanced perfor
mances. Ex-situ oxygenation of biochar indicates that the raw biochar
from HTC or pyrolysis is oxidized by the liquid/gaseous oxidants
(Table 2). The ex-situ strategies for biochar oxygenation include
chemical oxidation with liquid oxidants (Fan et al., 2018; Chacon et al.,
2020; Song et al., 2010), thermal air oxidation (Dai et al., 2020; Polo
vina et al., 1997; Chen et al., 2011), plasma oxidation (Zhang et al.,
2020, 2019a; Wang et al., 2018; Luo et al., 2019), microwave oxidation
(Dai, 2020), ozone oxidation (Kharel et al., 2019; Sacko et al., 2020;
Huff et al., 2018), and ball-milling (Xiao et al., 2020; Lyu et al., 2018;
Zhang et al., 2021). The reported gaseous oxidants for ex-situ oxidation
of biochar are air and O3. Specifically, although CO2 and steam have
been widely applied for the activation of biochar for the preparation of
activated carbon, little attention are paid on the effects of CO2 and steam
on biochar oxidation for the preparation of oxygenated biochar.
The oxidation chemistry of biochar is not well-known. Based on the
oxidation chemistry of fuel (Welz et al., 2012) and carbon materials (e.
g., carbon nanotube (Zhang et al., 2003), graphene (Radovic, 2009),
graphite (Dimiev et al., 2020), and coal (Qi et al., 2015)), the biochar
oxidation process might be described as (Fig. 5): (1) an initial attack of
–CH2/–CH groups (Fig. 5a), (2) electrophilic addition, resulting in the
formation of –OH groups as the most common intermediate (Fig. 5a),
(3) formation of quinone/ketone groups from –OH (Fig. 5a), (4) the
formation of –COOH under strong oxidative environment (Fig. 5a, b),
and (5) the loss of OFGs as CO/CO2 under excessive oxidation (Fig. 5c).
These processes compete or cooperate with each other. Therefore, the
– O and
oxidation of biochar is efficient in introducing –OH, –C–
–COOH groups on biochar surface, while the excessive oxidation might
result in the decomposition of these OFGs (Fig. 5c).
Oxidation is also not selective in introducing a specific OFG on
biochar. Oxidation of biochar can substantially introduce the active sites
for adsorptive applications due to the fact that the hydroxyl, ketone and
carboxyl groups are active sites for adsorption, while its effects on redox
property of biochar is more complicated attributed to the different redox
property of these OFGs as mentioned in Section 2.2.1. Both of increases
and decreases in electron-donating capacity (EDC) and electronaccepting capacity (EAC) have been reported after the oxidation of
biochar via different strategies (Chacon et al., 2020). There is a further
need to elucidate the evolution of each OFG on biochar surface under

(Nata and Lee,
2010)

(Han et al.,
2018)
(Zhou et al.,
2019)

(Ge et al.,
2020)

(Silos-Llamas
et al., 2020)

(Li et al.,
2019d)

(Li et al.,
2017)

(Zhu et al.,
2018)
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Table 2
Tuning OFGs via ex-situ routes for enhanced adsorption of heavy metals and organic pollutants.
Ex-situ routes

Key preparation processes

Chemical
oxidation

Pine needle hydrochar was oxidized by 2 M HNO3 at 80 C for
1 h.
Wheat straw biochar (5 g) was oxidized by 400 mL 40% or 60%
mixed solution of HNO3 and H2SO4 (1:3) at 70 ◦ C for 6 h.
Biochar (10 g) was oxidized in 300 mL 25% HNO3 at 90 ◦ C for
4 h.
Saw dust hydrochar (10 g) was mixed in 300 mL 20% H2O2,
followed by ultrasonication and magnetically stirring at
300 rpm at 30 ◦ C for 6 h.
Peanut shell biochar (5 g) was oxidized in 40 mL solution
mixture of concentrated HNO3/H2SO4 (1:3) at 70 ◦ C for 6 h.

Thermal air
oxidation

◦

Wheat straw biochar was oxidized at 90 ◦ C for 4 h with 25%
HNO3 at 1:30 solid/liquid ratio.
The AC was prepared by H3PO4 activation at 450 ◦ C for 1 h, then
the washed AC was oxidized in air at 300 ◦ C for 1 h.
Glucose hydrochar prepared at 180 ◦ C for 24 h was oxidized in
air at 300 ◦ C for 5 h.
Hydrochar (HTC of 3 g glucose with 3 g acrylic acid at 190 ◦ C
for 8 h) was oxidized in air at 300 ◦ C for 5 h.
The corn cob biochar from gasification was oxidized in air at
300 ◦ C for 30 min
Maple biochar (from pyrolysis at 400 ◦ C for 2 h, 1 g) was
oxidized in air at 400 ◦ C for 30 min
Illite-hydrochar composite was oxidized at 300 ◦ C for 5 h with
an air flow rate of 50 mL/min.
Poplar hydrochar was oxidized in air at 300 ◦ C, or in air/N2
(0.5% O2) atmosphere at 500 or 700 ◦ C.

Ball- milling

Biochar (10 g) was milled with 45 g balls at 575 rpm for 1.6 h.
Biochar was ball milled with a biochar to ball ratio of 1:100 at
300 rpm for 24 h in ambient air.

OFG grafting

Hydrochar (15 g) was mixed with 30 g maleic anhydride, and
then the mixture was heated at 140 ◦ C for 6 h, followed by
treatment with saturated NaHCO3.
Consecutive modification of glucose hydrochar with thermal air
oxidation, melamine and trimesic acid.

Enhanced adsorption performances

Ref.

The maximum U(VI) adsorption was increased from 34 to 103 mg/g.

(Liu et al., 2013)

The maximum Cd adsorption was increased from 311 to 377 mg/g

(Fan et al., 2018)

The maximum U(VI) adsorption by wheat straw biochar was increased
from 8.7 to 356 mg/g, respectively.
The maximum Pb adsorption was increased from 2 to 93 mg/g

(Jin et al., 2018)

The KF values for the adsorptions of dimethyl phthalate, diethyl phthalate
and dibutyl phthalate were increased from 12.86, 2.96 and 7.32 (mg/kg)
(mg/L)n, respectively, to 15.41, 20.87, 15.69 (mg/kg)(mg/L)n,
respectively.
The KF value for phenanthrene adsorption was increased from 424 to 726
(mg/kg)(mg/L)n.
Cu adsorption was increased from < 0.2 mmol/g to around 0.65 mmol/g.
The maximum adsorptions of Pb and Cd were increased from 106 and
5.2 mg/g, respectively, to 326 and 152 mg/g, respectively.
The maximum U(VI) adsorption was increased from 22 to 198 mg/g
The maximum U(VI) adsorption was increased from 69 to 163 mg/g.
Maximum adsorption of prometon, terbutryn, 2,4-D were increased from
12,910, 5770 and 1830, respectively, to 33,850, 56,900 and 24,670 mg/
g, respectively.
The maximum congo red (CR) and MB adsorption were increased from 18
and 76 mg/g, respectively, to 238 and 215 mg/g, respectively.
Tetracycline (100 mg/L) adsorption in was increased from 6.29 mg/g for
the pristine hydrochar to 33, 96, 61 mg/g for the hydrochars oxidized at
300, 500 and 700 ◦ C, respectively.
Carbamazepine removal was increased from 14% within 24 h to 98%
within 3 h.
The KF values for galaxolide adsorptions by wheat straw biochars from
500 and 700 ◦ C were 396 and 579 (mg/kg)(mg/L)n, respectively, which
were increased to 1359 and 1955 (mg/kg)(mg/L)n, respectively, after
ball-milling.
Cd adsorption in 40 mg/L Cd solution was increased from 1.2 to 49 mg/g.
The MB adsorption in 500 mg/L MB solution was increased from 58 to
621 mg/g.
The U(VI) adsorption was increased from 62 to 272 mg/g.

various oxidation conditions. Detailed in-/ex-situ strategies for the
oxygenation of biochar are as follows:

(Xia et al., 2019)
(Fan et al., 2018)

(Jin et al.,
2017b)
(Toles et al.,
1999)
(Chen et al.,
2011)
(Han et al.,
2018)
(Dai et al., 2020)
(Xiao and
Pignatello,
2016)
(Wang et al.,
2017)
(Huang et al.,
2020)
(Naghdi et al.,
2017)
(Zhang et al.,
2019c)
(Li et al., 2019a)
(Li et al., 2019c)

area of the resultant biochar, but also increase the content of oxygen and
OFGs. The oxygen content of the biochar was increased with increasing
ratio of air in the pyrolysis atmosphere (Li et al., 2019b; Zhu et al.,
2018). Compared to low temperature pyrolysis or torrefaction, mild or
high temperature pyrolysis in air-containing atmosphere suffers from
low product yield. For example, the yields of pinewood biochars pre
pared in a N2 atmosphere containing 1/5 air at 600, 700 and 800 ◦ C
were as low as 18.7%, 16.5% and 11.6%, respectively (Li et al., 2019b).

3.3.1. In-situ oxygenation
3.3.1.1. HTC of biomass with oxidizing gas stream (synthetic air).
Ledesma et al. (2018) proposed that the addition of air during HTC for a
certain time was efficient in promoting the oxygen content in the
resultant hydrochar. Specifically, the addition of air was conducted
when the HTC process was maintained for 20 h, and the time for air
addition was only lasted for 5–30 min. The results showed that in-situ
addition with air remarkably increased the oxygen content by forma
tion of carboxyl groups on the resultant hydrochar surface.

3.3.1.4. High temperature pyrolysis in CO2. Sun et al. (2020a) found that
the oxygen contents in biochars from oak trees and apple trees prepared
at 900 ◦ C in N2 were 7.67% and 10.8%, respectively, which were
remarkably increased to 11.1% and 20.3% in biochars prepared at
900 ◦ C in CO2 atmosphere. The enhanced amount of OFGs in graphitic
biochar prepared in CO2 atmosphere favors its application as a carbo
catalyst for disinfection and degradation of organic pollutants.

3.3.1.2. Pre-oxidation before pyrolysis or post-oxidation after pyrolysis. In
1999, Toles et al. (1999) reported that pre-oxidation of H3PO4-impreg
nated nut shell in air at 170 ◦ C for 0.5–1 h before pyrolysis or
post-oxidation in air at 300 ◦ C for 4 h after pyrolysis of the H3PO4-im
pregnated nut shell were more efficient than direct pyrolysis of biomass
in N2 at 400 ◦ C for 1 h in preparing high-performance activated carbon
for Pb removal.

3.3.1.5. Pyrolysis of organic acid salts-impregnated biomass. Liu et al.
(2018) prepared activated carbon by pyrolysis of glucose with potas
sium citrate or potassium hydroxide at temperatures from 750 to 900 ◦ C.
The formation of activated carbon via potassium citrate is quite similar
to that of KOH. They found that activated carbon prepared from pyro
lyzing with potassium citrate had much higher contents of oxygen and
OFGs (e.g., hydroxyl and carboxyl) than that from pyrolyzing with po
tassium hydroxide. For example, based on the XPS spectra, the ratio of
– O, –C–O, and –OH were 0.78%, 1.80%, 1.44% and
–COOH, –C–

3.3.1.3. Pyrolysis in air-containing condition. Li et al. (2019b) and Zhu
et al. (2018) prepared wood biochar at 600–800 ◦ C in air-containing
atmosphere, which suggested that the addition of air in high tempera
ture pyrolysis process could not only improve the porosity and surface
7
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Fig. 5. Mechanism assumption for biochar oxidation via chemical oxidation (a), O2 oxidation (b) and decarboxylation during oxidation (c). The chemical oxidation
mechanism is modified from Zhang et al. (2003); the O2 oxidation mechanism is modified from Radovic (2009) and Chen et al. (2011); the mechanism for
decarboxylation during oxidation is modified from Qi et al. (2015).

1.72 for the activated carbon prepared at 750 ◦ C with KOH activation,
respectively, which were increase to 1.23%, 1.97%, 3.22% and 3.88%
for that with potassium citrate activation. Potassium citrate strategy also
had a much higher product yield due to the introduction of extra carbon
sources from citrate.

3.3.3.1. Thermal air oxidation. Thermal air oxidation is conducted in air
atmosphere at temperature ranging from 200 to 400 ◦ C for a certain
time (minutes to hours, typically for 30 min). It has a much longer
history than plasma oxidation, ozone oxidation and microwave oxida
tion. For example, in 1997, Polovina et al. (1997) prepared oxidized
cellulose-derived activated carbon by thermal air oxidation. Then
increasing attention are paid on the preparation of oxygenated biochar
via thermal air oxidation for various applications. Our previous study
observed that thermal air treatment of biochar at 300 ◦ C for 30 min
remarkably increased both surface O/C and bulk O/C ratios of biochar,
and enhanced the relative ratio of carboxyl-related OFGs in XPS O1s
spectra (Dai et al., 2020). Chen et al. (2011) observed that the increased
carboxyl group on biochar was a relatively rapid chemical process. As
– C structure, especially the non
proposed by Chen et al. (2011), the C–
aromatic one, is prone to be oxygenated to form carboxyl groups via a
free radical chain reaction (Fig. 5b). Fushimi et al. (2018) observed that
the total content of OFGs was increased with increasing temperature,
while decreased with increasing holding time after 30 min. This obser
vation might be ascribed to the fact that severe condition facilitates the
oxidation of biochar via the generation of free radicals on biochar sur
face and the free radicals is responsible for the chemisorption of O2 to
form new OFGs, while the excessive oxidation at a longer time might
result in the decomposition of the newly formed OFGs as CO/CO2
(Fig. 5c). Thus the temperature and holding time are the dominant pa
rameters controlling the oxidation process.

3.3.2. Ex-situ chemical oxidation
Chemical oxidation with various concentrated strong oxidants (e.g.,
HNO3, H2SO4, H2O2, KMnO4, persulfate, fenton reagent, and oxidant
mixtures) has long been applied to oxidize biochars from pyrolysis,
gasification or HTC. It is very efficient in oxygenation of biochar. For
example, the oxygen content of wheat straw biochar (prepared at
450 ◦ C) was remarkably increased from 1.32% to 20.09% after chemical
oxidation of 5 g biochar in 400 mL concentrated HNO3/H2SO4 solution
at 70 ◦ C for 6 h (Fan et al., 2018). For chemical oxidation, high con
centration of strong acid or mixture of acids (e.g., 5–30% for H2O2), low
ratio of biochar to acid solution (e.g., 1/10–1/80), and long process time
(e.g., 4–24 h) are required to achieve the remarkable oxygenation of
biochar (Table 2). Chemical oxidation also requires a heating treatment
(generally < 90 ◦ C) to improve the oxidation (Chacon et al., 2020).
Thus, chemical oxidation is water- and time-consuming, and not envi
ronmentally benign enough oweing to the use of high concentration
strong oxidants, which might impede its practical application.
3.3.3. Ex-situ gaseous phase oxidation of raw biochar
The reported gases for the ex-situ oxidation of biochar are air/O2 and
O3 (Fig. 3b). O2 in air is not as active as O3, thus it needs extra energy to
initiate the oxidation and subsequently to incorporate OFGs on biochar
surface (Chen et al., 2011). While O3 is very active, its oxidation towards
biochar is spontaneous (Kharel et al., 2019; Sacko et al., 2020; Huff
et al., 2018), and extra energy is not indispensable. The initiation of air
oxidation can be achieved by conventional heating (i.e., thermal air
oxidation) (Dai et al., 2020), plasma (i.e., plasma oxidation) (Zhang
et al., 2020), microwave (Dai, 2020) and ball-milling (Xiao et al., 2020).

3.3.3.2. Plasma oxidation. Non-thermal plasma can be generated by
dielectric barrier discharge reactor, and facilitate the production of en
ergetic electrons, ions and active radicals, favoring the oxygenation on
material surface. Non-thermal plasma oxidation has been well devel
oped for the oxidation of various carbon-based materials (including
biochar) (Zhang et al., 2020, 2019a,b; Wang et al., 2018; Luo et al.,
2019; Montes-Morán et al., 2001; Maldonado et al., 2016; Gupta et al.,
2015; Tiya-Djowe et al., 2019; Niu et al., 2017). It is commonly
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conducted in oxidative atmospheres (i.e., air, O2, or O2 mixed with N2)
(Gupta et al., 2015), while when it is conducted in N2 atmosphere,
pre-adsorption of oxygen or water by biochar is required (Zhang et al.,
2020). For example, Zhang et al. reported that pre-adsorption of
water/O2 by biochar in N2 mixed with 7% water vapor/O2 for
10–180 min was followed by plasma treatment in N2 for 5 min
(discharge 8 kV, N2 flow rate 500 mL/min).

performances of various biochars (including biochars from pure or raw
biomasses by HTC or pyrolysis).
Unlike the explicit enhanced adsorption of cationic pollutants by
biochar enriched with OFGs via the enhanced complexation between
– O) and cationic heavy
OFGs (i.e., –OH, –COOH, and soft ligand C–
metals, the mechanisms for the adsorption of organic pollutants
(including hydrophobic partition, pore-filling, π-π interaction,
hydrogen-bonding) are more complicated than the adsorption of heavy
metals. Attentions should be paid on the adsorption of hydrophobic
organic pollutants (HOPs). Although some works reported that oxidized
biochars from long term exposure in soil had lower adsorption capacity
toward HOPs (Shi et al., 2015; Hale et al., 2011), while the oxidized
biochars prepared from harsh conditions, e.g., chemical oxidation and
thermal air oxidation, showed substantial enhanced adsorption perfor
mances towards both hydrophobic and hydrophilic organic pollutants
(Table 2). This might be attributed to the fact that although the
enrichment of OFGs on biochar would weaken the hydrophobicity of
biochar surface, it might enhance the π-polarity of aromatic rings on
biochar surface (Zhu et al., 2020; Chen et al., 2008), rendering the
formation of π-electron donor-acceptor interaction between aromatic
pollutants and the oxidized biochar (Jin et al., 2017a,b). Jin et al.
(2017a,b) observed that chemical oxidation was not effective in
enhancing the adsorption of HOPs by biochars from manure with high
ash content and low aromatic carbon content, while it was highly
effective for enhancing the adsorption of HOPs by biochars with high
aromatic carbon contents. Thus there is a balance between the increased
hydrophilicity and the increased π-polarity induced by introduction of
OFGs on biochar surface, ascribed to the crucial role of hydrophobic
partition and π-π interaction for the adsorption of aromatic HOPs (Jin
et al., 2017a,b).

3.3.3.3. Ozone oxidation. The ozone oxidation is a newly developed
strategy for oxygenation of biochar (Kharel et al., 2019; Sacko et al.,
2020; Huff et al., 2018). Under ozone oxidation conditions, biochar in a
reactor should be purged with O3 for 30–90 min at a room temperature
(Huff et al., 2018). The ozonization of biochar is somewhat exothermic.
As observed by thermal imaging, the peak temperature of the reaction
reached 90.3 ◦ C after 10 min ozone treatment (Huff et al., 2018). The
surface and bulk O/C ratios for the biochar from Oregon Biochar Solu
tions were increase from 0.16 and 0.077, respectively, to 0.31 and
0.193, after ozone oxidation (Kharel et al., 2019).
3.3.4. Ex-situ ball-milling of raw biochar
Ball-milling of biochar refers to the chemical reactions induced by
mechanical energy including compression, shearing, friction, and
stretching (Kumar et al., 2020; Shen et al., 2020). Ball-milling of biochar
can be achieved through either dry milling or wet milling under
solvent-less conditions (Shen et al., 2020). Besides the well-recognized
effects in reducing particle size and increasing surface area,
ball-milling in air atmosphere favors the formation of new surfaces with
active sites, e.g., carboxyl, lactone, and hydroxyl groups (Xiao et al.,
2020; Lyu et al., 2018; Xiang et al., 2020). For example, the total acidic
groups on biochars prepared at 300, 500, 700 ◦ C were 2.1, 0.4 and
0.2 mmol/g, respectively, which were increased to 2.8, 1.6 and
0.8 mmol/g, respectively, after ball-milling (Xiao et al., 2020). The
addition of strong oxidants (e.g., H2O2) during ball-milling will further
increase the amount of OFGs on biochar (Zhang et al., 2021). For
example, the O content of corn stover biochar (prepared at 600 ◦ C) was
increased from 10.76% to 18.43% after direct ball-milling, while that
was further increased to 23.98% after ball-milling with the addition of
H2O2 (Zhang et al., 2021).

4.2. Ammonium removal/recovery from solution
Wang et al. (2016, 2015) and Mia et al. (2017) reported that the
chemically oxidized maple wood biochars had higher ammonium
adsorption capacities than the pristine biochars prepared at various
temperatures. However, the oxidized wood biochars in these studies
were not efficient for ammonium adsorption. While Wang et al. (2020)
reported that the maximum ammonium adsorption capacities of the
peanut shell biochar was increased from 25 to 123 mg NH4-N/g. Thus
the initial property of biochar might have an important impact on the
ammonium adsorption performance of the resultant biochar after
oxidation.

4. Application of the biochar with tuned OFGs in water pollution
control
4.1. Adsorption of heavy metals and organic pollutants

4.3. Reduction of heavy metals

Large amount of studies have reported the enhanced adsorptions of
various cationic heavy metals (e.g., Cu, Pb, Cd, U(VI), Th(IV) and Ni),
and various neutral and ionizable organic pollutants (e.g., MB, tetra
cycline, sulfadiazine, carbamazepine, prometon, terbutryn, 2,4-D,
Congo red, estriol, atrazine, galaxolide, acetaminophen, fluoxetine,
nicotinic acid and dialkyl phthalates) by biochar with tuned OFGs (Ta
bles 1 and 2). For example, in 1999, Toles et al. (1999) reported the
enhanced Cu adsorptions by the biochars (nut shell activated carbons)
functionalized by in-situ air oxidation after pyrolysis or pre-oxidation in
air before pyrolysis, which were remarkably higher than the biochar
from direct pyrolysis in N2. Then increasing studies reported the
enhanced heavy metal adsorptions by biochar with tuned OFGs pre
pared by in-situ and ex-situ routes. Specifically, as shown in Table 1,
in-situ routes, e.g., torrefaction, low temperature pyrolysis (< 350 ◦ C),
high temperature pyrolysis in air-containing atmosphere, and HTC with
functional organic comonomer (i.e., simultaneous HTC and cycloaddi
tion reaction), were reported to be highly efficient in preparing biochars
with high adsorption performances for various cationic heavy metals
and various organic pollutants. As shown in Table 2, ex-situ routes, e.g.,
chemical oxidation, thermal air oxidation, ball-milling, and carboxyl
grafting, were also highly efficient in promoting the adsorption

4.3.1. Low temperature biochar
Abundant OFGs are distributed on the surface of low temperature
– O) and electron
biochar, which act as electron donors (–C–O and –C–
shuttle (semiquinone-type radicals), facilitating the reduction of Cr(VI)
into Cr(III) and subsequent adsorptive removal of Cr(III). For example,
Liu et al. (2017) reported that low temperature biochars prepared from
crop residues at 250 ◦ C were highly efficient for the removal Cr through
the reduction of Cr(VI) to Cr(III) (41.2–133.7 mg/g at pH 2.5), and the
total removal capacity was correlated with the reducing capacity of
biochar. Spectroscopic analyses suggested that alcohols and phenolic
groups were oxidized into carboxyl and carbonyl groups during Cr(VI)
reduction process (Liu et al., 2017). However, the ability of the low
temperature biochar in mediating lactate for Cr(VI) reduction was not as
efficient as the high temperature biochar (> 600 ◦ C) (Xu et al., 2020b).
4.3.2. Oxidized biochar
The increases of reducing capacities of various biochars by various
post-oxidation strategies were well observed (Yan et al., 2018; Xu et al.,
2014). For example, Yan et al. reported that Cr(VI) concentration was
reduced by 13.8% with pristine wheat straw hydrochar, while that was
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reduced by 47.3% and 27.6% by the HNO3 oxidized hydrochar and
thermal air oxidized biochar, respectively (Xu et al., 2014). The
reducing amount of Cr(VI) was linearly correlated with the reducing
capacity of biochar. However, the subsequent removal of Cr(III) was
substantially controlled by the biding ability of the oxidized biochar (Xu
et al., 2014). Specifically, thermal air oxidized biochar was more effi
cient than the HNO3 oxidized hydrochar for Cr(III) removal, resulting in
a lower Cr(III) concentration in the solution (Xu et al., 2014). For
practical application, there is a tradeoff between the Cr(VI) reducing
capacity and Cr(III) binding capacity for simultaneous reduction of Cr
(VI) and adsorptive removal of Cr(III) in wastewater.

favoring the high recyclability of biochar with tuned OFGs (e.g., low
temperature biochar with rich OFGs (Lu et al., 2021), carboxyl grafted
hydrochar (Li et al., 2019a), and thermal air oxidized hydrochar (Zhang
et al., 2013)). For example, our recent study observed that the adsorp
tion capacities toward U(VI) and MB by the biochar prepared by torre
faction of antibiotic fermentation residue were stable after 5
adsorption-desorption cycles, and no obvious changes of OFGs in the
FTIR spectra of the regenerated biochar (Lu et al., 2021).
The hydroxyl and ketone groups on biochar are redox-active, which
are not stable for recycled redox reaction attributed to the reduction/
oxidation of the redox-active OFGs (Sun et al., 2020a,b; Xu et al., 2014).
For example, Sun et al. (2020a) observed that the catalytic removal of
phenolic pollutants by the biochar prepared at CO2 atmosphere with
enriched ketone groups decreased to 10% during the third run. How
ever, further oxidation by thermal air treatment is efficient in restoring
the redox property of the used biochar. For example, Xu et al. (2014)
observed that the Fe(III) reducing amount of the oxidized hydrochar was
decreased from 2.26 mmol/g for the first run to 0.09 mmol/g for the
sixth run, then the exhausted hydrochar after the seventh run showed a
reducing capacity comparable to the first run (a recovery of 93.90% of
the first run) when it was retreated by thermal air oxidation.

4.4. Catalytic degradation of organic pollutants
Increasing attention are paid on the abilities of biochars in activating
different oxidants or irradiation (UV) for degradation of various organic
pollutants, ascribed to the redox properties of biochars (Sun et al.,
2020a; Xiao et al., 2020; Chacon et al., 2020). Wan et al. (2020) have
critically reviewed the advances and mechanisms of biochar-based
material in advanced oxidation, thus this review only summarize the
catalytic performances of biochars with tuned OFGs.
4.4.1. Photocatalytic degradation
Fang et al. (2017) proposed that DOM, quinone group and EPFR of
biochar played important role in ROS formation under UV irradiation,
favoring the effective degradation of diethyl phthalate. Xiao et al.
(2020) further reported that the ball-milled biochars were much more
efficient in photocatalytic degradation of enrofloxacin (EFA) by gener
ating more ⋅O−2 under visible light irradiation, attributed to its enriched
OFGs after ball-milling. Specifically, the pristine biochar prepared at
300 ◦ C was the poorest in initiating photocatalytic degradation of EFA
(13.9% removal) compared biochars prepared at 500 and 700 ◦ C, while
after ball-milling it showed the best photocatalytic performance (80.2%
removal). This study suggested that OFGs (not EPFR) played a critical
role in enhancing photocatalytic performance (Xiao et al., 2020), and
the mechanism analyses indicated that electrons in carbon defects (as
valence band) would be excited by visible light and then moved to OFGs
groups (as conduction band), followed by transferring to dissolved O2 to
generate ⋅O−2 and simultaneously formation of h+ in valence band (Xiao
et al., 2020).

5. Further tailored design and selective applications

4.4.2. Activation of H2O2/persulfate
Besides photocatalytic degradation of organic pollutants, OFGsenriched biochars were also more efficient than the pristine biochar in
activate various oxidants to generate reactive oxygen species to degrade
organic pollutants. For example, Xu et al. (2014) reported that the
thermal air oxidized hydrochar could activate H2O2 for highly efficient
degradation of methylene blue (MB) (99.21% removal of 200 mg/L MB
at pH 7.0 within 3 h), which was more efficient, suggesting that
considering the high removal at neutral pH (not the typical fenton pH),
oxidized biochar was superior as fenton-like catalyst. In addition, high
temperature biochar prepared at CO2 atmosphere was also efficient in
activate persulfate for the degradation of phenol and chlorophenols,
ascribed to its large surface area, rich surface defects, and
well-developed OFGs (Sun et al., 2020a). However, the durability of the
biochar was low due to the oxidation of biochar surface, and excessive
OFGs would decrease the reductive degree of the carbon lattice (Sun
et al., 2020a).

5.1.2. Ex-situ oxidation routes
Different oxidation methods might vary in oxygenation performance.
For example, Chacon et al. (2020) observed that, among all the chemical
oxidation routes, a modified Hummer’s method was the most efficient
method in increasing the EDC and EAC. They also observed that air
oxidation increased the EAC of biochar, while decreased the EDC, pre
sumably attributed to the excessive oxidation and offsetting the intro
duction of new functional groups (Chacon et al., 2020). To date, there is
a lack of comprehensive understanding of the oxygenation mechanisms
under various oxidation conditions. Combined use of insightful tech
niques (e.g., two-dimensional perturbation correlation infrared spec
troscopy, extended X-ray absorption fine structure, temperature
programmed desorption, and acid-based titration) (Harvey et al., 2012;
Chen et al., 2015; Li et al., 2020), is needed to comprehensively inves
tigate the evolution of OFGs on biochar surface under various oxidation
conditions, facilitating the tailored design of OFGs on biochar for
enhanced applications.
Ex-situ oxygenation mainly focuses on the use of liquid strong oxi
dants or air/O2. Actually, CO2 and steam are commonly used to activate
biochar via the oxidation of C as CO2 in biochar (Leng et al., 2021).
However, the traditional activation process using CO2 or steam is con
ducted at a severe condition (typically > 600 ◦ C), resulting in the loss of
newly formed OFGs as CO2. Thus, more efforts are need to explore the
efficiencies of CO2 and steam on the oxygenation of biochar under
conventional heating, plasma, microwave conditions.

5.1. Further efforts on tuning OFGs on biochar
5.1.1. In-situ routes
More information is available about the evolution of OFGs along
with carbonization temperature, while little attention are paid on the
effects of other parameters (e.g., atmosphere and pretreatment with
salts/organics) on the evolution of OFGs under carbonization condi
tions. For example, alkali and alkaline earth metals have been observed
– O and C–O–C groups on
to have positive effects on the formation of C–
biochar (Harvey et al., 2012; Feng et al., 2020), suggesting that the
pretreatment of lignocellulosic biomass with alkali or alkaline metals
might be a route for the preparation of biochar with tuned OFGs for
enhanced applications. Thus there is a need to shed light on the effects of
various carbonization parameters (not only the effects of temperature),
which might facilitate the tailored design of biochar with tuned OFGs
through in-situ routes for enhanced applications.

4.5. Recyclability of biochar with tuned OFGs
Recyclability of a material for water pollution control is a key
parameter for its commercial feasibility. The durability of OFGs on
biochar controls its recyclability in adsorption/redox reactions. Hy
droxyl, carboxyl, lactone, ketone and ether groups are common OFGs on
biochar surfaces. These groups are stable in acid or alkaline conditions,
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5.2. Further selective applications

biochar with tuned OFGs is crucial for its practical application. For
example, in-situ HTC of biomass with functional organic monomers has
a high cost and can produce large amount of wastewater. Among in-situ
routes, high temperature biochars enriched with OFGs via pyrolysis in
the controlled O2 atmosphere or pure CO2 atmosphere, or pyrolysis with
organic acid salts in N2 might be more suitable for application in
catalysis, while biochars from direct low temperature pyrolysis or tor
refaction are more cost-effective as high-performance adsorbents for
removing cationic heavy metals and various organic pollutants from
aqueous solutions. Ex-situ chemical oxidation is water- and timeconsuming, and not environmentally benign enough oweing to the use
of high concentration strong oxidants, which might impede its practical
application. More efforts are needed to promote the preparation and
application of biochars with tuned OFGs in water pollution control.

5.2.1. Oxidation of biochar-based adsorbent for selective adsorption of
phosphate
Pristine biochars from common-used lignocellulosic biomasses were
not rich in bi/tri-valence metals (e.g., Ca, Fe, Mg, Al, La, and Zr) which
can strongly complex with phosphate, thus they are naturally poor in
adsorption of phosphate. Numerous studies have reported that metal
(hydr)oxides intercalated with carboxyls showed a higher selectivity
towards phosphate attributed to the enhanced hydrogen-bonding be
tween carboxyl and phosphate (Yu et al., 2015). Competing anions, like
2−
CO2−
3 and SO4 only act as hydrogen-bonding acceptors, while phos
−
phate can act as hydrogen-bonding donors (HPO2−
4 , and H2PO4 ) (Wu
et al., 2020), so competing anions cannot form hydrogen-bonds with
deprotonated carboxyls. Therefore, oxidation of biochar doped with
bi-/tri-valence metals might promote it selective adsorption of phos
phate. However, no attentions are paid on the oxidation of bi-/tri-va
lence metal-doped biochars for enhanced selective adsorption of
phosphorus.
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5.2.2. Enhanced catalytic degradation by oxidized biochar
Compared to the adsorptive application of biochar with tuned OFGs,
less attention is paid on the catalytic application of biochar with tuned
OFGs. Recently, graphitic biochar prepared in CO2 atmosphere (Sun
et al., 2020a), thermal air oxidized hydrochar (Xu et al., 2014) and
ball-milled biochar (Xiao et al., 2020) have showed enhanced catalytic
degradation of various pollutants, mainly attributed to their enriched
OFGs. Therefore, considering the strong correlation between redox
– O),
property of biochar and its OFGs (i.e., phenolic –OH and ketone C–
oxidation of biochar might be an efficient strategy to enhance the per
formance of biochar in catalytic degradation of pollutants. More efforts
are needed to observe the performances mechanisms of various oxidized
biochar from different preparation routes in catalytic degradation, thus
to promote the application of biochar in catalytic removal of pollutants.
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