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Sorption
Surface chemistry

modification to produce engineered/designer biochar is likely to enhance the sorption capacity of biochar
and its potential applications for environmental remediation.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Biochar, a stable carbon (C)-rich by-product synthesized
through carbonization of biomass in an oxygen-limited environ-
ment (Lehmann and Joseph, 2009) has been recognized as a
multifunctional material for energy and environmental applica-
tions. Variety of applications include C sequestration (Kuzyakov
et al.,, 2009; Woolf et al., 2010), greenhouse gas emission reduc-
tion (Singh et al., 2010), land remediation, contaminant's immobi-
lization (Ahmad et al., 2014; Mohan et al, 2014b) and soil
fertilization (Chan et al., 2007, 2008).

The chemical and physical properties of biochar mainly depend
on feedstock types and pyrolysis conditions i.e., residence time,
temperature, heating rate, and reactor type. Conventional carbon-
ization (i.e. slow pyrolysis), fast pyrolysis, flash carbonization, and
gasification are the main thermochemical processes that are widely
employed for biochar production (Manya, 2012). In general, biochar
produced at high temperatures (600—700 °C) shows highly aro-
matic nature with well-organized C layers, but has fewer H and O
functional groups due to dehydration and deoxygenation of the
biomass (Ahmad et al., 2014; Uchimiya et al., 2011), potentially with
lower ion exchange capacities (Novak et al., 2009). On the other
hand, biochar produced at lower temperatures (300—400 °C) has
more diversified organic characters, including aliphatic and cellu-
lose type structures and contain more C=0 and C—H functional
groups (Glaser et al., 2002; Novak et al., 2009). The complex and
heterogeneous chemical and physical composition of biochar pro-
vides an excellent platform for contaminants removal through
sorption (Park et al., 2015a; Vithanage et al., 2015a). In spite of
considerable scientific work on the uses of biochar for environ-
mental uses, extensive attention has recently been focused on the
modification of biochar with novel structures and surface proper-
ties in order to enhance its remediation efficacy and environmental
benefits (Ok et al., 2015). It is timely and essential to review the
scientific literature on novel modifications and their effects. For the
sake of facilitating future design and improving performance and

widespread use of -engineered char materials like biochar for
environmental applications and remediation, this review paper
provides a timely comprehensive summary and critical evaluation
of the principles and applications of various surface modifications
on biochar in view of up-to-date available peer-reviewed research
work.

2. Modification methods for engineered/designer biochar
preparation

Available modification methods that have been investigated in
previous literature are summarized in Table 1, which can be divided
into four main categories, i.e., chemical modifications, physical
modifications, impregnation with mineral sorbents, and magnetic
modifications (Fig. 1).

2.1. Chemical modification

Chemical modification process involves both one step modifi-
cation and two-step modification process. The carbonization and
activation steps are achieved simultaneously during one-step
chemical activation in the presence of an activating chemical
agent. Two-step chemical activation involves carbonization of raw
feedstock followed by activation of the carbonized product by
mixing with a chemical agent or pretreatment of precursors before
the carbonization process (Azargohar and Dalai, 2008; Qian et al.,
2015).

2.1.1. Acid/base treatment and chemical oxidation process of
biochar

Treatments to the carbon precursors or resulted biochar after
pyrolysis during chemical modification have been reported to effect
profoundly on biochar performance as an amendment or sorbent
(Kasparbauer, 2009). All treatments create additional costs but are
beneficial in the end due to enhanced properties. Treatment by
chemical modification is generally carried out by addition of acids
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Table 1
Different modification methodologies of biochars, production conditions, contaminant removals (mechanisms) and their applications with representative publication details.

Modification method Biochar Production Target sorbate Enhancement Mechanism References

feedstock temperature

Chemical modifications

Chemical oxidation =~ Bamboo 550 °C Furfural Chemical treatments inhibited sorption Introduction of a large number of acidic Li et al.
(KMnOy4, HNO3, or of furfural functional groups on biochar surface; (2014d)
NaOH) HNOs5 was more effective than KMnQOy,. By

contrast, NaOH and heat treatments
increased basicity of biochar

H,0, modification Peanut hull 300 °C Pb2+,Cut Enhanced Pb%* sorption from 0.88 to Increased O-containing functional Xue et al.
Ni**and Cd** 22.82 mg g~ !, comparable to commercial groups, particularly carboxyl groups, on (2012)

activated carbon hydrochar surfaces

Chemically modified Rice husk 450—-500 °C Tetracycline Exhibited better sorption performance  Possessed larger surface area than those Liu et al.
(10% H2SO4 or 3 M (58.8 mg g~ ') than the other two biochars of raw and acid treated biochars (2012)
KOH)

NaOH activation Pine chip 300 °C Diclofenac (DCF), Jung et al.
naproxen (NPX), (2015)
and
ibuprofen (IBP)

KOH modification Municipal 400, 500 As>* More than 1.3 times adsorption than Increase of surface area and changes of Jin et al.

solid waste and 600 °C unmodified biochars porous texture, especially functional (2014)
groups on the surface of activated
biochars
Acid activated biochar 300 and Sulfamethazine  Extensive increase in the BET surface area Vithanage
700 °C (SMT) and enhancement in sorption of et al.
sulfamethazine (2015b)

Activated Wheat straw 450 °C Nitrate and Significant increase of sorption after Li et al.

with HCl, and coated phosphate coating with iron (2014c¢)
with iron (FeCls
6H,0)

Phosphoric Pine tree 550 °C Fluoride Increasing F~ sorption resulting from Guan et al.

acid-microwave sawdust chemistry reaction and increased specific (2014)
method surface area

Chemically modified Conocarpus 400 °C Fe?* Higher sorption capacities for chemically Mineral components such as calcite, Usman
biochar (Mg(OH),) wastes modified biochar (84.6—99.8%) followed silicate and Mg(OH), in biochars samples et al. (2013)

by unmodified biochar (38.3—97.6%) accelerate the oxidation of Fe>* and form
precipitate of Fe*>* hydroxides

Methanol-modified  Rice husk 450—500 °C Tetracycline (TC) Approximately 45.6% enhancement of ~ Due to change in O- containing groups Jing et al.
biochar sorption capacity in 12 h and 17.2% at (2014)

equilibrium

Amino-modified Saw dust 500 °C Ccu?t Enhanced sorption up to 5-folds and 8- Amino moiety efficiently complexes with Yang and
biochar folds for batch and fixed-bed heavy metals in view of high stability ~ Jiang

experiments constants of metal complexes (2014)

Polyethylenimine Rice husk 450—500 °C Crb+ Maximum sorption capacity of Introduction of amino group facilitate Ma et al.
modified biochar 4357 mg g~ ', compared to that of chemical reduction of Cr®" and increase (2014)

unmodified biochar (23.09 mg g~ 1) sorption capacity

Carbon Hickory or 600 °C Pb%** and Inyang et al.

nanotube-modified  bagasse sulfapyridine (2015)
biochars
(surfactant-aided
dispersion)

Hybrid multi-walled Hickory chips 600 °C Methylene blue  Highest sorption capacity among all the Biochar-CNT-1% have better thermal Inyang et al.
carbon nanotube  and sugarcane sorbents stability, higher surface area, and larger (2014)
(CNT)-coated bagasse pore volume
biochars

Biochar coated silica Rice husk Characterization Li et al.
material of the material (2012)

Fe(IIl) coated biochar Empty fruit As>* and As®t Improvement of sorption capacities Interactions with FeOH and FeOH3 Samsuri

bunch and rice groups etal.(2013)
husk

Physical modification

Steam activation Maize stover 350 and Emission of N,O Suppress CH4 and N,O emission Fungo et al.

and Eucalyptus 550 °C and CHy (2014)
wood

Steam and KOH whitewood Azargohar
activation (Spruce) and Dalai

(2008)

Steam activation Invasive plant 300 and Sulfamethazine  55% increase in sorption capacity Rajapaksha

(Burcucumber) 700 °C (SMT) etal. (2015)
Steam activation chicken 500 °C Cu?* Lima et al.
litter, alfalfa (2010)
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Table 1 (continued )
Modification method Biochar Production Target sorbate Enhancement Mechanism References
feedstock temperature
bagasse and
shrub, and
soybean straw
Steam activation Tea waste 300 and Sulfamethazine  Highest SMT sorption among all biochars Due to its largest surface area and pore Rajapaksha
700 °C (SMT) volume et al.
(2014b)

Modification by high Cotton stalk ~ 500—900 °C CO, Ammonia reacts with biochars and Zhang et al.
temperature CO; introduce nitrogen functional groups for (2014b)
—ammonia CO, sorption at 120 °C
mixture

NH3/CO, Modification Cotton stalk ~ 500—900 °C CO, NH3 reacts with biochar surface, Xiong et al.

introducing the nitrogen functional (2013)
groups; CO, modification forms more
micropore
Impregnation with mineral sorbents
MnOx-loaded biochar Corn straws 600 °C Cu? Much higher sorption capacity; Formation of innersphere complexes Song et al.
maximum sorption capacity as high as  with MnOy and O- containing groups (2014)
160 mg g~ !

Clay-biochar Bamboo, 600 °C Methylene blue  Increase of sorption capacities by about 5 Ion exchange (with clay) and electrostatic Yao et al.

composites bagasse, and times attraction (with biochar) (2014)

hickory chips

Porous MgO-biochar Phosphorus and Zhang et al.
nanocomposites nitrates (2012a)

Mg-biochar Mg enriched 600 °C Phosphorus Maximum sorption capacity >100 mg g~! Precipitation of P through chemical Yao et al.
nanocomposite tomato leaves reaction with Mg particles and surface  (2013a)

deposition of P on Mg crystals on biochar
surfaces

Mg-biochar Mg- 600 °C Phosphate 88.5% removal of P from solution Nanoscale Mg(OH), and MgO particles as Yao et al.
nanocomposite accumulated (PO4>7) main sorption sites for aqueous (2013b)

tomato tissues phosphate

Chitosan-modified Bamboo, 600 °C Pb?*, Cu**,and  Enhanced removal of three metals Zhou et al.
biochars sugarcane cd?t (2013)

bagasse,
hickory wood,
and peanut
hull

Mg—biochar Sugar Phosphorus High sorption capacity >100 mg g~ Presence of the nanosized MgO particles Yao et al.
nanocomposites  beet tailings on the biochar surfaces as active sorption (2011b)

sites for aqueous phosphorus

Magnesium modified Corn 300, 450, Phosphorus Fang et al.
biochar and 600 °C (2014)

Mineral addition Rice straw 200, 300, C retention Three minerals, especially Ca(H,PO4);,  Enhanced carbon retention and stability Li et al.
(kaolin, calcite 400 and were effective for increasing carbon of biochar with mineral treatment due to (2014a)
(CaC0s), and 500 °C retention and strengthening biochar enhanced formation of aromatic C
calcium stabilization
dihydrogen
phosphate
[Ca(H2P0O4)2])

Aluminum-modified Rice straw, 750 °C As>* Al(IlT)-modified biochars sorbed 445 Inner-sphere complexes with Al Qian et al.
crop straw-derived peanut straw, —667 mmol kg~! at pH 5.0, in contrast to hydroxides on the surfaces of biochars ~ (2013)
biochars soybean straw negligible sorption on unmodified

biochars

Manganese oxide- Pine wood 600 °C Arsenic (As>*) and Sorption capacities of As>* increased by Presence of birnessite particles showed Wang et al.

modification lead (Pb?*) about 3.0 and 4.7 times, while those of strong interactions with heavy metals (2015a)
Pb?* increased by about 2.1 and 20.0
times

Granulation of Cotton stalk 350 °C Phosphate Increased phosphate sorption capacity  Integration of porous property of biochar, Ren et al.
biochar powder from O to 0.963 mg g~ ! high sorption capability of ferric oxides, (2015)
followed by ferric and excellent flow characteristics of
loading granular particles

Ca and Fe modified  Rice husk 300 °C Arsenic (As®>*) and More than 95% removal Heavy metal precipitation as well as Agrafioti
biochars chromium (Cr%*) electrostatic interactions etal. (2014)

Biochar supported Rice hull 350 °C Trichloroethylene Degradation efficiency of TCE Large specific surface area and O- Yan et al.
nanoscale (TCE) (0.15 mmol L~') was 99.4% in the containing functional groups of nZVI/ (2015a)
zerovalent iron presence of nZVI/biochar (4.5 mmol L=, biochar enhanced SO, generation and
(nZVI) composite nZVI to biochar mass ratio was 1:5) and accelerated TCE degradation

persulfate (4.5 mmol L~!) within 5 min

Fe impregnated Hickory chips 600 °C Arsenic Maximum sorption capacity of Chemisorption mechanism on Fe Hu et al.
biochar 2.16 mg g~ ' compared to negligible impregnated biochar (2015)

sorption onpristine biochar

Magnetic modification

Magnetic biochars Orange peel 250, 400 Naphthalene Chen et al.
(chemical co- and 700 °C  (NAPH) and p- (2011)

nitrotoluene (p-

(continued on next page)
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Table 1 (continued )
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Modification method Biochar Production Target sorbate Enhancement Mechanism References
feedstock temperature
precipitation of NT) and
Fe3*/Fe* phosphates
Magnetic biochar/y- Cotton wood 600 °C Arsenic Maximum sorption capacity of Nano-colloidal structures of well Zhang et al.
Fe,03 3147 mg kg~ ! dispersed y-Fe,03 particles on both (2013a)
composite surface and interior of biochar matrix
Magnetic biochars ~ Oak wood and 400—450 °C Cd?** and Pb?* Mohan
oak bar et al.
(2014a)
Magnetic biochar/ZnS Rice hull 400 °C Pb%* Significantly improved sorption capacity Yan et al.
composites (2015b)
Magnetic biochar Pinewood 600 °C Arsenic (As®") Greater removal of As’* from aqueous  y-Fe,0j3 particles on biochar surface Wang et al.
solution served as sorption sites through (2015b)
electrostatic interactions
Methanol Organic
Amino %, modification % contaminants
modification |
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Fig. 1. Schematic diagram of biochar modifications.

or bases. In addition, intentional oxidation using hydrogen peroxide
(H,03), potassium permanganate (KMnQO4), ammonium persulfate
[(NH4)2S20g] and ozone (0O3) have been used to modify surface
functional groups (Cho et al., 2010; Uchimiya et al., 2011).

Washing with strong acids (such as phosphoric — H3POg, sul-
furic — HpSO4, nitric — HNOs, and hydrochloric — HCl acid) has been
studied for the purpose of aqueous oxidation, which can enhance
surface acidities and modify porous structure of biochar (Lin et al.,
2012). Table 2 summarizes the acid/base treatment and chemical
oxidation methodologies of biochar reported in literature. Phos-
phoric acid is one of the most commonly used activating agents for
chemical modification and is more environmental-friendly than
other corrosive and hazardous reagents such as ZnCl, (Guo and
Rockstraw, 2007; Sun et al., 2011). Phosphoric acid can decom-
pose lignocellulosic, aliphatic, and aromatic materials while form-
ing phosphate and polyphosphate cross bridges to avoid shrinkage
or contraction during the porosity development (Fierro et al., 2010;
Klijanienko et al., 2008; Yang et al., 2011).

Other mineral acids such as HNO3, H,SO4 and HCl have also been

widely used for modification of biochar. The oxidation with HNO3
treatment has been shown to cause degradation of the micropore
wall due to its erosive nature, resulting in a decrease of total surface
area (Stavropoulos et al., 2008). Similarly, H»SO4 treatment resulted
in a decrease in the porosity of biochar from 10 to 40% and
improved the size distribution of heterogeneous micropore (Yakout
et al, 2015). Dehydration of H;SO4 during pyrolysis could be
detrimental to the development of surface area due to excess water
vapor movement towards the surface structure (Guo et al., 2005).
Organic acids such as oxalic enhance sorption of pollutants through
ligand- and proton-promoted processes (Vithanage et al., 2015b).
Although pretreatment with 10% H,SO4 at 60 °C was observed to
impose little effect on C and O, contents (Fan et al., 2010), a com-
bined treatment of 30% H,SO4 and oxalic acid demonstrated a 250-
fold increase of surface area compared to the unmodified biochar
(Vithanage et al., 2015b). Li et al. (2014c) also reported that the
modification of wheat straw-derived biochar with 1 M and 6 M HCI
introduced more heterogeneous pores than the unmodified ones.
Indigenous inorganic/metal impurities can also be effectively
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Table 2
Acid/base treatment and chemical oxidation process of biochar.
Modification Feedstock Liquid-solid ratio Concentration Temperature Time pH References
H3PO4 Acacia saligna biochar; 40 mL g™! 1M 90 °C 1h N/A Lin et al. (2012)
KOH sawdust biochar; Jarrah 0.1 M
biochar
H,S04 + oxalic acids ~ Burcucumber plant 100mL: 5¢g 30% Room temperature 4h N/A Vithanage et al. (2015b)
H,S04 Rice husk derived 200mL: 20 g 10% (v/v) 60—70 °C 1h 5-9 Liu et al. (2012)
KOH biochar 3M
KOH Alamo switchgrass 500mL: 2 g 2M Room temperature 1h 57 Regmi et al. (2012)
hydrothermal biochar
NaOH Bamboo charcoal N/A 10% 60 °C 6h N/A Fan et al. (2010)
H,0, (Oxidation) Bamboo charcoal 1mLg! 15-30% Room temperature 12h N/A Tan et al. (2011)
H,0, (Oxidation) Peanut hull hydrochar 20 mL: 3 g 10% Room temperature 2h N/A Xue et al. (2012)

(1) HyS04 + HNO3
(2)

NH40H + Na,S,04 + acetic acid (Amination)Saw dust biochar(1) 50 mL +50 mL:
(2)20 mL, 28 g, 120 mL: 5 g(1) conc. acids;
(2) 15 M, 2.9 M(1) Room temperature
(2) Reflux with glacial acetic acid at 100 °C(1) 2 h,
(2) 15 min, 20 h, 5 h5Yang and Jiang (2014)

removed by acid washing (Liou and Wu, 2009). In general, it is
recognized that treatment with strong acids can introduce the
acidic functional groups such as amine, carboxylic groups onto the
carbonized surface, thereby enriching the metal sorption affinity
and capacity through cation exchange and surface complexation
with these additional active sites.

Alkali activation of biochar using potassium hydroxide (KOH)
and sodium hydroxide (NaOH) can increase the O content and
surface basicity (Fan et al., 2010; Li et al., 2014c), while dissolving
ash and condensed organic matter (e.g., lignin and celluloses) to
facilitate subsequent activation (Lin et al., 2012; Liou and Wu, 2009;
Liu et al, 2012). A two-stage KOH activation process of pre-
carbonized precursors could produce a larger surface area with
additional surface hydroxyl groups (Basta et al., 2009; Oh and Park,
2002). Compared to KOH, NaOH is deemed more economical and
less corrosive for carbon activation (Cazetta et al., 2011). However, it
should be noted that NaOH modification at a lower temperature
(60—100 °C) was found to result in a smaller surface area (less than
1 m? g) with only few micropores (Fan et al., 2010; Li et al.,
2014c). There was a marginal change in the fraction of functional
groups on the biochar surface because the content of graphite C was
predominant (Fan et al., 2010; Regmi et al., 2012). Consequently,
there should be a careful balance between the physical properties
(e.g., stability) and surface chemistry of biochar in the selection of
pretreatment methods.

Biochar with extremely high surface areas have been reported
after treating with KOH or NaOH (Chia et al., 2015). Potassium
species (K70, K,CO3) may be formed during activation as a result of
intercalation of K" in the layer of the crystallites that form the
condensed C structure. These species may diffuse into the internal
structure of biochar matrix widening existing pores and creates
new pores of the product (Mao et al., 2014).

Chemical modification of biochar may enhance its contaminant
sorption ability by creating additional and abundant sorption sites
on increased surface areas, rendering biochar surface more
conducive to electrostatic attraction, surface complexation, and/or
surface precipitation, as well as enabling greater sorption affinity
through stronger interactions with specific surface functional
groups. Table 3 and Fig. 2 summarize the enhanced performance
and mechanisms of chemically modified biochar for solute
adsorption. Acid pretreatment and chemical oxidation of biochar
generally enhanced metal removal. For instance, H>O, oxidation
increased the amount of carboxyl groups on biochar surface and
provided additional cation exchange site for surface complexation

of Pb?* and Hg (Tan et al, 2011; Xue et al., 2012), which were
comparable or even superior to commercial activated carbons. The
H,0, modified biochar showed enhanced Pb%* sorption with a
sorption capacity of 22.8 mg g~ !, which was more than 20 times of
that of the unmodified biochar (0.88 mg g~ ') due to increased O-
containing functional group.

Although the surface functionalities remained mostly un-
changed after the modification by KOH activation, Cu** and Cd**
sorption was significantly enhanced which may be due to large
surface area and high amounts of O-containing functional groups
(Regmi et al,, 2012). In addition to carboxyl groups, amination
modification of biochar also significantly enhanced the Cu®* sorp-
tion via strong surface complexation with amino functional groups
(Yang and Jiang, 2014), which was highly selective and minimally
affected by competing cations. The modified biochar by KOH
significantly enhanced its sorption capacity to As>* due to increase
of surface area and pore volume and alternation of functional
groups on the surface (Jin et al., 2014).

Removal of organic pollutants could be enhanced by the T—m
electron donor acceptor interaction between biochar and aromatic
rings of organic compounds (Fan et al., 2010; Liu et al., 2012;
Rajapaksha et al., 2014b). Table 3 shows that the reported capac-
ity for tetracycline removal by KOH-modified biochar
(5852 mg g ') was significantly larger than most studies
(4.3-54 mg g~ ') (Liu et al, 2012), while the observed value for
chloramphenicol removal by NaOH-modified biochar was signifi-
cantly higher than the unmodified biochar (Fan et al., 2010). On the
other hand, urea modification could introduce N functional groups
(pyridinic groups) and increase the surface basicity, thus enhancing
m—m dispersion forces for phenol uptake (Stavropoulos et al., 2008).
Besides, acid modification could also enrich the content of carbonyl
groups for m— interaction. Vithanage et al. (2014; 2015b)showed
that biochar modified with sulfuric and oxalic acids provided a
promising result of 183—229 L kg~! sulfamethazine sorption in
different types of soils, probably because of development of surface
functional groups and increase in surface areas of modified biochar
(Table S1).

2.1.2. Modification of functional groups (carboxylation and
amination)

The surface functional groups and hydrophilicity of biochar can
be chemically modified to suit the specific requirements of envi-
ronmental protection such as removal of contaminants from water/
wastewater and soil amendment for contaminated land (Li et al.,
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Table 3
The enhanced performance and mechanisms of acid/base treated and chemically oxidized biochars.
Modification Sorbate Sorption Enhancement Mechanisms Functionalities References
capacity
H3PO4 N/A N/A Increase of water extractable Hydrolysis of the ester groups formed N/A Lin et al.
KOH organic carbon content during the pyrolysis (2012)
H,S04 + oxalic acids Sulfamethazine 183 N/A Ligand- and proton-enhanced N/A Vithanage
—229 Lkg™! processes; Increase in surface area by et al.
acid treatment (2015b)
H,S04 Tetracycline 2326 mg g~ ! Larger porosity and specific surface m—m electron donor acceptor Oxygen Liu et al.
KOH 58.82mg g ' area; higher carbon and oxygen interaction between biochar surface functional (2012)
contents; lower inorganic ash and aromatic ring groups
content
KOH Cu®*; cd?+ 31mgg ; About 20 times higher of sorption  Electrostatic attraction, ion exchange, Aromatic Regmi
34mgg! capacity than powered activated surface complexation, and/or surface carbon et al.
carbon precipitation (2012)
KOH As>t 3098 mgg~' More than 1.3 times higher sorption N/A Jinetal
capacity (2014)
NaOH Chloramphenicol ~2100 mg kg~! Increase of surface graphitic carbon Electron-donor-acceptor T—m Carbonyl and Fan et al.
and O-containing groups interaction and formation of H-bonds carboxyl (2010)
between N-containing group in CAP groups
and sorbent surface
H,0, (Oxidation) Hg 1470.5 Significantly higher sorption Higher total pore volume and Sggr  Carbonyl, Tan et al.
—1347.9 pg g~ capacity than commercial activated area. Surface oxygen functional carboxyl and (2011)
carbons (380—618 ng mg~') groups enhance electron transfer, ester groups
mercury oxidation and provide
chemisorption centers
H,0, (Oxidation) Pb?+ 2282mgg-! Sorption for Pb** was 20 times Increase of carboxyl groups facilitate Carboxyl Xue et al.
higher than unmodified biochar formation of bound complexes with groups (2012)
Pb2+
(1) H2SO4 + HNO3 Cu?* 12.47 About 4.62% N was present on Formation of outer—sphere Amino groups Yang and
(2) NH40H + Na,S,04 + acetic —15.97 mg g~! modified biochar; 5-fold and 8-fold complexes with amino groups of the Jiang
acid (Amination) enhancement of sorption capacity in modified biochar (also ion exchange (2014)

batch and fixed-bed
respectively

experiments, and microprecipitation)

2014c; Yakout et al., 2015). Generally biochar produced at low
temperature (250—400 °C) has more C=C and C—H functional
groups (Novak et al., 2009). Chemical oxidation using HNOs,
KMnOyg4, H0,, H3POg4, or HNO3/H2SO4 mixture can introduce acidic
functional groups such as carboxylic, carbonyl, lactonic, and

Reduce Cr(VI) to
cr(m)

A Surface area

“MPore volume

phenolic groups on the C surface at relatively low temperatures (Li
et al.,, 2014c; Qian et al., 2015; Shafeeyan et al., 2010; Stavropoulos
et al., 2008). A greater amount of O-containing functional groups
was introduced by chemical modification using HNO3 compared to
KMnOy, illustrating a stronger oxidizing capability of HNOs (Li et al.,
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Fig. 2. Enhanced performance of engineered biochars.
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2014d). Besides, H,0, modification was also able to increase the
carboxylic content from 2.1 to 8.2% (Tan et al., 2011) or from 16.4 to
22.3% (Xue et al., 2012) by oxidizing the carbonized surface of
biochar. In view of the intrinsic oxidizing character, H3PO4 or H,SO4
also partially oxidize the C surface and enrich the carboxylic groups
to some extent (Liou and Wu, 2009; Qian et al., 2015). Surface
carboxylation is primarily accomplished by single-stage oxidation.

In addition to O-containing functionalities, N-containing func-
tional groups (amide, imide, lactame, pyrrolic, and pyridinic
groups) play an important role in environmental applications for
their strong complexation affinities, especially for base metal cat-
ions such as Cu, Zn and Cd (Buttry et al., 1999; Shafeeyan et al.,
2010). Introduction of N-containing functional groups can be
attained by nitration followed by reduction on the C surface
(Chingombe et al., 2005; Yang and Jiang, 2014). The dissociation of
HNOs forms highly active intermediate nitronium ions that react
with the aromatic rings and turn into nitrated products (—NO;) on
the biochar surface. Since the nitration of aromatic surfaces is
limited by the slow rate of nitration and small quantities of NO, ™"
(Carey and Sundberg, 2007), simultaneous addition of concentrated
H,S04 is necessary to facilitate the formation of nitronium ions. The
nitration is believed to take place via electrophilic aromatic sub-
stitution which introduces nitrogen groups on aromatic rings in
biochar (Lehmann and Joseph, 2009; Yang and Jiang, 2014). The
nitro-groups are subsequently reduced to amino groups on the
surface by using sodium dithionite (N,S;04) as a reducing agent
(Chingombe et al., 2005; Yang and Jiang, 2014). Surface amination
results introduction of amino-groups which provide basic proper-
ties and strong affinities to pollutants.

Using chitosan (naturally abundant polysaccharide) as the
modification agent, Zhou et al. (2013) introduced amine functional
group on biochar surfaces to improve its sorption ability to heavy
metals, like, Pb?*, Cu®**, and Cd?*. They found that the coating of
chitosan on biochar surfaces can also improve its performance as a
soil amendment and concluded that chitosan-modified biochar
may be used as an effective, low-cost, and environmental-friendly
sorbent to remediate heavy metal contamination in the environ-
ment. The amine groups of chitosan enable enables high metal
uptake due to the formation of strong chemical bonds with metal
ions (Yong et al., 2013, 2012).

Hydrogen peroxide (H,0;) modification of peanut hull biochar
surface increased O-containing functional groups, especially car-
boxylic group which enhances the heavy metal (Cd**, Ni** and
Pb?*) sorption capacity of biochar (Xue et al., 2012). Yang and Jiang
(2014) reported that amino modified biochar with increased
functional groups, including N—H stretching (peak around
3650 cm™!), N—H bending vibration (band near 1647 cm™'), C—N
stretching (peak at 1394 cm™!) and CH, and C—O stretching (peaks
at 2976 and 1066 cm™!) in the Fourier transform infrared (FTIR)
spectra, could effectively remove Cu?* from aqueous solution,
because Cu’* was strongly complexed with amino functional
groups on biochar surface. Furthermore, biochar modified with
KOH increased O-containing functional groups (O—H, C—0, C=0
and COOH) and thus improved tetracycline sorption capacity (Liu
et al., 2012). At neutral pH, O-containing functional groups on the
surface of alkali modified biochar facilitated the formation of H»
bonding with tetracycline molecules thus improved its sorption
capacity. The Hy0, treated biochar has also been reported to
contain high amount of O-containing functional groups and effec-
tively removes aqueous heavy metals such as Pb®*, Cu?*, Ni**, and
Cd** (Xue et al., 2012).

2.1.3. Treatment with organic solvents
Carboxylic group modifications can also be accomplished by
using water-soluble carbodiimides and esterification via acidic

methanol (Gardea-Torresdey et al., 1990). The use of acidified
methanol for carboxylic modification is inexpensive. For example,
rice husk biochar which has previously been treated with NaOH
and subsequently modified with acidic methanol showed an in-
crease in surface functional groups (Jing et al., 2014). The chemical
reactions involved in methanol modification are esterification and
then direct reaction between the carbonyl groups of biochar with
methanol (Jing et al., 2014).

Methanol modified biochar was found to be rich in ester and
hydroxyl groups than unmodified biochar, which facilitated the
formation of electron-donor-acceptor (EDA) interaction between
biochar surface and organic contaminants (contaminated soil and
water, pharmaceutical manufacturing wastewater) (Jing et al.,
2014). X-ray photoelectron spectroscopic (XPS) analysis revealed
that electron density of O atoms on biochar surface increased by
modification with methanol and displayed stronger basicity than O
atoms on unmodified biochar. This was explained by strong
electron-withdrawing ability of carbonyl group on the biochar
surface, which can attract electrons of hydroxyl and other related
groups (Jing et al., 2014).

The study conducted by Jing et al. (2014) revealed that the
methanol modified biochar was more effective in tetracycline
removal than unmodified biochar due to alteration of the functional
groups and enrichment of O-containing groups on biochar, which
might play a prominent role in tetracycline sorption. The mecha-
nism suggested by the authors was the formation of electron donor
acceptor interaction between hydroxyl group or ionized moiety
(—0- acts as n-electron donors) of methanol modified biochar and
the electron-depleted sites (7-electron acceptors).

2.14. Surfactant modifications

Surfactants are classified into cationic, anionic, nonionic, and
gemini surfactant according to the nature of the hydrophilic group
(Paria, 2008). While surfactants are usually used as an additive in
industrial production, and washing detergents in environmental
remediation, they have also been widely used in recent decades as a
chemical reagent to modify the surface properties of different solid
materials such as bentonite and zeolite.

In view of the negatively charged surface of biochar, cationic
surfactant can easily be captured by biochar via electrostatic
attraction, and exchange with abundant exchangeable cations, such
as Mg?*, Na™, K, in biochar matrix, and subsequently a surfac-
tant—biochar complex is formed (Erding et al., 2010; Saleh, 2006).
For example, Saleh (2006) found that sorption of cationic surfactant
cetylpyridinium chloride (CPC) on granular charcoal was mainly via
ion-exchange at low concentration levels. A partial mono-
molecular layer may be formed with an increase of CPC concen-
tration in solution. As further increase of CPC concentration, the
hydrophobic interaction between hydrophobic chains of CPC and
charcoal enhances the adsorption of CPC. Han et al. (2013) reported
the effects of cationic surfactant on pentachlorophenol (PCP)
sorption by activated carbon and biochar. Cationic surfactant
cetyltrimethyl ammonium bromide (CTAB) was simply added in the
solution containing PCP, and the modification process of biochar by
CTAB occured via ion-exchange simultaneously with the sorption of
PCP on biochar-CTAB complex. Thus, cationic surfactants can be
used as an effective agent to modify biochar to enhance removal of
anionic pollutants.

Nonionic surfactant can also be sorbed by charcoal via physi-
sorption as indicated by low free energy changes in sorption
(Santhanalakshmi and Balaji, 1996). About 300 mg g~! of TX-100
was observed to be loaded on charcoal (Hamid et al., 2014). Li
et al. (2014b) also found certain degree of sorption of nonionic
surfactant TX-100 onto biochar. In contrast, due to electrostatic
repulsion, both monomolecular and micellar anionic surfactants
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are not easily sorbed on the surface of biochar. For example, very
weak sorption of anionic surfactants on charcoal was found by
Fujita et al. (1991). However, Erding et al. (2010) observed a sig-
nificant sorption of anionic surfactant SDS on activated charcoal.

Han et al. (2013) found that after modification of biochar with
CTAB, PCP sorption capacity of biochar decreased with increasing
aqueous CTAB concentrations. This may due to the hindrance of
hydrophobic sorption site by CTAB sorption. On the other hand,
mobilization and solubilization of PCP by CTAB in solution might
also lead to the decrease of PCP sorption on biochar. The presence of
cationic surfactant CTAB significantly decreased the sorption
amount of amphiphilic phenothiazine drug thioridazine hydro-
chloride (THCI) on activated charcoal (Erding et al., 2010). Besides
the sorption-site-hindrance mechanism, competition of cationic
surfactant with cationic THCI prohibited the sorption of THCI on
charcoal. However, the presence of anionic surfactant only slightly
decreased THCl sorption, while nonionic surfactant TX-100
increased THCI sorption (Erding et al., 2010). It is believed that
sorption of nonionic surfactant on charcoal was driven by phys-
isorption with low free energy changes of sorption
(Santhanalakshmi and Balaji, 1996), and THCI may be incorporated
into the adsorbed nonionic surfactant during the sorption process
(i.e., co-adsorption).

2.1.5. Coating of biochar

Coating of biochar with metal oxides has been recently used to
improve the properties of biochar and subsequently enhance its
sorption capacity (Samsuri et al., 2013; Wang et al., 2012). For
example, sorption of anionic dyes by biochar is very ineffective due
to the electrostatic repulsion between dye molecular and nega-
tively charged biochar surface. Hence, coating of biochar could
change surface properties of biochar.

2.1.5.1. Coating with metal oxides. Wang and colleagues synthe-
sized cobalt (Co)- and Fe-coated bamboo charcoal for the removal
of heavy metals from aqueous solution (Wang et al., 2012; Zhang
et al., 2013b). Commercially available bamboo charcoal was dip-
ped in a 100 mL solution containing cobalt nitrate [Co(NO3),.6H,0]
or FeCl; and 9 M HNOs, followed by heating with microwave at
640 W power and a frequency of 2.45 GHz for several minutes.
Besides, magnesium hydroxide-coated wheat straw biochar was
prepared using MgCl, and NaOH solution (molar ratio OH/
Mg = 1.5) (Zhang et al., 2014b). The Fe-coated biochar had signifi-
cantly increased hydroxyl groups compared to unmodified biochar
because of the formation of iron oxides on carbon surface (Zhang
et al,, 2013b).

The Fe304-coated bamboo charcoal was synthesized by Zhao
et al. (2013) as a sorbent for solid-phase micro-extraction to
remove PBDEs in water. Ferric chloride (FeCl3.6H,0) as well as some
additives, such as urea and tetrabutylammonium bromide, was
prepared in solution to incorporate with bamboo, and then the
residue solid was heated at 450 °C for 3 h under N, to obtain
bamboo charcoal/Fe304 composites. Bamboo charcoal coated with
Fe304 was synthesized by Zhao et al. (2013) to pre-concentrate
polybrominated diphenyl ethers (PBDEs) in water for gas
chromatography-mass spectrometry analysis. The Fe304 film sur-
faces are terminated by a hexagonal oxygen layer covered by
quarter monolayer of iron cations that can form cation-m bonds
(Joseph et al., 2000), indicating that for chemicals with r-electrons,
such as aromatic compounds, are favored to sorb on Fe304 nano-
particles. The results showed that Fe3O4-coated bamboo charcoal
was more effective for PBDEs concentration than other sorbents
(Zhao et al., 2013). Also, Fe(IlI)-coated biochar was prepared using
FeCl; salt. Coating the biochar with Fe(Ill) greatly increased As>*
and As>* sorption capacities (Samsuri et al., 2013).

Zhang et al. (2014b) reported that the sorption capacity of MgO-
coated biochar (MC) for anionic dye (directly frozen yellow, DFY)
was significantly larger than that of the uncoated biochar by about
5 times. It was concluded that MC surface may be positive in so-
lution after magnesium hydroxide coating, which enhanced the
sorption of anionic DFY. Furthermore, FT-IR spectra showed that
more functional groups were found on MC, which facilitated the
removal of DFY.

Wang et al. (2012) reported a significant increase of Cr®* oxy-
anion sorption by cobalt-coated bamboo charcoal (Co-BC)
compared with unmodified charcoal. The Co-BC exhibited higher
surface area and pore volume than unmodified charcoal, which led
to the higher sorption capacity. However, nitric acid and microwave
heating were also included during the production procedure of Co-
BC, so it was not clear that this increment was caused only by Co*-
coating or co-effect of acid and microwave treatment (Wang et al.,
2012).

2.1.5.2. Coating with carbon nanotubes. Although carbon nano-
tubes (CNTs) are very effective for contaminant removal due to the
high surface area and nanostructure, the high cost and inconve-
nience for engineering application limited its use. Therefore, bio-
char could serve as a microporous/mesoporous carrier of CNTs to
develop new effective and recyclable sorbents for water and waste
water treatment. For example, hybrid multi-walled CNT-coated
biochar was made by dip-coating biomass into varying concentra-
tions of carboxyl-functionalized CNT solutions (0.01% and 1% w/w)
prior to slow pyrolysis (tubular furnace) at 600 °C/1 h at
10 °C min~! under N, flow (Inyang et al., 2014). If necessary, anionic
surfactant SDBS was employed to disperse CNTs in solution, and
then followed the production procedure as described above (Inyang
et al.,, 2015).

The CNTs were also grown to bamboo biochar using chemical
vapor deposition (CVD), as suggested by Zhang et al. (2009). After
bamboo biochar production in Ny, it was pretreated with ferrocene
solution in xylene, which was fed into a CVD furnace by a peristaltic
pump at a reaction temperature of 820 °C for several minutes with
Ar and H; mixture gas flowing through the system. Similar CVD
method to produce CNTs-coated bamboo biochar was suggested by
Huang et al. (2012) using ferric nitrate as a catalyst.

Hybrid multi-walled CNT-coated biochar exhibited higher sur-
face areas, porosity and thermal stability compared with uncoated
biochar (Inyang et al., 2014). For example, the surface area of
bagasse biochar was only 9 m? g~ ', while it was 120 and 390 m? g !
for 0.01% and 1% (w/w) CNTs loaded biochar, respectively. A sig-
nificant increase of surface area and pore volume was also observed
with an increase of CNTs loading on biochar Inyang et al. (2014). On
the other hand, cobalt-coated bamboo biochar exhibited higher
surface area and pore volume than uncoated biochar, which led to
the higher Cr(VI) sorption capacity (Wang et al., 2012). Similarly, a
significant increase of surface area and pore volume were also
observed with the increase of Fe amount coated on bamboo char-
coal (Zhang et al. (2013b).

Addition of surfactant (SDBS) for CNTs dispersion during pro-
duction of CNTs-biochar composite resulted in significantly higher
sorption capacity of CNTs-biochar for contaminants (sulfapyridine
(SPY) and Pb%*) than without SDBS due to the excellent dispersion
and distribution of CNTs on biochar surface (Inyang et al., 2015).
Interestingly, no obvious competition was observed between Pb%*
and sulfapyridine, indicating site-specific sorption of these two
contaminants on CNTs-coated biochar surface (Inyang et al., 2015).

Besides contaminant sorption, hydrogen storage capacity was
evaluated on multi-walled carbon nanotubes (MWCNTs) that were
grown on Taiwan bamboo charcoal using microwave plasma-
enhanced chemical vapor deposition. However, only a slight
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improvement was observed (0.52 wt.%) compared with unmodified
charcoal due to lower hydrogen storage capacity of MWCNTSs
(0.22 wt.%) than charcoal (0.43 wt.%) (Miao et al., 2010).

As the increase of growth time of CNTs on bamboo charcoal with
chemical vapor deposition approach, more CNTs incorporated with
charcoal and the sorption capacity for copper increased (Saleh,
2006). Although surface area of CNTs-coated biochar decreased as
increase of CNTs loading, the introduction of functional groups by
chemical vapor deposition led to the enhancement of Cu sorption.
Huang et al. (2012) found the similar phenomenon that surface area
of CNTs-coated bamboo charcoal was much lower than the un-
modified charcoal, but much more acid functional groups were
found on the surface of CNTs-charcoal composites. These functional
groups may easily interact with Pb?>* and form a stable form to
immobilize it on composite surface, which enhanced the sorption
capacity of Pb?™.

Inyang et al. (2014) compared the methylene blue (MB) sorption
capacities of unmodified hickory (HC) and bagasse biochars (BC)
and CNT-biochar composites (HC-CNT and BC-CNT). The maximum
sorption capacities of HC-CNT and BC-CNT (2.4 and 5.5 mg g,
respectively), were almost twice those of their respective unmod-
ified biochar (1.3 and 2.2 mg g/, respectively). Methylene blue
sorbed onto high affinity binding sites within CNT. Additionally, the
biochar showed an ability to sorb methylene blue by itself when the
sorption sites of CNT were filled. Electrostatic attraction was the
dominant mechanism for sorption of MB and microporous diffu-
sion controlled its sorption rate (Jing et al., 2014). The observed
sorption capacities were much lower than those of some other
hybrid CNT materials; however, CNT-biochar synthesis procedure is
simple and inexpensive. Thus, the CNT-biochar nanocomposite can
be considered as a promising, inexpensive sorbent material for
removing dyes and organic pollutants from aqueous systems.

2.1.5.3. Coating with graphene. Graphene has attracted the atten-
tion of both scientists and engineers after its discovery for its
special two-dimensional structure and unique properties, such as
mechanical strength, surface area, thermal conductivity and electro
conductivity (Chen et al., 2010). Similar to CNT, difficult separation
and recovery for reuse limit the wide application of graphene in
water and wastewater treatment. To overcome these disadvan-
tages, composite of graphene covering particles are synthesized
and biochar is one of the good candidates as a carrier of graphene.
Synthesis of graphene-coated biochar also usually follows the two-
step dip-coating procedure as above. For example, peanut shell
biomass was dipped in graphene suspension to absorb graphene,
and then pyrolyzed in a muffle furnace through slow pyrolysis in a
N, environment at temperatures of 300 and 500 °C for 2 h (Ghaffar
and Younis 2014). Similar coating approach was also reported by
Zhang et al. (2012b) that graphene sheets were coated onto cotton
wood by dipping, and then the graphene-coated biomass feedstock
(milled cotton wood) was pyrolyzed in N, environment at 600 °C
for 1 h.

Sorption enhancement of phenol and methylene blue (MB) by
graphene-coated biochar was observed by Ghaffar and Younis
(2014). Higher surface area and pore volume after loading of gra-
phene on biochar may be the main reasons for increased sorption.
Besides, 7—= bonding between graphene sheets and phenol or MB
contributed to the increase of sorption amount. Zhang et al. (2012b)
observed a much more significant increase of MB on graphene-
coated biochar (about 20 times higher), and strong ®—m bonding
between graphene sheet on biochar surface and MB was believed to
be the predominant mechanism for the enhancement of MB
sorption by graphene-coated biochar. However, no surface area
data of biochar and graphene-coated biochar was available in this
study, so it was not possible to account for the contribution of

surface area to the sorption.
2.2. Physical modification

In general, physical/mechanical modification methods are usu-
ally simple and economically feasible, but are less effective than
chemical modification methods. Physical modification process uses
oxidizing agents such as carbon dioxide (CO;), steam and air and
does not involve any chemicals.

2.2.1. Steam activation

Through steam activation process, conventional biochar could
potentially be upgraded to activated biochar with improved
carbonaceous structures and high surface area. Steam activation is
obtained when the initial pyrolysis reactions, occurring in oxygen
free atmosphere at moderate temperatures (400—800 °C), are
complemented by a second stage in which the resulting biochar are
subjected to a partial gasification with steam. This promotes partial
devolatilization and crystalline C formation in biochar (Chia et al.,
2015). Steam application may change the properties of biochar by
removing the trapped products of incomplete combustion during
thermal treatment (Manya, 2012). Typical reactions of the steam
activation involves an initial exchange of oxygen from the water
molecule to the carbon surface site C(f) to create a surface oxide
C(0) and Hy gas (Lussier et al., 1998) and the produced H; may react
with the C surface to form surface hydrogen (H) complexes [C(H)]
(Bach, 2007) (Egs (1)—(3)). Steam oxidizes the C surface sites
generating Hy and CO, which may activate the surface of biochar
and inhibit the gasification reaction of C sites.

C (f) + H,0 — C(O) + Hy (1)
2C (f) + Hy — 2C(H) (2)
CO + Hy0 — COy + Hy (3)

Additional syngas in biochar after pyrolysis may be liberated
during steam activation process in the form of H, increasing the
surface area and pore volume (Rajapaksha et al., 2014a, b). Hence,
several studies have investigated the potential use of steam acti-
vated biochar on soil remediation and water/wastewater treatment
in comparison with non-activated biochar (Table S2). Lima et al.
(2010) produced steam activated biochar from waste biomass at
atmospheric pressure at 800 °C for 45 min. Steam activation was
accomplished by injecting water at 3 mL min~! into the N, gas flow
(0.1 m® h~1) entering the heated retort. Samples were subsequently
washed with 0.1 mol L~! HCI to remove surface ash, water rinsed
three times and dried overnight at 80 °C. Biochar produced by flow-
through pyrolysis of tea waste and invasive plant biomass were
steam activated at a flow rate of 5 mL min~"' for 45 min, under the
peak temperature at 300 and 700 °C (Rajapaksha et al., 2015,
2014b). These biochars were directly used for the removal of vet-
erinary antibiotics from water without any washing procedure.
Only a few studies attempted to optimize steam activation pa-
rameters, of which activation time and the quantity of steam used
may be crucial factors controlling the physical properties and
sorption capacity of resulted biochar.

This steam activation process is known to create new porosities
and enlarge diameters of smaller pores created during pyrolysis
(Lima et al.,, 2010). A considerable increase in surface area (from
342 mg g~ ! to 576.09 m? g~ ') was observed by steam activation of
tea waste biochar (Rajapaksha et al., 2014b). This increment of
surface area could be attributed to corrosion of biochar surface and
release of additional syngas from the biochar, mainly in the form of
hydrogen (Demirbas, 2004). Similarly, steam activation increases
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the pore volume of the biochar by removing the trapped products
(volatile gases). Moreover, steam activation enhances the devel-
opment and accessibility of internal pores in biochar (Chia et al.,
2015).

It has been shown that the activation of biochar by an oxidizing
agent such as steam enhances both inorganic and organic sorption
capacity of conventional biochar. For instance, Rajapaksha et al.
(2015, 2014a) successfully produced steam activated tea waste
and invasive plant derived biochar as a promising remedy of vet-
erinary antibiotics removal from water. The steam activated inva-
sive plant derived biochar produced at 700 °C showed 55% increase
in sorption capacity compared to that of non-activated biochar
produced at the same temperature (Rajapaksha et al., 2015). The
steam activation process increases the sorption capacity by
increasing the surface area of the biochar.

2.2.2. Gas purging

Modification of biochar with high temperature CO-ammonia
mixture treatment has been investigated to adsorb gases (CO,)
(Xiong et al., 2013; Zhang et al., 2014b). Xiong et al. (2013) produced
CO; and NH3 modified biochar under the a range of production
temperatures. After the production of cotton stalk biochar, it was
gradually heated up to preset temperature (500—900 °C) in a quartz
reactor with N purging and then CO, or NH3 was purged. The
ammonification (introduction of NH3) could introduce N-contain-
ing groups onto the biochar and increase N content up to 3.91 wt.%
in COy-ammonia modified biochar, whereas CO, treatment could
play significant role in pore formation and improve the micropo-
rous structure of biochar facilitating gas sorption capacities of
biochar (Xiong et al., 2013).

Xiong et al. (2013) showed that the surface area and pore vol-
ume of CO,-modified biochar was much higher than unmodified
biochar. Carbon dioxide could react with C of the biochar sample to
form CO (i.e., hot corrosion), thereby creating microporous struc-
tures. The clay-biochar composites produced from biomass mixture
with kaolinite and montmorillonite exhibited lower surface areas
compared to unmodified biochar. This may be due to blockage of
pores in biochar by clay minerals (Yao et al., 2014).

At ambient temperature, gas sorption capacity of CO, modified
biochar was significantly higher than that of the unmodified bio-
char (Xiong et al., 2013). Sorption capacity of modified biochar
showed linear relationship with the micropore volume and the
mechanism of CO, sorption was identified as physical sorption
(Xiong et al., 2013).

2.3. Impregnation with mineral oxides

As a new concept, engineered biochar has been prepared by
impregnation of minerals with biochar (Yao et al., 2014, 2011a,
2011b; Zhang et al., 2012a). Clay minerals have been extensively
used for contaminant removal in view of their composition, cation
exchange capacity (CEC), surface charge and mineralogical struc-
ture. Montmorillonite, gibbsite, and kaolinite are among the most
commonly used clay minerals, as well as iron oxides, as low-cost
sorbents (Goldberg et al., 1996; Manning and Goldberg, 1996;
Murray, 1991; Rajapaksha et al., 2012; Vithanage et al., 2006). Yao
et al. (2014) distributed clay particles within the biochar matrix
to enhance its functionality. The clay (montmorillonite and/or
kaolin) were mixed with biomass (bamboo, bagasse, and hickory
chips) and pyrolyzed in a N; environment at 600 °C for 1 h. In these
biochar-clay composites, biochar act as a good porous structure to
support and host the distribution of the fine clay particles within
the matrix. In another study, thermal pyrolysis of AlCl3 pretreated
biomass produced biochar/AIOOH composite with robust inter-
connected three-dimensional biochar network. In this process,

biochar networks prevented particle aggregation and created
nanosized AIOOH on C surfaces with uniform morphology and
homogeneous distribution (Zhang and Gao, 2013).

Anaerobically digested biomass, MgCl,_pretreated biomass and
Mg-rich biomass have been recently investigated to produce
engineered Mg-biochar nanocomposites by pyrolysis (Yao et al.,
2014, 2011a). The engineered Mg-biochar nanocomposites were
prepared through pyrolyzing anaerobically digested Mg-rich
biomass residues (Yao et al., 2011a). Zhang et al. (2012a) synthe-
sized porous MgO-biochar nanocomposites with 20-nm-thick
flakes of polycrystalline MgO from different feedstock materials
(sugar beet tailings, sugarcane bagasse, cottonwoods, pine woods,
and peanut shells). The feedstocks were immersed in MgCl; solu-
tions, and the resulted dry-mixture of MgCl, incorporated biomass
was heated at 10 °C min~! at 600 °C under N; flow for 1 h. Appli-
cation of N, treatment is essential to remove by-product gases
including HCl and thereby facilitating the formation of MgO par-
ticles in the biochar matrix. In addition, direct use of Mg/Ca
enriched tomato tissues is another innovative approach of pro-
ducing Mg-enriched biochar (Yao et al., 2013b) which contains
nanosized MgO and Mg(OH); particles within the biochar matrix.

Also, Mn oxide-modified pine biochar and birnessite-modified
biochar were prepared by two modification methods for the pur-
pose of improving sorption ability for As** and Pb** (Wang et al.,
2015a). Pre-soaking pine wood biomass in MnCl,.4H20 solution
and subsequent pyrolysis yielded Mn-oxide modified biochar,
whereas birnessite modified biochar was produced by impregna-
tion of pine wood biochar with birnessite via precipitation
following pyrolysis (Wang et al., 2015a).

Composites of manganese oxides (MnOx) with different phases,
i.e,, B-MnO,, 8-MnO,, and MnO;-coated sand, were reported to
have strong binding capacities with heavy metals (Tripathy and
Kanungo, 2005) and phosphates (Park et al., 2015b). Therefore,
Song et al. (2014) have attempted to combine the advantages of
MnOx and biochar into new engineered biochar composites with
enhanced functions. A series of MnOx-loaded biochars with
different MnOx coverage (2.5, 10, and 60%) were prepared via
KMnO4 modification of corn straw biochar under high temperature
(600 °C). Layered structures of micro/nano-MnOx were well
dispersed on the biochar surface that was thermally treated with
10% KMnOy, and the oxidation states of Mn was found as Mn>* and
Mn*t (Song et al., 2014).

The KMnOy,4 addition to biochar greatly changed surface area and
pore volumes of biochar. A considerable decrease in surface area
(61.0—-2.28 m? g~!) was observed, whereas average pore width
increased from 23.7 to 92.2 nm with increasing KMnO4 loading
(Song et al,, 2014). These structural changes of MnOy-biochar
composites may be due to destruction of nanopore structures and
deformation from nanopores into meso-/macropores by KMnO,4
which normally acts as a strong oxidizing agent (Song et al., 2014).
Similarly, Fe-impregnated biochar prepared though hydrolyzes iron
salt onto hickory biochar had lower surface areas than untreated
biochars (Hu et al., 2015).

Using FTIR data, Song et al., 2014 have showed noticeable in-
crease of O-containing functional groups in MnOx-biochar com-
posites. Similarly, the majority of surface oxygen in MnOy loaded
biochar composites were bonded to Mn in the form of Mn—0
(63.9%) and Mn—OH (26.3%). The XPS analysis confirmed the
presence of manganese oxide (Mn—O0), hydroxyl bonding to Mn
(Mn—O0H), hydroxyl on carbonaceous surface (C—OH), as well as
chemisorbed water on biochar surfaces.

Modification induced changes in the elemental composition of
biochars are listed in Table 4. Biochar modified with montmoril-
lonite and kaolinite significantly increased the biochars' aluminum
and iron content compared to that of unmodified biochar, whereas
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Table 4
Characteristics of modified biochars produced from different treatments.
Treatment Feedstock Modified/unmodified Pyrolysis Ash pH C H O N Surface Pore Reference
temperature area volume
°C % % % % % m?g! cm?® g !
H,0, modification Peanut hull Unmodified 300 — 6.2 56.3 5.6 36.6 0.9 Ny: 1.3 — Xue et al. (2012)
CO5: 96.9
Modified — 44 48.3 5.8 43.8 0.8 Ny: 1.4 —
COy: 1144
KOH modification Rice husk Unmodified 450-500 422 7.0 421 22 05121 344 0.028 Liu et al. (2012)
Modified 35 7.076433 09169 117.8 0.073
Methanol modified Rice husk Unmodified 450 1.0 — 706 3.5 24.1 0.8 51.9 0.031 Jing et al. (2014)
biochar Modified 09 — 7133623408 66.0 0.051
Amino modified biochar Saw dust char Unmodified 500 — <4 68738- 103 2.6 0.005 Yang and Jiang
Modified — >6 62142 — 46 2.5 0.005 (2014)
FeCl;(FeCl3.6H0) Wheat straw Unmodified 450 — 7.0 472 24 184 1.1 9.5 0.012 Li et al. (2014c)
modified biochar Modified — 8.3 259 1.7 21.6 0.6 50.0 0.038
Zn-loaded biochar Pine cone Unmodified 500 21 - 6793922105 6.6 0.016 Van Vinh et al.
Modified 21— 712 3.0 204 0.5 115 0.028 (2015)
Steam activated biochar Tea waste Unmodified 300 57 7970152196 5.0 2.3 0.006 Rajapaksha et al.
Modified 6.4 8.6 71.5 4.8 182 5.5 1.5 0.004 (2014b)
Steam activated biochar Tea waste Unmodified 700 109 11.0 85.1 2.0 89 39 342.2 0.022 Rajapaksha et al.
Modified 16.7 10.5 82.4 2.1 11.6 3.9 576.1 0.109 (2014b)
Steam activated biochar Invasive plant (Sicyos ~ Unmodified 300 254 109 66.0 5.6 23.1 5.1 0.9 0.004 Rajapaksha et al.
angulatus L.) Modified 28.7 11.1 68.1 5.1 21.4 5.1 1.2 0.003 (2015)
Steam activated biochar Invasive plant (Sicyos ~ Unmodified 700 43.7 12.3 69.4 1.3 244 4.6 23 0.008 Rajapaksha et al.
angulatus L.) Modified 70.7 11.7 50.6 1.7 449 2.5 7.1 0.038 (2015)
CO,-ammonia modified Cotton stalk Unmodified 600 - - - = = 11 224.0 0.070 Zhang et al.
biochar Modified - - - - - 10 351.0 0.130 (2014a)
Clay-biochar composites Bamboo Unmodified 600 - — 8092414901 3755 - Yao et al. (2014)
Modified - — 8332312402 408.1 -
(montmorilinite)
Modified (kaolinite) - — 8102115802 239.8 —
Clay-biochar composites Bagasse Unmodified 600 - = 7642918308 3883 - Yao et al. (2014)
Modified - — 7532218907 407.0 —
(montmorilinite)
Modified (kaolinite) - — 7022424407 328.6 -
Clay-biochar composites hickory chips Unmodified 600 - — 8182214007 401.0 Yao et al. (2014)
Modified - — 8092215103 376.1 —
(montmorilinite)
Modified (kaolinite) - — 7812118103 2245 —
MnOx-loaded biochar Corn straw Unmodified 600 50— 85317 5208 61.0 0.036 Song et al. (2014)
Modified (10% KMnO,4) 131 - 73.0 03 109 0.7 32 0.006
Modified (zero-valent 700 - - - - = = 101.2 0.079
iron)
Manganese oxide- Pine wood Unmodified 600 40 — 8572111203 209.6 0.003 Wang et al.
modified biochar Modified (Mn oxide) 140 — 80.0 1.9 14.6 0.3 463.1 0.022 (2015a)
Modified (birnessite) 334 - 615 1.9 276 02 67.4 0.066
Manganese oxide Peeled pine wood Unmodified 700 — 45 - — - - 369 0.200 Wang et al.
modification Modified - ND - - — - 361.0 0.194 (2014)
Metal impregnated pulverized sub- Unmodified 600 and 1000 — 64816 — 179 — 190.0 0.079 Dastgheib et al.
activated carbon bituminous coal Modified — ND 655 - 132 — 245.0 0.126 (2014)
NH3/CO, modification Cotton stalks Unmodified 600 - - - - — 141 2241 0.070 Xiong et al.
Modified - — — — — 35and 2519and 0.080and (2013)
1.0 351.5 0.130
Ca—Mg loaded biochar ~ Corncob Unmodified 300, 450 and 40 - 35563 - 07 ND — Fang et al. (2015)
Modified 600 50— 43350- 06 378.0 -
Zn(NOs); loaded biochar Pine cones Unmodified 500 2.1 4767939 22105 6.6 0.016 Van Vinh et al.
Modified 2.1 4.0 71.2 3.0 204 0.5 115 0.028 (2015)
Magnetic biochar Orange peel Unmodified 250 31 - 56551—- 1.7 51.6 0.059 Chen et al. (2011)
Modified (magnetite- 424 - 35136 - 1.1 41.2 0.052
F63+/FEZ+)
Magnetic biochar Orange peel Unmodified 400 69 — 65735—- 180 28.1 0.041 Chen et al. (2011)
Modified (magnetite- 350 - 29422- 05 234 0.042
F63+/Fe2+)
Magnetic biochar Orange peel Unmodified 700 149 - 67015 - 20 501.0 0.390 Chen et al. (2011)
Modified (magnetite- 95.7 — 0402 - 02 194 0.033
F63+/Fe2+)
Magnetic biochar Paper mill Unmodified 700 - - - = = = 67.0 0.083 Devi and Saroha
Sludge Modified (zero-valent - - - - = = 101.2 0.079 (2014)

the C, H, N, S and O contents were relatively comparable with un-
modified biochar (Yao et al., 2014). By contrast, the surface O con-
tent of MnOx-biochar composites (40.1%) was significantly higher

than that of unmodified biochar (15.3%), indicating the enhance-
ment of O-containing functional groups (Song et al., 2014).
Biochar is considered to be the most thermally stable form
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amongst carbon-based materials including black carbon and acti-
vated carbon and hence any negative impact on its thermal stability
due to modification is likely to impact its long term application.
Thermogravimetric analysis (TGA) of clay-biochar composites
showed that the clay biochar-composites had similar and compa-
rable thermal stability to that of the unmodified biochar samples
(Yao et al., 2014). This suggests that the clay pretreatment of
biomass precursors does not affect thermal stability of biochar. On
the contrary, Inyang et al. (2014) found that biochar exhibited a
higher thermal stability with an increasing introduction of CNTs,
likely because of the coating of the CNTs on carbon surface. Man-
ganese oxide modified biochar has higher thermal stability than
unmodified biochar, due to the transition of Mn-oxides during the
heating process (Wang et al., 2015b). However, there is insufficient
information to compare the thermal stability of different types of
modified biochars.

The Mg-biochar nanocomposites synthesized by Mg-enriched
plant tissues were found to be a strong sorbent for P in aqueous
media (Yao et al., 2013b). Also, the maximum P sorption capacities
of the Mg-biochar nanocomposites synthesized through pyrolyzing
anaerobically digested sugar beet tailings (Yao et al., 2011a) and
MgCl,-pretreated agricultural residues (Zhang et al., 2012a) were
extremely higher (>100 mg g~!) than that of any other carbon-
based sorbents (<20 mg g~!) (Biswas et al, 2007; Chouyyok
et al.,, 2010; Yan et al., 2010). The surfaces of Mg-biochar compos-
ites have more MgO/Mg(OH),, suggesting a strong interactions
between P and surface MgO/MgOH, sites. The points of zero
charges of MgOH, and MgO are higher than 12 and hence the
surfaces of Mg-biochar composites may be positively charged in
most natural aqueous solutions with < pH 7 which facilitates
electrostatic interactions between negatively charged P and biochar
surfaces (Yao et al., 2011b; Zhang et al., 2012a). Enhancement of P
removal by Mg-biochar nanocomposites is attributed to the pres-
ence of nanosized MgO and Mg(OH), within the matrix and surface
charge alteration of biochar (Yao et al., 2013b, 2011b). However, the
impregnation of Fe(OH)s3 onto the Mg-biochar reduced its P sorp-
tion ability possibly due to precipitation of Fe(OH); onto the bio-
char surface which covers the colloidal and nano-sized MgO
particles (periclase) (Yao et al., 2011a).

The MnOx-loaded BCs exhibited much higher sorption capacity
to Cu®* (160 mg g~ 1), which is more than 8 times of the unmodified
biochar (19.6 mg g~ ') (Song et al., 2014). Formation of inner—-
sphere complexes with MnOy and O-containing groups, cation-
exchange and cation-w bonding are the main mechanisms
involved in increase sorption of Cu?* on the MnOx-loaded biochar
(Song et al., 2014).

2.4. Magnetic modification

The multi-functional characteristics of biochar show its poten-
tial as an effective sorbent for contaminants in water and waste-
water. However, powdered biochar is difficult to be separated from
the aqueous matrix which makes practically unattractive for the
users. Therefore, several attempts have been made to produce
magnetic biochar sorbents to facilitate better separation of biochar
particles after treatment process (Chen et al.,, 2011; Mohan et al.,
2014a; Wang et al., 2015b; Zhang et al., 2013a). As the surfaces of
biochars are mostly net negatively charged; therefore sorption of
anionic contaminants is relatively low (Beesley and Marmiroli,
2011; Mukherjee et al., 2011) and thus engineered biochar has
been produced by magnetic modification process to enhance its
sorption of anionic contaminants (Chen et al., 2011; Wang et al,,
2015b).

A novel, one-step method combining iron oxide and biochar
formation in one-step has been proposed by Chen et al. (2011) in

order to reduce the cost of the traditional loading-process of
magnetic medium to biochar. This magnetic biochar was prepared
by chemical co-precipitation of Fe**/Fe?* on orange peel powder
and subsequently pyrolyzing under different temperatures (250,
400 and 700 °C), which resulted in iron oxide magnetite formation
and biochar preparation in a single step.

The surface areas of magnetic biochar prepared by chemical co-
precipitation of Fe3*/Fe?* was smaller than the corresponding non-
magnetic biochar, whereas the average pore diameter of the mag-
netic biochar was larger than that of non-magnetic biochar (Chen
et al,, 2011). This is probably because magnetic biochar contained
considerable proportion of iron oxide, which have small surface
areas and abundant transitional pores (2—50 nm) (Chen et al,,
2011).

The hybrid sorption property of this magnetic biochar facilitates
effective removal of organic pollutants and phosphate simulta-
neously. The presence and stability of magnetic medium in the
magnetic biochar for a long time confirmed the possibility of
magnetic separation after use, which is a major advantage for
practical wastewater treatment process. Similarly, Zhang et al.
(2013a) developed a magnetic biochar through thermal pyrolysis
of FeCl; treated biomass at 600 °C. The resulting engineered biochar
has colloidal or nanosized y-Fe;03 particles embedded in porous
biochar matrix and thus exhibited excellent ferromagnetic prop-
erty with a saturation magnetization of 69.2 emu/g (Zhang et al.,
2013a), which was comparable to that of pure y-Fe;03 (76.0 emu/
g). In addition, batch sorption experimental results showed that the
magnetic biochar has strong sorption ability to As>* in solution.
Because of its ferromagnetic property, the exhausted/spent biochar
can be easily separated and collected by magnetic separation.

3. Conclusions and future perspectives

The present review highlights the need of engineered biochar
for contaminant removal. Modification of biochar using various
techniques is likely to result in changes in its surface properties
including surface area, surface charge, functional groups, and pore
volume and distribution. In most cases, the clay-biochar compos-
ites exhibit lower surface areas compared to unmodified biochar
due to blockage of pores by clay particles. However, the integrated
performance of biochar and clay towards contaminant removal has
significant increase of contaminant sorption and hence decreasing
surface area does not lead to decrease of sorption performance.

Many studies have reported the importance of chemical acti-
vation process as an appealing strategy to enhance biochar's
sorption ability for both organic and inorganic contaminants.
However, special care has to be taken to minimize the effect of
modification on stability of biochar to avoid the environmental
contamination resulting from the physical/chemical activation
processes. Magnetic modification method provides better solution
for practical separation and recovery problems of non-magnetic
sorbents. Very little information is available regarding the large
scale production of engineered biochar. Therefore further in-
vestigations would be crucial to testify the applications of engi-
neered biochar in field.
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