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• Pyrolysis temperature, feedstocks types
significantly influence properties of bio-
char.

• Wood derived biochars have high bio-
char yield and stability than grass and
manure derived biochar.

• Manure and grass derived biochar pro-
duces more ash content and high pH
than wood-derived biochar.

• Electrostatic interactions occur among
ionic contaminants and hydrophilic bio-
char.

• Non-polar interaction occurs among or-
ganic contaminants and hydrophobic
biochars.
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Biochar is a porous, amorphous, stable, and low-density carbon material derived from the carbonization of
various biological residues. Biochars have multifunctional properties that make them promising adsorbents
for the remediation of organic and inorganic contaminants from soil and water. High temperature treat-
ment (HTT) and the properties of feedstocks are key factors influencing the properties of biochars. Feed-
stocks have distinctive physicochemical properties due to variations in elemental and structural
composition, and they respond heterogeneously to specific pyrolysis conditions. The criteria for the selec-
tion of feedstocks and pyrolysis conditions for designing biochars for specific sorption properties are inad-
equately understood. We evaluated the influence of pyrolysis temperature on a wide range of feedstocks to
investigate their effects on biochar properties. With increasing HTT, biochar pH, surface area, pore size, ash
content, hydrophobicity and O/C vs. H/C (ratios that denote stability) increased, whereas, hydrophilicity,
yield of biochar, O/C, and H/C decreased. Discriminant analysis of data from 533 published datasets revealed
that biochar derived from hardwood (HBC) and softwood generally have greater surface area and carbon
content, but lower content of oxygen andmineral constituents, thanmanure- (MBC) and grass-derived bio-
chars (GBC). GBC and MBC have abundant oxygen-containing functional groups than SBC and HBC. The
sequence of stability and aromaticity of feedstocks was MBC b GBC b SBC b HBC. Therefore, SBC and HBC
are suitable for sorption of hydrophobic molecules. Biochars produced from low HTT are suitable for
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removal of ionic contaminants, whereas those produced at high HTT are suitable for removal of organic con-
taminants. The influences of biochar properties on sorption performance of heavy metals and organic con-
taminants are critically reviewed.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Biochars are frequently used as biosorbents for remediation of or-
ganic and inorganic molecules due to their multifunctional properties,
the abundance of active sorption sites, stability, renewability, pollutant
removal efficacy, availability, and low environmental impact (Beesley
et al., 2011; Mohanty et al., 2018; Reyhanitabar et al., 2020; Singh
et al., 2020; Wang et al., 2019a). Biochars are persistent black carbona-
ceous materials derived from the thermal conversion (e.g., pyrolysis,
gasification) of raw feedstock materials that are readily biodegradable
and consequently unsuitable as adsorbents (Abiven et al., 2014;
Lehmann, 2007; Lehmann et al., 2006; Lehmann and Joseph, 2015;
Lehmann and Kleber, 2015; Mohanty et al., 2018; Singh et al., 2020).
Biochars contain an abundance of active adsorption sites, including C–
C, C_C, OH−, metal−O/OH, CHO−, COOH, aromatic carbon skeletons,
mineral crystal phases, and other oxygen-containing functional groups,
rendering biochars as multifunctional adsorbents (Lehmann, 2007;
Lehmann and Joseph, 2015; Liu et al., 2015; Wang et al., 2019a; Wang
et al., 2020a; Zhang et al., 2020b).

Pyrolysis temperature and feedstock sources are the dominant
factors influencing the physiochemical properties of biochars, in-
cluding surface area, functional groups, hydrophobicity, stability,
zeta potential, and pH (Ahmad et al., 2014; Budai et al., 2014; Chen
et al., 2008; Pariyar et al., 2020; Weber and Quicker, 2018; Xiao
et al., 2018). Optimization of pyrolysis temperature over the range
of 200–800 °C has been used to control the properties of biochars,
depending on the types of feedstocks materials and expected biochar
properties. With increasing pyrolysis temperature, the carbon con-
tent, aromaticity, pH, ash content, surface area, stability, and pore
size increase, while biochar yield, hydrogen content, oxygen content,
H/C, and O/C ratios decrease (Downie et al., 2012; Mukome et al.,
2013; Weber and Quicker, 2018).
An extensive range of biomass materials has been reported to
serve as feedstock materials for producing biochars for environmen-
tal remediation (Angin, 2013; Chen et al., 2008; Chen et al., 2012a;
Chen et al., 2015; Gai et al., 2014; Jung et al., 2016; Karunanithi
et al., 2017; Uchimiya et al., 2011; Wang et al., 2020b; Weber and
Quicker, 2018). Additionally, different types of feedstocks respond
heterogeneously to particular pyrolysis conditions due to variations
of cellulose (C5H8O4)m, hemicelluloses (C5H8O4), lignin [C9H10O3

(OCH3)0.9–1.7] n and inorganic mineral contents (Clemente et al.,
2018; Dai et al., 2014; McBeath et al., 2014). Thus, biochars with dis-
tinctive physicochemical properties have been developed by pyro-
lyzing a wide range of feedstocks at the same temperature (Liu
et al., 2015; Zhang et al., 2020a; Zhao et al., 2013). Consequently, it
is challenging to select suitable feedstock materials and pyrolysis
conditions for the synthesis of biochars for specific intended pur-
poses. Furthermore, the properties of biochars and their sorption
performance for organic and inorganic contaminants are quite un-
predictable (Clemente et al., 2018; Dai et al., 2014).

The effects of pyrolysis conditions on the physical and chemical
properties of biochars derived from particular types of biomass have
been reported (Cantrell et al., 2012; Downie et al., 2012; Elkhalifa
et al., 2019; Kan et al., 2016; Kloss et al., 2012; Mukome et al., 2013;
Ronsse et al., 2013; Tag et al., 2016; Tripathi et al., 2016; Uchimiya
et al., 2011; Weber and Quicker, 2018). Lian and Xing identified that
the selection of feedstock materials and pyrolysis conditions are crucial
in determining the physicochemical properties of biochars, but the ef-
fects of these variables are yet to be fully elucidated (Lian and Xing,
2017). However, quantitative analysis for understanding trends of
physicochemical properties of biochar for agricultural purposes was ini-
tiated by Mukome and colleagues (Mukome et al., 2013). Xiao et al.
developed “smart” biochar design for environmental applications
(Xiao et al., 2018).
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Despite considerable research and reviews on biochar (Lian and
Xing, 2017; Petrov et al., 2017) there is still a lack of transparent and
consistent information on the interrelationships between the physico-
chemical properties of biochar and their sources of feedstock biomass.
Biochar properties, including surface morphology, stability, productiv-
ity, and active sites, are influenced by variations of structural cellulose,
hemicellulose, lignin, and elemental composition (C, H, O, N, S, Si, K,
and alkali metals) of feedstocks are not fully understood. In particular,
there is inadequate information on how pyrolysis temperature and
feedstocks influence the sorption properties of biochars.

Wepresent ameta-analysis based on 533datasets covering allmajor
feedstocks types to understand the physicochemical properties of
biochars produced over a wide range of pyrolysis temperatures
(200–800 °C), and to elucidate quantitative interrelationships between
feedstock types and pyrolysis temperature. The principal objective of
the study is to determine reliable interrelationships between feed-
stocks, HTT, and biochar properties to assist end-users of biochars
with decision making. We also review the effects of pyrolysis tempera-
ture on biochar sorption performance andmechanisms of their interac-
tionswith organic and inorganic contaminants. Furthermore, the effects
of pyrolysis temperature on bulk composition (C, H, O), structural deg-
radation, development of active sites, and surface morphology of bio-
chars are critically evaluated. Our findings provide a fundamental
understanding of the selection of raw feedstock materials and pyrolysis
temperature for preparing biocharswith desired properties as sorbents,
and to facilitate future research.

2. Methodology

2.1. Data collection and synthesis

The meta-analysis was based on 533 dataset collected from peer-
reviewed articles on the effects of pyrolysis on the physicochemical
properties of biochar produced from major types of feedstock. About
86, 130, 102, and 215 datasets were collected for manure, hardwood,
softwood, and grass derived biochars, respectively. Manure waste was
considered to be primarily animal feces (Gollehon et al., 2001). Hard-
wood was considered to be angiosperm and dicotyledonous deciduous
trees, whereas softwood was considered to be evergreen gymnosperm
trees such as conifers (Butterfield, 2006; Parham and Gray, 1984;
Wiedenhoeft, 2010). Grasses were considered to be vegetation of the
Poaceace and Gramineae families (Tzvelev, 1989). All datasets were col-
lected from the peer-reviewed journal database, and UC Davis biochar
database (biochar.ucdavis.edu) (Supplementary File 2). The articles
that reported biochar produced by slow pyrolysis, reported synthesis
details of biochar, and adequately characterized biochars, were selected.
The datasets with more likely similar analytical and characterization
methods were collected to permit statistical analysis and derivation of
general conclusions. Pertinent datawere derived for feedstock types, in-
cluding elemental composition, O/C, H/C, stability (O/C vs. H/C), biochar
yield, ash production, and pH. Such data were available because of their
importance for biochars functioning as sorbents (Downie et al., 2012;
Mukome et al., 2013; Weber and Quicker, 2018). O/C and H/C data
were calculated from the raw C, H, O data to avoid inconsistency.

2.2. Statistical strategy and assessment

To establish interrelationships between feedstock sources of bio-
chars, their physiochemical properties, and HTT conditions, the Pearson
product-moment correlation coefficient and correlation matrix were
utilized for cross pairs of biochar properties to identify the strength
and direction of association among the variables. Significant relation-
ships were determined at the 95% confidence interval. Adjusted coeffi-
cients of determination (0 ≤ Adj r2 ≥ 1) were also included for each
paired correlation of the properties of biochars. Box–plots were used
for quantifying the distribution of each parameter, which were placed
diagonally into the correlation matrix. Rectangular boxes indicated in-
terquartile ranges (Q 1(25 percentile) to Q 3 (75 percentile)), where
the vertical line of the boxes indicates the median value. The standard
deviation of each variable was also outlined in the box-plots. Radar
plots, scatter plots, and line plots were also drawn to find interrelation-
ships between sorption parameters and performance.

2.3. Limitations of the study

Each correlation matrix provides an abundance of information to
help understand the interrelationships of all the physicochemical prop-
erties of biochars. A limitation of this study is the potential variation
within each feedstock type (e.g., manures), which could be dissimilar
based on the geographical location, nutrition sources, and other ex-
situ conditions (Cantrell et al., 2012; Morales et al., 2015). For example,
Cabtrell et al. used different sources of manures, including turkey, poul-
try litter, feedlot, swine, and dairy, and the properties of each type of
biochar were similar, except for those derived from swine manure
(Cantrell et al., 2012). Therefore, we note potential unresolved bias
due to the lack of detailed information in some of the literature, which
could be considered in future research work. Additionally, comparisons
of the sorption performance of biochars from the range of feedstock
types are quite challenging due to variations of equipment, experimen-
tal conditions, and insufficient data from homogeneous systems. There-
fore, we only considered relevant research articles to describe the
influence of pyrolysis temperature on sorption parameters.

3. Review on pyrolysis of feedstocks and the properties of biochars

3.1. Degradation and transformation of cellulose, hemicellulose, and lignin

Raw feedstocks are mainly composed of 20–60% cellulose
(C5H8O4)m, 15–60% hemicelluloses (C5H8O4), and 5–40% lignin
[C9H10O3 (OCH3)0.9–1.7] n, depending on the source materials
(Fig. S1). Cellulose and hemicellulose contribute to the development
of oxygen-containing functional groups and aromatic rings in
biochars during pyrolysis (Lian and Xing, 2017; Liu et al., 2017;
Yang et al., 2007a). Hemicellulose and cellulose are fragmented and
transform faster than lignin. Cellulose is primarily depolymerized
into oligosaccharides and develop glucosidic bonds to produce D-
glucopyranose and levoglucosan. Levoglucosan dehydrates to
levoglucosenone, which then goes through several processes includ-
ing decarboxylation, dehydration, aromatization, and condensation
to form biochars (Qu et al., 2011; Shen and Gu, 2009; Yang et al.,
2007a; Zhang et al., 2019). The mechanism of hemicellulose degra-
dation is more likely similiar to cellulose degradation. However, lig-
nin decomposition is quite complex compared to cellulose and
hemicellulose decomposition (George et al., 2014; Liu et al., 2015).
A free radical reaction is the most critical mechanism for lignin deg-
radation. The breaking of β-O-4 lignin linkages generates free radi-
cals that can initiate a free radical chain reaction (Liu et al., 2015;
Qu et al., 2011; Yang et al., 2007a). These free radicals can capture
other species (e.g., C6H5-COOH) and form decomposition products
such as vanillin and 2-methoxy-4-methylphenol (Liu et al., 2015;
Peters, 2011). These processes can lead to chain propagation of ali-
phatic carbon compounds. The reaction terminates when two radi-
cals collide and form a more stable carbon compound through
random repolymerisation. However, the pathways of free radical for-
mation and collision are complex. A complete understanding of the
pyrolysis of lignin remains unknown. The cellulose, hemicellulose,
and lignin decomposition during pyrolysis were described in depth
by Liu et al. (Liu et al., 2015).

A large proportion of cellulose and hemicellulose in feedstocks can
produce a wide range of oxygen-containing functional groups, but
small biochar yields. Alternatively, a greater proportion of lignin leads
to higher biochar yield due to the high fixed carbon and thermal

http://biochar.ucdavis.edu
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stability of aromatic monomers than the aliphatic carbon phases of cel-
lulose and hemicellulose. However, with increasingHTT there are fewer
polar functional groups and more non-polar functional groups due to
losses of hydroxyl and aliphatic groups (Chen et al., 2008; Chen et al.,
2012a; Keiluweit et al., 2010; Qu et al., 2011; Uchimiya et al., 2011;
Uchimiya et al., 2010b).

3.2. Pyrolysis temperature and development of surface functional groups

Differences in content and intensity of functional groups depend
on feedstock sources, medium of pyrolysis, and HTT (Fig. S3). In partic-
ular, pyrolysis temperature is critical for tailoring desired functional
groups. The most common functional groups of biochars include
C—\\O—\\, C—\\C, C=C-, OH-, CH-, Metal-O-, CHO-, COO-, and
carbon skeleton (Fig. S2 & S3), that are developed on biochar surfaces
by oxidation, dehydration, and decarbonization processes. However,
biochars produced by pyrolysis under 100% nitrogen atmospheres
have higher contents of oxygen-containing functional groups than
those produced under air (Luo et al., 2015).

Hypothetically, the pyrolysis of feedstock materials can be divided
into three stages. A wide range of functional groups transform from
one state to another depending on the HTT and duration of pyrolysis.
For example, in the first stage (b 200–300 °C), the feedstocks start to
break down, and in the second stage (300–600 °C), a wide range of ali-
phatic functional groups derived from cellulose and hemicellulose start
to form (Lian and Xing, 2017; Liu et al., 2015). At 300–350 °C, the cellu-
lose and hemicellulose start to degrade and form symmetric C—\\O
stretching (1110 cm−1), aromatic C_C stretching (1475–1600 cm−1),
C—\\H stretching (855 cm−1), CH2 and CH3 alkanes bend (1375 and
1465 cm−1), C_O stretching of conjugated ketones (1600 cm−1), OH
bending of alcohol (3300–3400 cm−1), and O—\\H bonding of phenol
(1375 cm−1) (Cantrell et al., 2012; Cao et al., 2010; Lian and Xing, 2017;
Liu et al., 2015). In the third stage (600–900 °C), benzene derivatives
(700 cm−1), and polycyclic structures start to form through transforma-
tions (Lian and Xing, 2017; Yang et al., 2007b). With increasing pyroly-
sis temperatures, oxygen-containing functional groups gradually
decreased (Chen and Chen, 2009; Chen et al., 2008; Chen et al., 2012a;
Fang et al., 2013; Keiluweit et al., 2010). Above 600–800 °C, most of
the prominent spectral features noted at lower temperatures were
lost, and the FTIR spectra resembled an ordered graphitic structure
(Lian and Xing, 2017). Aliphatic structures, including C_O, carboxyl,
ketone, and esters, are completely degraded at high temperatures
(Cantrell et al., 2012; Cao et al., 2010; Chen et al., 2008; Lian and Xing,
2017). Therefore, biochars produced at low temperatures are mostly
hydrophilic due to the presence of a wide range of oxygen-containing
functional groups (Lian and Xing, 2017). Conversely, biochars derived
at high temperatures are more likely to contain aromatic structures
and skeletons (Keiluweit et al., 2010; Kloss et al., 2012; Sharma
et al., 2004). Aromatic rings of biochar result in hydrophobic func-
tional groups (Lian and Xing, 2017). Thus, aromatic structures are
predominantly produced at higher HTT, whereas oxygen-
containing functional groups are prominent at lower HTT (Chen
et al., 2008; Pignatello et al., 2017).

3.3. Effect of HTT on the surface morphology of biochars

Scanning Electron Microscope (SEM) micrographs of biochars pro-
duced from sawdust at different pyrolysis temperatures (200–600 °C)
are highlighted in Fig. 1. A definite change in the SEM images was ob-
served with increasing pyrolysis temperature (Fig. 1a-1f). The SEMmi-
crograph of sawdust pyrolyzed at 200 °C (Fig. 1b) did not show any
visible pores, whereas at 600 °C (Fig. 1f) biochar displayed
honeycomb-like pores of a carbonaceous skeleton derived from ligno-
cellulose. With increasing temperature the biomass surface started to
decompose and volatilize. The morphology of biochar at 300 and
400 °C exhibited several visible pore structures (Fig. 1c & d). Pyrolysis
at 500 °C showed that portions of the skeletal structure appeared to
be due to the decomposition of cellulose and hemicellulose (Fig. 1e).
More fractured structures appeared at 600 °C and it appeared that bio-
char had melted and coalesced into a mass of vesicles (Fig. 1f).

Transmission electron microscope (TEM) images (×800 K) of bio-
char highlighted detailed surface morphology of biochar derived from
sugarcane bagasse (Fig. 1g–k). The TEM image of raw biomass showed
an amorphous structure. However, at mild pyrolysis temperatures
(250–350 °C), the amorphous carbon started to reorganize due to the
breakdown of cellulose and hemicellulose structures. At high pyrolysis
temperature (600 °C) the biochar surface organized into a regular crys-
talline structure that was most probably graphite. Generally, graphitic
carbon phases and porous structures of biochar enhance sorption of or-
ganic contaminants through hydrophobic interactions and intra-
particle diffusion, but reduce sorption of inorganic contaminants due
to reductions of oxygen-containing functional groups (Chen et al.,
2008; Gai et al., 2014; Hassan et al., 2019; Xiao et al., 2018).

4. Results and discussions of the meta-analysis

4.1. Bulk composition (C, H, O), and mineral constituents of biochars

C, H, and O are the major elemental components of feedstock
sources. The elemental content of feedstocks vary with biomass type
(Fig. S4) (Xiao et al., 2018). Carbon is the key element for biochar
yield and the development of functional groups (Weber and Quicker,
2018). The H and O contents of feedstocks also strongly influence bio-
char properties, including polarity and association/dissociation of hy-
drogen ions, which can influence biochar interactions with organic
and inorganic solutes (Chen et al., 2014b; Qian and Chen, 2013;
Spokas, 2010; Xiao et al., 2018; Xiao et al., 2016). The effects of pyrolysis
temperature (200 °C–1000 °C) on the C, O, H, andN contents of biochars
derived from a variety of feedstocks (GBC, HBC, SBC, MBC) are illus-
trated in Fig. 2. Differences in the C, N, H, andO contents are distinguish-
able between the various feedstock sources. The trend for carbon
content was: HBC N SBC N GBC N MBC, whereas the trend for oxygen
content was reversed: MBC N GBC N SBC N HBC (Fig. 2). This indicates
that MBC and GBC produce abundant oxygen-containing functional
groups, whereas wood-derived biochar (HBC and SBC) had high de-
grees of aromatic structure. However, the total nitrogen content of bio-
char remained almost the same as corresponding raw feedstocks
materials (Hassan et al., 2019). At high pyrolysis temperatures, low
CEC, high pH and high point of zero net charge of biochars was ob-
served, whereas at low pyrolysis temperatures, high CEC, low pH and
low point of zero net charge can be attributed to the presence of
oxygen-containing acidic functional groups, including carboxylic and
phenolic groups (Banik et al., 2018; Menéndez et al., 1995).

Inorganic elements are also present in biochars and their concentra-
tions vary depending on the source of feedstock and pyrolysis condi-
tions. Mineral constituents generally comprise b5 g/kg of biochars
(Fig. 3). Biochar functionality as sorbents is not only influenced by C,
H, and O, but also by inorganic elements present in the precursors,
which varies depending on the feedstock types. Mineral elements can
also influence biochar pH, morphology, active sites, and degradation
pathways. The functions and roles of mineral constituents of biochars
were studied in detail by Xiao et al. (Xiao et al., 2018). Usually,
manure-derived biochars have more inorganic constituents than grass
and soft- or hard-wood derived biochars, which increases with increas-
ingHTT (Fig. 3a). The effects of pyrolysis temperature on the variation of
elemental composition of different feedstock materials are highlighted
in Fig. 3b. With increasing pyrolysis temperature the relative weight %
of inorganic elements (except those that are volatile, e.g., N) increased
due to evaporation and reductions of hydrogen and oxygen contents
from raw biomass, but their content by weight remained almost the
same. Recently, Sørmo et al. observed in highly pyrolyzed (800 °C) bio-
char derived from waste timber that the content of heavy metal(loid)s



Fig. 1. Scanning electron microscopy (SEM)micrographs of biochars derived from sawdust biomass at different HTT: a) raw condition; b) 200 °C; c) 300 °C; d) 400 °C; e)500 °C; f) 600 °C
(Liu et al., 2016); TEM image (x800 K) of g) raw sugarcane bagasse (SB) and SB derived biochars pyrolysed at h) 250 °C, i) 350 °C, j) & k) 600 °C.
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(Cu, Cr, Pb, Zn, As) was reduced during pyrolysis resulting in metal
emissions (Sørmo et al., 2020).

Inorganic constituents of biochars can improve their stability against
thermal degradation and participate in the adsorption of contaminants.
Fig. 2. Effects of pyrolysis temperature on the elemental composition (C, H, O, & N) a) grass
c) hardwood -derived biochar (HBC) d) manures -derived biochar (MBC) (Data sources attach
For example, pyrolysis of silicon-rich feedstocks, including sugarcane
bagasse, rice straw, and wheat straw, can convert amorphous silicon
into silicic acid and crystalline SiO2 at low (b 250 °C) and high
(N 500 °C) HTT, respectively (Liu et al., 2013a; Wang et al., 2019b;
-derived biochar (GBC) b) softwood -derived biochar (Ahmady-Asbchin and Bahrami)
ed as Supplementary File ).



Fig. 3. a) Effects of pyrolysis temperature (200–650 °C) on the mineral constituents (g/kg−1) of pig manure- and wheat straw- derived biochar, b) Mineral constituents (g/kg−1) of cow
manure (CW), pigmanure (PM), shrimp hull (SH), bone dregs (BD),wastewater sludge (WWS),waste paper (WP), sawdust (SD), grass (G),wheat straw (WS), peanut shell (PS), chlorella
(C), and water weeds (WW) derived biochar pyrolysis at 500 °C (Data extracted from Zhao et al. (Zhao et al., 2013)).

6 M. Hassan et al. / Science of the Total Environment 744 (2020) 140714
Xiao et al., 2014). Silicon is a major inorganic phase involved in metal
co-precipitation. Silicon can also protect organic phases against thermal
decomposition during pyrolysis (Wang et al., 2019b). Therefore the sil-
icon within biochars acts as a co-precipitator of adsorbed heavy metal
(loid)s (Cao et al., 2009; Chen et al., 2008; Guo and Chen, 2014). Fe
and Ni species in biochar were shown to increase the sorption of anions
and the catalytic degradation rate of organic contaminants (Shen et al.,
2014; Wan et al., 2020; Wu et al., 2020; Yan et al., 2015). Abundant Fe
species and engineered species (Fe2O3, Fe3O4, FeO, Fe3C, FeOH, Fe-
metal, and other metal complexes of iron) in feedstocks can induce
Fig. 4. Pyrolysis effects on the physicochemical properties of grass-derived biochar (GBC) a
trend lines.
ferromagnetism in biochar resulting in easy separation and recovery
after sorption (Shen et al., 2014; Wan et al., 2020; Wu et al., 2020;
Xiao et al., 2018; Yan et al., 2015). Fe-containing functional groups im-
prove anion sorption capacity, promote carbonization, and perform as
catalysts for the degradation of non-persistent organic contaminants
(Shen et al., 2014; Wang et al., 2016; Yan et al., 2015). Similarly, Mg
and Mn containing biochars (Mg/Mn-O/OH, Mg/Mn-CO3, Mg/Mn-
metal complex) also contribute to the removal of ionic contaminants
by introducing cation exchange and electrostatic interaction through
metal-O/OH functional groups, depending on the pH of the sorption
nd their interrelationships with bivariate pair scatterplots (95% confidence level) with
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medium (Liu et al., 2013b; Wang et al., 2015b; Xiao et al., 2018; Zhang
et al., 2012). Metal phases of biochar can also precipitate heavy metal
(loid)s, degrade organic contaminants, and enhance syngas production.
Metals can also act as catalysts or activators in biochar (Liu et al., 2013b;
Shen et al., 2014; Wang et al., 2015b; Yan et al., 2015; Zhang et al.,
2012). The presence of P and N in biochar can improve thermal stability
and precipitate heavy metal(loid)s (Cao et al., 2009; Rondon et al.,
2007). Nitrogen-containing species (imine-N, amine-N, acylamide-N,
pyridine, NH4

+, NO3
−, NO2

−) improve the stability and reactivity of bio-
chars (Rondon et al., 2007; Wang et al., 2016). Phosphorus species, in-
cluding monophosphate ester, phosphate di-ester, PO4

3−, and P2O7
4−,

can contribute to the precipitation of heavy metal(loid)s, in a similar
way to N and S species (Xiao et al., 2018).

During pyrolysis, K, Cl, Ca, and Mg form complex molecules with or-
ganics or volatilize at high temperatures. P, S, N can also volatilize at low
temperatures (Liu et al., 2015; Xiao et al., 2018). Some alkali metals
have catalytic characteristics that lead to the production of gaseous
compounds and cracking of biochars structure resulting high surface
area and porosity. Mineral phases of biomass influence degradation,
yield of biochar, and biochar properties (Collard et al., 2012; Di Blasi
et al., 2009; Qu et al., 2011). For example, the mineral contents of feed-
stock sources positively correlatedwith CEC, pH, and ash production but
were negatively correlated with carbon content, and consequently, bio-
char yield (Sun et al., 2016; Yuan et al., 2011). However, the extent and
influences of the catalytic effects of minerals on biomass for the trans-
formation of aliphatic carbon into aromatic and graphite phases during
HTT require further study.

4.2. Effects of HTT on properties of Gramineae-derived biochar (GBC)

Different species of grasses, including crop residues, napier grass,
wheat straw, cordgrass, giant reed, rice straw, silver grass, and sugarcane
Fig. 5. Pyrolysis effect on the physicochemical properties of softwood-derived biochars (SBC
trend line.
bagasse, are commonly used as feedstockmaterials for grass-derived bio-
char (GBC) (Chun et al., 2004; Crombie and Mašek, 2015; Harvey et al.,
2011; Wang et al., 2013). The effects of pyrolysis temperatures on the
physiochemical properties of GBC are significantly different from those
of HBC and MBC due to considerable variation of chemical composition.
The effects of pyrolysis temperature on themajor physiochemical proper-
ties of GBC, including their interrelationships, are highlighted in Fig. 4.
There is lack of information for the physiochemical properties of GBC gen-
erated below 200 °C and above 800 °C (Fig. 4). Grasses are pyrolyzed
faster than hardwood and softwood feedstocks due to low thermal resis-
tance. Large surface areas are generally obtained in biochars produced at
high pyrolysis temperatures due to the volatilization of hydrogen and ox-
ygen (Fig. 4). Both surface area and pore volume of biochars increase
slightly and have positive correlationswith increasing pyrolysis tempera-
ture, whereas the yield of biochars decreases, and consequently, ash pro-
duction increases. GBCgenerally produces large amounts of ashdue to the
presence of alkali metals, which is similar to MBC. The pH of GBC in-
creased with HTT and ranged from 5 to 11 due to increases in hydroxyl,
carboxyl, and carbonyl groups, and the presence of alkali metal hydrox-
ides in the feedstocks.

The ratios O/C and H/C indicate the polarity and aromaticity of
biochars, which are critical properties for applications of biochar as
adsorbents (Crombie et al., 2013; Leng et al., 2019). High aromaticity
is suitable for sorption of organic contaminants. The H/C molar ratio
is used to estimate the carbonization of biosorbents. A decreasing H/
C molar ratio suggests a higher degree of carbonization and smaller
amounts of plant residues (e.g., cellulose, hemicellulose) (Samsuri
et al., 2013). The O/C molar ratio can be used to indicate the
hydrophilic nature of biochars, which vary according to biomass
type and pyrolysis temperature (Mukome et al., 2013; Uchimiya
et al., 2011). Decreasing trends of O/C ratio with increasing temper-
ature indicate decreasing polarity of biochar, and oxygen-containing
) and their interrelations, with bivariate pair scatterplots (95% confidence level) with a
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functional groups. Ratios of O/C and H/C below 0.4 are preferred to
ensure biochar stability (Cantrell et al., 2012; Leng et al., 2018). Ox-
ygen loss from biochars was inversely proportional to aromaticity,
and ash content (Han et al., 2018). With increases in pyrolysis tem-
peratures the molar ratios of H/C and O/C increased due to the
greater degree of carbonization (Chen et al., 2008; Keiluweit et al.,
2010). GBC showed higher polarity and functionality than other
types of feedstock materials due to its greater O/C values. In the
meta-analysis, positive correlations were shown for HTT versus pH
(r2 = +0.40), HTT versus surface area (SA) (r2 = +0.28), pH versus
ash content (r2 =+0.39) and H/C versus O/C (r2=+0.73). Negative
correlations were found for HTT versus O/C (r2 =−0.43), H/C versus
HTT (r2 = −0.59), and pH versus H/C (r2 = −0.71). The ranges of
major physicochemical properties, with standard deviations, for
GBC are shown diagonally by using box plots with the scatter matrix
(Fig. 4).
4.3. Effects of HTT on properties of softwood-derived biochar

The most commonly used softwoods for biochar synthesis are pine,
redwood, willow, hemlock, and alder. Various physiochemical proper-
ties of SBC and their interrelationships are depicted in Fig. 5. The distri-
bution of physicochemical properties, with standard deviations, of SBC
are also represented with box-plots (Fig. 5). The surface area of
softwood-derived biochar can reach 500 m2/g, which is much larger
than that for GBC and MBC, but smaller than that for HBC. The pH of
SBC ranged from 4 to 10 for pyrolysis temperatures of 200–800 °C
(Fig. 5). There was an increasing trend in pH of SBC with increasing py-
rolysis temperature (Fig. 5). With increases in temperature, C—\\C,
C_C, C_O, and C_H bonds break down and start to form O—\\H,
CHO-, COOH-, and benzene rings, and their polymers that contain
more –OH functional groups and hence further raise the pH of SBC.
The aromaticity increased proportionally to carbon content but
Fig. 6. Pyrolysis effects on the physicochemical properties of hardwood-derived biochar (HBC)
inverselywithO content (Wiedemeier et al., 2015). Surface hydrophilic-
ity of softwood biochar increased with pyrolysis temperatures. Wood-
derived biochars (SBC and HBC) have small H/C vs. O/C values that indi-
cate high stability and aromaticity (Abiven et al., 2014; Weber and
Quicker, 2018). The ash production from softwood is much smaller
(below 5%) than that derived from GBC and MBC. Softwood-derived
biochar is more stable than GBC and MBC, but less stable than HBC.
For SBC positive correlations were found for HTT versus pH (r2 =
+0.24), HTT vs. surface area (r2 = +0.35), and H/C vs. O/C (+0.91).
Negative correlations were found for HTT vs. O/C (r2 = −0.75), H/C
and HTT (r2 = −0.78), pH vs. H/C (r2 = −0.18).
4.4. Effects of HTT on properties of hardwood-derived biochars (HBC)

Eucalyptus, cottonwood, oak, mahogany, walnut, teak, birch, and
beech are common hardwoods used for biochar production. Fig. 6 illus-
trates temperature effects on the physicochemical properties of HBC
and their interrelationships. The distribution of significant physico-
chemical properties is also depicted diagonally by box-plots and stan-
dard deviations (Fig. 6). The surface area of HBC was much greater
than that of GBC, MBC, or SBC. The surface area and pH increased with
increasing HTT and decreased with increasing hydrogen and oxygen
contents. The pH generally increased with HTT due to the transforma-
tion of aliphatic carbon structure into aromatic carboxylic and phenolic
carbon (Lian and Xing, 2017). However, the ash contents were lower
than those for GBC and MBC due to the small content of alkali metals
in hardwood feedstocks, which is consistent with a previous study
by Mukome and colleagues (Mukome et al., 2013). The ash content
of HBC reached up to 20%, whereas for GBC and MBC it generally
reached up to 40 and 70% ash, respectively (Figs. 4–7). Wood-derived
biochars (SBC and HBC) show lower polarity but higher stability than
any other type of feedstock material, making them suitable for sorption
of organic contaminants (Chatterjee and Saito, 2015; Hassan et al.,
and their interrelations, bivariate pair scatterplots with trend lines (95% confidence level).
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2020; Yaashikaa et al., 2019). Positive correlations were found for HTT
vs. pH (r2 = + 0.41), HTT vs. surface area (r2 = +0.50), and H/C
vs. O/C (r2 = + 0.71), whereas negative correlations were found for
HTT vs. O/C (r2 = −0.40), H/C and HTT (r2 = −0.62), pH vs. H/C
(r2 = −0.20).

4.5. Effects of HTT on the properties of manure-derived biochar (MBC)

Poultry litter and manures from dairies, turkeys, and swine are used
as feedstock materials for biochar preparation. Fig. 7 illustrates the ef-
fects of temperature on the physicochemical properties of manure-
derived biochar (MBC) and their interrelationships. The distribution
range ofmajor physiochemical properties of biochar is highlighted diag-
onally by box-plots (Fig. 7). MBCs generally had smaller surface areas
than GBC, SBC, and HBC, with pyrolysis temperatures up to 800 °C,
and ranged from 5 to 80 m2/g (Fig. 7). MBC had comparatively higher
pH than those of HBC, SBC, and GBC. Manures contain more alkali and
the alkalinemetals than other biochars, andwhen oxidized at high tem-
peratures form oxides (Hagemann et al., 2018), leading to high ash con-
tent. The ash content ofmanureswas up to 70%with pyrolysis at 800 °C.
The ash content was inversely proportional to biochar yield. Positive
correlations were found between pH vs. HTT (r2 = +0.40), and pH vs.
ash percentage (r2 = +0.43), whereas negative correlations were
found for HTT vs. H/C (r2 = −0.54), and pH vs. H/C (r2 = −0.42).

4.6. Trends of physiochemical properties of biochars

In general, some reports stated that biochar carbon content, pH,
ash content, surface area, and stability increase, while H/C and O/C
decrease with increased HTT (Downie et al., 2012; Mukome et al.,
2013; Weber and Quicker, 2018). However, our meta-analysis with
wide ranges of feedstock materials and HTT showed that such
Fig. 7. Scatter matrix of manure-derived biochars. The pyrolysis effects on the physicochem
(95% confidence level) with trend lines.
relationships varied among individual types of feedstock. The degree
of variation in the characteristics of biochar has been identified
quantitatively, which was unknown previously. For example, the
correlation coefficients of surface area vs. HTT were +0.28, +0.35,
+0.50, and +0.05 for GBC, SBC, HBC and MBC, respectively
(Table 1). There were moderately positive correlations between
HTT and the surface areas of GBC, SBC, and HBC, but not with MBC.
Similarly, MBC showed little correlation between HTT and O/C,
while biochars derived from other feedstocks hadmoderate negative
correlations with HTT (Table 1). Negative correlations were also ob-
served between surface area vs. ash %; pH vs. H/C; O/C vs. ash%; pH
vs. O/C; surface area vs. H/C; and surface area vs. O/C. On the other
hand, positive correlations were found between ash % vs. pH; pH
vs. surface area; and H/C vs. O/C (Table 1). The detailed interrelation-
ships and degree of trends (+ ve and−ve) of correlation coefficients
for individual parameters of each biochar (SBC, HBC, SBC, and MBC)
are presented in Table 1. Interrelationships between properties of
biochar with HTT are therefore specific for individual feedstock
materials.

4.7. Effects of pyrolysis temperature on biochar functionality for removal of
contaminants

The sorption by biochar of organic and inorganic contaminants, in-
cludingheavymetal(loid)s, pharmaceuticals, antibiotics, agrochemicals,
and other emerging contaminants can reduce the toxicity of such con-
taminants (de Andrade et al., 2018; Elimelech and Phillip, 2011;
Montgomery and Elimelech, 2007; Oberoi et al., 2019; Patel et al.,
2019; Rajaganapathy et al., 2011; Shannon et al., 2008). Feedstocks
and pyrolysis temperatures for the synthesis of biochar can be selected
to produce tailored adsorbent properties for the removal of specific
types of contaminants.
ical properties of manure biochar and their interrelations, bivariate pair scatterplots



Table 1
Interrelationships and trends of correlation coefficient (r2) for parameters of biochars.

Parameter of biochars Types of biochar Temp (°C) Ash% pH S.A
(m2/g)

H/C O/C

Correlation coefficient (r2)
Temp
(°C)

GBC
SBC
HBC
MBC

–

Ash % GBC
SBC
HBC
MBC

+0.03
+0.01
+0.46
+0.07

–

pH GBC
SBC
HBC
MBC

+0.40
+0.24
+0.41
+0.40

+0.39
+0.025
+0.24
+0.44

–

S.A
(m2/g)

GBC
SBC
HBC
MBC

+0.28
+0.35
+0.50
+0.05

−0.01
−0.02
−0.10
−0.59

+0.06
+0.25
+0.44
−0.001

–

H/C GBC
SBC
HBC
MBC

−0.59
−0.78
−0.62
−0.54

−0.08
−0.01
−0.04
−0.04

−0.71
−0.18
−0.21
−0.42

−0.06
−0.33
−0.40
−0.10

–

O/C GBC
SBC
HBC
MBC

−0.44
−0.75
−0.40
−0.02

−0.11
−0.03
−0.003
−0.04

−0.23
−0.06
−0.25
−0.02

−0.002
−0.40
−0.13
−0.32

+0.73
+0.91
+0.72
+0.10

–

Here, Temp - temperature, S.A. - surface area, O/C - oxygen/carbon, H/C - hydrogen/carbon content.

10 M. Hassan et al. / Science of the Total Environment 744 (2020) 140714
4.8. Adsorption of inorganic contaminants

The sorption of inorganic contaminants, including heavymetal(loid)
s, are generally governed by chemisorption including coordination, pre-
cipitation, complexation, ion exchange, and electrostatic interactions
(Dai et al., 2019; Hale et al., 2013; Hassan et al., 2019; Wang et al.,
2020a). Heavy metals are generally adsorbed as a monolayer over the
active sites of biochar through physisorption and chemisorption. The
adsorption of heavy metals is usually rapid on low pyrolysed biochar
due to the predominance of cation exchange reactions, electrostatic in-
teraction, and complexation. In contrast, slow sorption rates were ob-
served with highly pyrolysed biochars (500 °C and 800 °C) due to
intra-particle diffusion of cations and anions (Ding et al., 2014),
reflecting that adsorption of cations and anions by electrostatic interac-
tion and ion exchange reactions are faster than intra-particle diffusion
(Kannan and Sundaram, 2001). Thus, low pyrolysed biochars are there-
fore suitable for rapid and efficient adsorption of ionic contaminants.
Protonation and deprotonation of biochar depend on the isoelectric
point of the biochars and individual acid dissociation constants values
of the functional groups of biochar (Fiol and Villaescusa, 2009;
Kosmulski, 2002; Kosmulski, 2009). The isoelectric point (IEP), and pH
of biochar usually depend on the feedstock sources and pyrolysis tem-
perature (Chen et al., 2014a; Li et al., 2017; Yuan et al., 2011).With in-
creasing HTT, pH, and IEP of biochar increased (Banik et al., 2018;
Menéndez et al., 1995). Thus, low HTT is suitable for cations sorption,
whereas comparatively moderate and high HTT are suitable for anions
sorption.

GBC and MBC are suitable feedstock materials for producing bio-
chars for the removal of ionic contaminants due to their highO/C values,
despite their lower stability, high ash yield, and subsequently low bio-
char yield in comparison with HBC and SBC. GBC and MBC have better
adsorption performance for ionic contaminants thanwood-derived bio-
char (SBC and HBC) due to the abundance of oxygen-containing func-
tional groups and high CEC. For example, the sorption capacity for
Pb2+ was found to be 1.84 and 4.25 mg/g onto pinewood (Ahmady-
Asbchin and Bahrami) and rice husk (GBC) biochars, respectively (Liu
and Zhang, 2009). Similarly, the sorption performance for NH4

+ was
evaluated with biochar derived corn straw, peanut shell, and wheat
straw. Of these, the corn straw-derived biochar showed the greatest ad-
sorption capacity as it had the largest CEC (Gai et al., 2014). Therefore,
GBC and MBC are good candidates for removal of ionic contaminants.
Moreover, MBC has greater efficacy for the sorption of ionic contami-
nants than GBC due to the presence of alkali metals, which could pro-
vide additional active sites for sorption. However, MBC is less suitable
as adsorbents for wastewater treatments due to their low surface area,
highly alkaline properties, and the highest percentages of ash produc-
tion. HBC is relatively stable and capable of high aromaticity but has
lower polarity than biochars derived from other sources. Therefore,
HBC has low efficiency for ionic contaminant removal but high effi-
ciency for removal of organic contaminants. The presence of oxygen-
containing functional groups resulting from low-temperature pyrolysis
biochar enhancedheavymetals sorption (Gai et al., 2014).With increas-
ing HTT, sorption capacity for ionic contaminants decreased due to a re-
duction of the affinity among sorbents and sorbates. This was ascribed
to aromatization (Gai et al., 2014). When the HTT is increased, biochar
surface structure transforms from heterogeneous to homogeneous mo-
lecular structures due to the formation of an ordered graphitic structure
that is not suitable for sorption of ionicmolecules (Fig. 8b). For example,
the adsorption capacity for Pb2+ by bagasse derived biochar (GBC) de-
creased from 21 to 6 mg/g as HTT increased from 250 to 600 °C, due
to inducing non-polar surface properties and reductions of aliphatic
functional groups (Ding et al., 2014).

4.9. Adsorption of organic contaminants

The sorption of organic contaminant onto biochar surfaces is gen-
erally controlled by physical sorption mechanisms including van der
Waals force, London dipole, hydrophobic interaction, π stacking, par-
tition, pore-filling, and intra-particle diffusion (Table 2), where pH has
no significant influence (Hopkins and Hawboldt, 2020; Lyu et al.,
2018; Wang and Wang, 2019). Physical sorption is influenced by sur-
face area, aromaticity, hydrophobicity, and porosity (Hassan et al.,
2020; Kupryianchyk et al., 2016). The aromatic carbon structure of
biochar is favorable for hydrophobic interactions with organic



Fig. 8. (a) Interrelationships of sorption parameters for naphthalene, nitrobenzene, andm-dinitrobenzene and thermallymodified (100–700 °C) pine needle-derived biochars (Chen et al.,
2008); (b) Interrelationships of isotherm parameters of ammonium (NH4

+) by adsorption on to wheat straw (W-BC), corn straw (C-BC), and peanut-shell (P-BC) derived thermally
modified (400–700 °C) biochar (Gai et al., 2014).
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contaminants, which can be achieved by high HTT (Hassan et al.,
2019). The size of pores increases with pyrolysis temperature and
can be readily filled with organic contaminants (Ahmad et al.,
2013a; Kang et al., 2018). Recently, Hale and colleagues concluded
that the biochar-water partitioning coefficients (Kd values) of neu-
tral organic contaminants are positively correlated with surface
area and pyrolysis temperature. In contrast, negative correlations
with O/C and H/C values were due to the lack of ion exchange inter-
action and charge-assisted bonding mechanisms (Fig. S5) (Hale
et al., 2016). However, charged organic contaminants can be
adsorbed by electrostatic interactions (Fagbayigbo et al., 2017). The
sorption of ionic organic contaminants (e.g., PFOS, methylene blue)
is influenced by both physical and chemical sorption (Hassan et al.,
2020; Lyu et al., 2018). The sorption of naphthalene, nitrobenzene,
and m-dinitrobenzene onto thermally modified (100–700 °C) bio-
chars was observed and compared (Fig. 8a). All three organic con-
taminants had very high sorption affinity with highly pyrolyzed
Table 2
Temperature effects on biochar physiochemical properties and their relationships with organic

Pyrolysis temperature (°C) Low pyrolysi
(100 °C – 30

Structural degradation (Fang et al., 2020; Hassan et al., 2019; Lian and
Xing, 2017; Liu et al., 2017; Ranzi et al., 2008)

Cellulose and
hemicellulos
decompose

Active sites for sorption (Hassan et al., 2019; Lian and Xing, 2017; Uchimiya
et al., 2011; Yang et al., 2019; Zhang et al., 2017; Zhao et al., 2020)

-C-C-, -C=C-

pH of biochar Slightly acid

Adsorption performance (Chen et al., 2008; Chen et al., 2012b; Hu et al.,
2020; Neris et al., 2019; Uchimiya et al., 2011; Xiao et al., 2018)

Higher for io
contaminant
organics

Inorganic contaminants adsorption mechanism (Bair et al., 2016; Cao et al.,
2009; Chen et al., 2011; Chen et al., 2015; Dong et al., 2013; Fang et al.,
2014; Oliveira et al., 2017; Qi et al., 2017a; Qi et al., 2018; Qi et al.,
2017b; Qian and Chen, 2014; Shen et al., 2017; Uchimiya et al., 2010a;
Uchimiya et al., 2011; Xiao et al., 2018)

Complexatio
electrostatic
and ion exch

Organic contaminants adsorption mechanism (Ashoori et al., 2019; Bair
et al., 2016; Burnell et al., n.d.; Chen et al., 2019; Hassan et al., 2020;
Lattao et al., 2014; Lian and Xing, 2017; Oberoi et al., 2019; Pignatello
et al., 2017; Teixidó et al., 2011; Tomul et al., 2020; Ulrich et al., 2015;
Ulrich et al., 2017; Wang et al., 2015a; Xiao et al., 2018; Xiao et al., 2017)

Partition, hy
H-bond, and
interaction (
biochar (Chen et al., 2008). Similarly, pine needle-derived biochars
were prepared at 300, 500, and 700 °C pyrolysis temperatures to
evaluate their performance for the removal of trichloroethylene
(TCE) from water (Ahmad et al., 2013b).

Higher sorption density was observed in the most pyrolyzed
biochar due to high aromaticity, large surface area, and microporosity.
Sorption parameters (Freundlich intensity parameter (n) and
Freundlich constant (Kf)) were linearly related to the aromaticity of
biochar, which is influenced by pyrolysis temperature of biochars
(Chen et al., 2008). Low-temperature biochar generally showed
partition-dominant sorption, whereas high-temperature biochar
demonstrated adsorption-dominant sorption for non-ionic organic con-
taminants (Ahmad et al., 2013b). Adsorption and partition depend on
both the carbonized and non‑carbonized fractions of biochars (Chen
et al., 2008; Uchimiya et al., 2010b). For example, naphthalene was
adsorbed onto carbonized biochar at higher HTT (500–700 °C) by
adsorption, whereas it partitioned with well-hydrated non‑carbonized
and inorganic contaminant removal from wastewater.

s
0 °C)

Mild pyrolysis (300 °C - 500 °C) High pyrolysis
(500 °C–700/800 °C)

e start to
Lignin starts to decompose along
with cellulose and hemicellulose

Formation of benzene polymer,
carbon ring structure, and high
ash production

, -C-O-, -O-H COOH-, COH-, OH-, COOH-, benzene ring, aromatic
structure, and non-polarity

ic to acidic Slightly alkaline to mildly
alkaline

Mild to highly alkaline

nic
s but lower for

Relatively lower for ionic but
higher for organic contaminants

Very high (max.) for organic
contaminants and lowest for
ionic molecules

n,
interaction,
ange

Complexation, hydrogen
bonding, electrostatic
interaction, and ion exchanges

Co-precipitation, ion exchanges,
precipitation, and co-ordination
bonding

dration,
hydrophobic
low)

Hydrogen bonding, partition,
hydrophobic interaction, and
π-bond

Pore filling and hydrophobic
interaction, and π- π bond.
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biochar at lower HTT (150 °C) (Chen et al., 2012a). The effects of
pyrolysis temperature on the removal mechanisms of the organic and
inorganic contaminants from wastewater are highlighted below
(Table 2).

5. Conclusions and future perspectives

The above discussion on the physicochemical properties of biochar
can facilitate the design of biochars for particular applications, such as
environmental remediation, soil amendments, and carbon sequestra-
tion. This review provides an overview of existing data to facilitate deci-
sion making for the end-users of biochar. Some significant outcomes of
this review are summarized below:

• The properties of biochar, including surface area, pH, polarity, and sta-
bility, are influenced by pyrolysis temperature. The carbon content, sur-
face area, pH, andO/C vs. H/C increase,while biochar yield, H/C, andO/C
ratios of biochar decreasewith increasing HTT. High pyrolysis tempera-
ture can reduce aliphatic and oxygen-containing functional groups and
induce aromatic active sites. Therefore, biochars pyrolyzed at high tem-
perature are suitable for adsorption of organic contaminants, whereas
biochars pyrolyzed at low temperature are suitable for removal of
ionic contaminants. Pyrolysis temperatures also influence adsorption
mechanisms. Low pyrolysed biochars generally adsorb inorganic con-
taminants by electrostatic interaction, ion exchange, and polarity
selective interactions. Pore-filling, hydrophobic interaction, and precip-
itation are the dominant sorptionmechanisms for highly pyrolyzed bio-
char. Solution pH is one of the most dominant factors determining
biochar adsorption performance, especially for ionic contaminants.
The protonated functional groups generally favor anionic organic and
inorganic contaminants, while deprotonated functional groups favor
cationic contaminants, including heavy metals.

• Cellulose and hemicellulose transform into low molecular weight
carbonaceous species and consequently form aromatic polymers
at low HTT, whereas lignin was degrade and transform at compar-
atively high HTT. The yields of biochars mainly depend on the lig-
nin percentages of feedstocks and pyrolysis temperature. The
diversity of functional groups decreases with increasing HTT.
With increases of pyrolysis temperature, the polarity of biochar de-
creased, and consequently, hydrophobicity increased. The stability
may vary depending on the types of feedstock and pyrolysis tem-
perature. The sequence of biochar stability against thermal decom-
position and volatilization is HBC N SBC N GBC N MBC.

• This article established firm and precise links between the thermal
conversion of different types of feedstocks and the properties of
resulting biochars. To be specific, GBC and MBC have more
oxygen-containing functional groups than the wood-derived bio-
chars (HBC and SBC). On the other hand, wood is suitable for syn-
thesis of highly hydrophobic and aromatic biochar (SBC and HBC)
due to high thermal stability in comparison with the grass and ma-
nure derived biochars. GBC and MBC are suitable for adsorption of
ionic contaminants due to the abundance of functional groups,
whereas wood-derived biochar is suitable for adsorption of organic
contaminants due to hydrophobic interactions. Furthermore, MBC
are less suitable adsorbents for wastewater treatments due to
their small surface area, susceptibility to release alkali metals,
and higher ash production, in comparison with the other biochars.

• The inorganicminerals phase of biochar also plays a significant role in the
adsorption of contaminants. Ionic contaminants can be adsorbed by pre-
cipitation, coordination, and ion exchange reactions with the mineral
phases of biochar. Additionally, these active sites could perform catalytic
degradation of labile organic contaminants from soil and water.

There is limited information on the physiochemical properties of
hydrothermally modified biochar, microwave-assisted biochar, and
engineered biochar, which should be further investigated for
comparison with conventional biochar. Although most of the pub-
lished research articles focused on single feedstock sources, multiple
feedstocks sources should be explored to determine their synergistic
or antagonistic effects on the sorption performance for organic and
inorganic contaminants. We also suggest that biochar interactions
in natural water systems to examine depositional behavior, contam-
inant transport, aggregation behavior, and toxicity, should be more
precisely investigated. To avoid toxicity and long-term desorption,
ex situ remediation of wastewater can be considered. Finally, the
separation of biochar (e.g., via magnetic biochars) after adsorption
and regeneration should be considered to reduce remediation
costs. The practical application of biochar for waste management
and agricultural use can provide several synergistic benefits, includ-
ing opening of small businesses, reductions in carbon emissions, and
cost-effective remediation of contamination.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.140714.
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