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Abstract

The biochar produced from agricultural crop residues through thermochemical processes helps in crop waste management.
Biochar has paid more attention due to its distinctive features such as high organic carbon content, stable structure, large surface
area, and cation exchange capacity. The biochar obtained from crop residues can be readily converted into activated biochar. This
review paper systematically summarised the preparation of activated biochar, characterisation, and analytical techniques of
activated biochar based on more than 150 literatures published in the last 10 years. The physicochemical properties of activated
biochar varies according to the type of feedstock, pyrolysis condition, and mode of activation. The selection of the activation
method mainly depends on its further end environmental application. Physical activation or steam purging at high temperature
creates pores inside biochar. Gas purging increases the surface area and pore volume, although steam activation is not much
suitable to improve the BC surface functionality as compared to chemical and impregnation activation. Sulphuric and oxalic
acid—modified biochar was found to be most suitable for the soil amendment. Alkaline activation enhances the surface area and
oxygen-containing functional group in activated biochar. Metal oxide-modified biochar had better surface functionalities than
did physical- and chemical-activated biochar and better sorption of organic and inorganic contaminants from potable water and

waste water. In summary, activated biochar has a wide environmental prospect in remediation.
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1 Introduction

Biochar (BC) is a stable, organic carbon (C)-rich by-product
that is produced through biomass pyrolysis at elevated tem-
peratures in oxygen-limited environments [1]. BC is
recognised to be a multifunctional organic material, due to
promising widespread applications, such as use as a soil
amendment, C-sequestration, and the immobilisation of or-
ganic and inorganic contaminants [2]. These applications vary
according to the physicochemical properties of the BC, which
depend on the precursor type and pyrolysis conditions, includ-
ing the reactor type, heating rate, residence time, and pyrolysis
temperature. Among these operating conditions, the pyrolysis
temperature plays a significant role when determining the end

>4 Ashish Pawar
pawarashishraje123 @ gmail.com

Department of Renewable Energy Engineering, College of
Technology and Engineering, Maharana Pratap University of
Agriculture and Technology, Udaipur, Rajasthan 313001, India

quality and applicability of BC. In general, BC produced at
high pyrolysis temperatures (600—700 °C) has a highly aro-
matic nature, with a well-structured carbon layer; however,
due to deoxygenation and dehydration, BC produced at high
temperatures contains fewer oxygen- and hydrogen-
containing functional groups, on its surface [3] and this type
of BC possesses a low ion exchange capacity. In contrast,
most BC produced at lower pyrolysis temperatures (300—
400 °C) shows more diversified characteristics, including in-
creased C, H, and C=O0 functional groups along with cellulos-
ic and aliphatic structures [4]. BC produced at high pyrolysis
temperatures presents an excellent platform for further activa-
tion and it has been applied to contaminant removal, through
sorption processes [5].

Activated or modified BC can be prepared when raw BC is
further activated to enhance the surface area, pore structure,
and functionality. However, raw BC may exhibit a limited
capacity for the sorption of specific contaminants in strong
concentrations [6]. Activated BC, with improved surface
functional groups, showed excellent sorption capacity; for ex-
ample, MgO-activated pine wood—derived activated BC
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demonstrated a 5-fold increase in Pb (II) sorption capacity
compared with pristine BC [7]. Consequently, various activa-
tion processes are available, including physical activation,
chemical activation, and impregnation techniques, which
may improve the performance of BC during environmental
remediation [8]. According to various researchers, activated
BC can be employed as an alternative to activated carbon,
carbon nanotubes and graphene, which have similar sorption
capacities for various contaminants, likely due to the availabil-
ity of surface functional groups in activated BC, such as car-
boxyl, carbonyl and hydroxyl groups and the atomic ratios of
O/C, N/C and H/C [9]. In general, heat treatment, steam acti-
vation, chemical activation and impregnation techniques can
enrich the surface functional groups on activated BC.
Presently, activated BC represents a reliable alternative sor-
bent to activated carbon, carbon nanotubes and graphene, with
similar adsorption capacities for organic and inorganic con-
taminants. Thus, the major benefits of activated biochar prep-
aration are to overcome the waste-related problems, and the
necessity of activated biochar tends towards the removal of
heavy metals from waste water, also removal of anions, and
organic and inorganic contaminants from aqueous solution.
Specifically, the primary focus of this review paper is the
thorough examination of recently published studies describing
the preparation methodologies used to prepare activated BC
and the improved physicochemical properties of BC follow-
ing the various activation processes.

1.1 Importance of activated biochar

The biochar produced from biomass through thermochemical
processes is often activated or modified using different acti-
vation methods including physical, chemical and impregna-
tion methods to improve its surface area and porous structure
and to form functional groups on the biochar surface prior to
its environmental application (known as activated biochar)
[10]. The thermochemical conversion of biomass produces
biochar, having a polycyclic aromatic structure due to its car-
bon base. Therefore, it is economically feasible, carbon-
neutral and environmentally friendly [11]. Since biochar is
high in carbon content and low cost, it can be effectively used
in various applications such as soil amendment, fuel and water
[12, 13]. Many researchers have realised that the porosity and
functional group present in biochar are the most favourable
properties for a wide range of applications. However, biochar
applications in various fields have been restricted due to un-
modified biochar having very limited functionality, a relative-
ly small surface area and poor pore properties [14]. For in-
stance, raw biochar shows a lower ability to adsorb various
organic and inorganic contaminants from highly [15, 16] con-
centrated waste water or polluted water.

Therefore, obtaining a class of biochar with a well-
developed porosity, large surface area, an abundant
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availability of functional groups, high physiochemical stabil-
ity, etc. would be most beneficial. As a result, there has been
growing attentiveness among the scientific community to ac-
tivate biochar as a key material in accelerating research for
better environmental applications [17-19]. Biochar-derived
activated biochar has been paid increasing attention due to
the implementation of two main activation techniques
discussed in a later section, the physical and chemical activa-
tion for improvement of physical and chemical properties
[20]. The resulting biochar after activation is noted for its
improvement in quality. Thus, activated biochar is likely to
be used in an extensive array of applications regarding the
environment. Activated biochar has already been used in soil
remediation, most probably for removal of organic pollutants
and heavy metals in soil via absorption [21]. Many studies
have already shown that activated biochar plays a significant
role in the removal of organic pollutants (especially antibi-
otics), inorganic pollutants and heavy metals from water and
wastewater [22]. In addition, according to Zhang et al. [23],
activated biochar is becoming more active in the esterification
process, which decreases fatty acid content and increases cat-
alytic activity in biodiesel production. Nowadays, researchers
are paying extensive attention to activated biochar electrodes,
due to their well-improved surface area and porous structure,
for further application as supercapacitors for energy storage
[24, 25]. In addition, activated biochar is considered the ideal
electrode material when compared to granular activated car-
bon, graphene, graphite granule and carbon nanotubes [26].
Activated biochar is also used as fuel in direct carbon fuel cells
which leads to maximum power density [27].

1.2 Biomass feedstock for activated biochar
preparation

The lignocellulosic biomass is a form of agricultural sector
waste and forest waste, which are abundantly available. The
lignocellulosic biomass is composed of carbohydrate poly-
mers, such as cellulose and hemicelluloses and aromatic poly-
mer mainly known as lignin as shown in Fig. 1 [28]. The
efficient conversion of lignocellulosic biomass into biochar
through different thermochemical conversion routes, followed
by the preparation of activated biochar using an activation
process, is an important approach in the environmental pollu-
tion control strategy. The components of biomass such as
cellulose, hemicelluloses and lignin provide a rigid structure
to the plant because they are strongly intertwined and chemi-
cally bonded using non-covalent forces. Biochar-derived ac-
tivated carbon has a well-developed surface area containing
internal porous structure along with a broad spectrum of func-
tional groups. Therefore, it is crucial to select precursors to
achieve adsorption properties, textural features and micro-
nano structure and enhance the applicability of activated
biochar.
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Fig. 1 Structural composition of lignocellulosic biomass [28]

In this sense, as per various scientific literatures, utilising
lignocellulosic resources to prepare low-cost activated biochar
has had significant benefits in recent years, due to its role in
minimising the cost of agro-waste disposal as well as the neg-
ative effect on the environment [29]. The precursor material
for the development of low-cost activated biochar should be
abundant, diverse, renewable, non-hazardous to the environ-
ment and available at a minimum price. As we mentioned
earlier, to obtain the desired surface, textural and structural
properties of activated biochar, lignocellulosic biomass should
have a higher percentage of fixed carbon along with minimum
ash content [30]. Many efficient and interesting sources are
available, such as woody biomass, herbaceous, agricultural
waste or industrial biomass waste. Among these, different
parts of crops, including shell, stem fibres, seed, husk and
stones, among others, are the main aspects that have to be
considered in the selection of precursors for the development
of low-cost activated biochar.

A profound comprehension of the physical and chemical
properties of lignocellulosic biomass would help in designing
and further operations related to biomass conversion process-
es. The physicochemical properties of biomass for the produc-
tion of activated biochar are based on its particle size, density,
grindability, thermal properties, proximate properties, elemen-
tal composition etc. The main elemental composition of lig-
nocellulosic biomass consists of carbon, hydrogen, oxygen,
nitrogen, calcium and potassium, and small concentrations
of Si, Al, Mg, Fe, P, Cl etc. Lignocellulosic biomass is cur-
rently not regarded as a direct energy conversion source due to

its seasonal variation, high moisture content, volatile nature,
low bulk density and the wide diversity in its physicochemical
composition. To address these limitations, there is a need for
pre-treatment of the biomass followed by a conversion pro-
cess. Nonetheless, the most significant benefit of utilising re-
newable lignocellulosic biomass lies in the possibility of gen-
erating functional materials such as fertiliser [31], catalysts
[32], electrodes [33], liming and neutralising agents [34] and
adsorbents for air and water treatment [35]. The physicochem-
ical characterisation of some lignocellulosic residues used for
the preparation of activated biochar is depicted in Table 1.

2 Production process for activated biochar

The preparation of activated biochar from lignocellulosic bio-
mass is carried out in two main steps. The first step in the
production of activated biochar is achieved through
carbonisation or pyrolysis of raw materials [51]. Throughout
the process of carbonisation, thermochemical reactions take
place and moisture content, as well as volatile matter, is re-
leased from the biomass. From the produced char or biochar,
activated biochar can be prepared by using three different
experimental processes, including physical, chemical and
combined physical and chemical activation. In addition, sim-
ple thermal activation in the presence of nitrogen atmosphere
[52] as well as microwave radiation [53] methods indicates
good techniques for activated biochar production.
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Table 1 Characteristics of some lignocellulosic residues used as precursor for activated biochar preparation

Precursor Proximate analysis (% w/w) Ultimate analysis (% w/w) Lignocellulosic composition (%) Reference

Moisture Volatile Ash Fixed carbon C H (0] Cellulose Hemicellulose Lignin

Peanut shell - - - - 41.53  5.55 212 - 45.30 8.10 32.80 [36]
Coconut shell 5.62 71.4 .11 233 487  6.34 152 434 - - - [37]
Wheat straw 6.30 66.96 597  20.77 42.66 5.48 0 39.59 33 20 15 [38]

Palm shell 5.50 70.00 428 23 4777 5.98 090 4531 - - - [39]

Rice straw 18 55-65 1520 12-22 48-51 662 <02 3643 38 32 12 [40]
Orange peel 9.2 76.5 3.1 20.4 46.63 6.04 023 4705 na. n.a. n.a. [41]
Grape stalk 7 63.1 8.7 21.2 41.58 4.92 1.18  52.16 [42]
Tomato stems 3.58 10.6 27.03 21.1 16.01  [43]
Peach stone 9.3 71.7 1.1 17.9 4592  6.09 0.58 4738 46 14 33 [44]
Guava seed 6.5 28.8 0.3 65.2 28 15.5 41.7 [45]
Almond shell 10.2 81.2 070 7.9 49.50 6.30 0.2 4397 245 332 252 [46]

Sago palm bark 9 29 45.16 6.30 0.014 48.54 [47]

Date pits 10.3 1.30 4563  7.11 0.72  46.47 [47]
Barley straw 9 77.2 5 17.3 454 6.1 0.7 4192 38 35 16 [48]

Palm kernel shell 77.4 2.5 20.1 436 49 0.5 51.6 30 214 473 [49]
Tomato waste 2.95 82.67 1.58 12.80 5895 821 29.77 33.17 23.79 3450  [50]

2.1 Carbonisation/pyrolysis process

Carbonisation, or pyrolysis of lignocellulosic biomass, is some-
times carried out prior to the activation process, a process during
which raw material undergoes thermal decomposition to enrich
the carbon content in biochar [54, 55]. The carbonisation or
pyrolysis of raw material/precursor takes place at a temperature
usually ranging between 400 and 850 °C in the absence of
oxygen [56]. In this process, different factors were taken into
consideration such as the rate of heating, inert atmosphere and
residence time [57, 58]. This creates a significant effect on the
carbonisation process. During the carbonisation, cellulose,
hemicelluloses and lignin undergo thermal decomposition reac-
tions such as depolymerisation, crosslinking and fragmentation
at a specific temperature, resulting in solid, liquid and gaseous
end products. The solid and liquid end products from the
carbonisation process are referred to as “biochar” and “biooil,”
whereas the gaseous product is referred to as syngases, which is
a mixture of carbon monoxide, carbon dioxide, hydrogen and
hydrocarbons.

Normally, biochar obtained at a high carbonisation temper-
ature (600—700 °C) seems to be highly aromatic in nature with
an advanced carbon layer. However, the availability of func-
tional groups (particularly H and O) is very less in the
resulting biochar, due to the deoxygenation and dehydration
of precursor material which normally takes place at high tem-
perature [21, 59], and therefore biochar also showed a low ion
exchange capacity [4], while the biochar which produced low
carbonisation temperature, usually between 300 and 400 °C,
shows highly diversified organic characters, such as the
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availability of cellulose and aliphatic type components, as well
as the abundance of functional groups (C=0, C, H, etc.) on the
surface of biochar [60, 61].

The primary end product from the carbonisation process,
biochar, shows some initial porosity, but it cannot be used in
industrial applications because porosity is too low. The pores
formed in the carbonisation process are filled with tar [58], so
secondary processes are necessary to generate a highly devel-
oped, activated biochar. As the carbonisation temperature in-
creases above 700 °C, the produced biochar showed a positive
relationship with fixed carbon (carbon stability); pH; ash con-
tent; surface area; electrical conductivity; the total content of
N, P, K, C, Ca and Mg; and microporous structure, while
having a negative relationship with biochar yield, volatile mat-
ter, the total content of H and O, average pore size, the density
of functional groups and the ratio of H/C, O/C, (O + N)/C and
(O + N+ S)/C respectively [62, 63]. Moreover, the biochar
produced at high temperatures shows better quality but yields
less. Indeed, decreases in biochar yield at higher temperatures
could be due to either further primary decomposition of raw
materials at high temperature or secondary decomposition of
char residue providing a maximum yield of non-condensable
gases [64].

2.2 Biochar activation

The main purpose of the activation process is to enhance the
surface area, pore volume and pore diameter, and increase the
porosity of the resultant-activated biochar or carbon. Physical
and chemical activation are the most commonly used
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processes for the preparation of activated biochar [20]. Both
treatments influence the physical properties, like the shapes
and sizes of the resultant product [65]. Physical activation is
also known as thermal or dry activation [66]. In the physical
activation process, the precursor will be pyrolysed or
carbonised (<800 °C) and then activated using steam or
CO, [58]. It means that there are two main steps in physical
activation: carbonisation and activation step. Physical modifi-
cation mainly composed of steam and gas purging.
Conversely, in chemical activation (also known as wet oxida-
tion) [67], precursors or biochars are impregnated by chemical
activating agents and then heated in a furnace at a desired
operating temperature under inert conditions [68, 69]. The
process is comprised of the following steps: acid modification,
oxidising agent modification, alkalinity modification, and
metal salt and carbonaceous material modification. Chemical
activation or modification is more widely used than physical
modification because of its some distinctive salient features
such as the following: (1) requires low process time and acti-
vation temperature; (2) activated biochars possess larger sur-
face area (3600 m?/ 2); (3) better activated biochar yield; (4)
well-developed and distributed microporous structure. The
chemically activated biochar with well-developed micropo-
rous structure and the larger surface area plays a vital role
for extensive environmental applications [70—72]. The de-
tailed classification of biochar activation process and further
its possible effects are shown in Fig. 2.

2.2.1 Physical activation

In the physical activation process, the biochar sample was
activated at a high temperature of up to 900 °C over a 60-
min interim of repose under steam while partial pressure was
held at up to 53 kPa, respectively [73]. Biochar pores are
formed in the steam activation process; it might be due to
the reaction with steam that results in conversion of the vola-
tile matter and fixed carbon into carbon monoxide and carbon
dioxide. The main purpose of steam modification of biochar is
to increase the surface area, pore volume and surface morphol-
ogy by decreasing the aromaticity, as well as the polarity. The
resultant increase in the surface area of steam-modified bio-
char is due to the corrosion of the activated biochar surface
and the emission of additional syngases, mostly in the form of
hydrogen [74]. Moreover, steam modification removes the
trapped particles or volatile gases and thereby causes the en-
hancement of pore volume, as well as the development of
internal pores on the modified biochar surface.

To optimise these properties, different modification times
and temperatures are applied for the activation process to oc-
cur. However, steam-modified biochar provides a smaller sur-
face area as compared to an acid or alkaline modification.
Nonetheless, many researchers have widely adopted the steam
modification process to improve the textural properties of bio-
char. Owing to this, Rajapaksha et al. [75] and Chakraborty
et al. [76] carried out steam modification to improve the

Biochar Activation

Physical Chemical Impregnation
activation activation technique
i I
| 1 u l
Steam Gas Acid Alkali Increased
purging purging activation activation adsorption
capacity,
catalytic
performance
Porous Porous Introduced Introduced
structure, structure, acid functional oxygenated
surface area surface area groups, functional
increased increased removed groups, Increases
. .- surface area
impurities

Fig. 2 Classification of biochar activation
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textural properties of Sicyos angulatus L. invasive plant and
aegle shell-based biochar from 4.40 to 308 m*/g and 2.31 to
7.10 m%/g, respectively. Furthermore, Sewu et al. [77] report-
ed that steam-activated biochar showed superior textural prop-
erties, and the resulting biochar could serve as a promising
viable adsorbent for waste water treatment. Furthermore, the
steam-modified biochar contains a lower O/C molar ratio due
to prepared biochar being hydrophilic in nature [78]. For ex-
ample, due to lower H/C, N/C and O/C molar ratios in steam-
modified biochar, it is rendered ill-suited for enhancement in
surface functionality as compared to acid- and alkali-modified
biochar, although the sorption capacity of modified biochar
may be greater due to a higher micropore volume of the
resulting modified biochar. Recently, Abu Bakar [79] pro-
duced biochar via steam modification from empty fruit bunch
(EFB) at a pyrolysis temperature of 400-500 °C followed by
steam modification and resulting biochar showed highest val-
ue of electrical conductivity (EC) which was 10.35 mS cm L.
Bardestani and Kaliaguine [73] observed that steam modifica-
tion increases the BET surface area of biochar from 50 to 1025
m?/g, respectively. Marin et al. [80] prepared activated bio-
char from cherry stones by keeping the activation temperature
between 350 and 500 °C using air as an activating agent. Air
activation results in biochar with larger surface area, homoge-
neous microporosity and accumulation of quinine type func-
tional groups. The air-activated biochar exhibits a well-
developed porous texture that is extremely functional for the
removal of non-polar or non-charged organic pollutants in
solution [81], although the physical activation using oxygen
or air is not recommended in the most of the cases because the
reaction takes place very fast and due to this the carbonaceous
material burns off in an irrepressible manner. The uncon-
trolled burning of the material leads to the random develop-
ment surface area and porosity of material along with the
formation of a large amount of surface oxide [82].

Gas purging (CO, modification) may enhance the surface
area and pore volume of biochar and also build up the activat-
ed sites on the surface of biochar [83]. Shao et al. [83] ob-
served a dramatic increase in surface area, micropore area and
micropore capacity of activated biochar derived from corncob
feedstock in a CO, atmosphere; after CO, modification, it was
increased from 56.91 to 755.34 m*/g. In case of CO, activa-
tion, carbon dioxide reacts with the carbon of biochar to form
carbon monoxide (i.e. hot corrosion), thereby forming a mi-
croporous structure. Therefore, at ambient temperature, the
gas sorption capacity of CO,-modified biochar was much
higher than that of unmodified biochar [84]. Pallares et al.
[48] observed that under optimised conditions, the BET sur-
face area and micropore volume of biochar modified by CO,
activation were more than steam modification. In the experi-
mental investigation, authors prepared activated biochar from
barley straw using physical activation. They did this by taking
two different modifying agents: pure steam and carbon
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dioxide. Optimal conditions for modifications significantly
affect the surface area and micropore volume of modified
biochar. Here, the authors analysed the most appropriate op-
timal conditions for carbon dioxide activation (at a tempera-
ture of 800 °C and hold time of 1 h). The authors then
analysed the case of pure steam activation at 700 °C by keep-
ing the same hold time. In addition to this, as temperature and
hold time were increased, microporosity dramatically de-
creased while mesoporosity of resulting biochar increased.
However, CO, modification aids the building of microporous
structure because when carbon dioxide reacts with carbon of
the biochar, it produces carbon monoxide, i.e., hot corrosion.
Zhang et al. [85] performed combined modification of carbon
dioxide and ammonia on biochar derived from soybean straw.
The carbon dioxide-ammonia modification gives dual bene-
fits: CO, modification assists in increasing surface area up to
627.15 m*/g, while ammonification process assists in a build-
ing up the nitrogen functional groups on biochar surface
which improves the adsorption capacity.

2.2.2 Chemical activation

Chemical activation is the most widely adopted process for
activation. The chemical modification includes both one-step
and two-step activation processes. During the one-step modi-
fication process, carbonisation and activation of biomass are
achieved simultaneously using a chemical agent, while in the
case of two-step modification process, carbonisation of raw
material was followed by chemical activation of resulting
carbonised end product in the presence of chemical agents
or sometimes pre-treatment of biomass by mixing with chem-
ical agents before carbonisation process. Chemical modifica-
tion mostly includes acid modification, alkaline modification,
metal salts or oxidising agent modification, and oxidising
agent modification [86] etc. Table 2 compares the activation
effect of several chemical activation methods.

Acid activation is necessary to modulate the physicochem-
ical properties of biochar by introducing acid functional
groups on the biochar surface for further application. The
main reason for acidic modification of biochar is to eliminate
the metallic impurities, in which the acidic functional groups
largely alter the physicochemical properties of biochar.
Commonly adopted acidic agents include sulphuric acid, hy-
drochloric acid, nitric acid, oxalic acid, phosphorous acid and
citric acid [94]. As biochar modification agents, sulphuric and
oxalic acids have shown to increase the sulfamethazine reten-
tion and maintain the pH of soil, thus proving to be a suitable
method for soil amendment [5]. In addition, Ippolito et al.
[95] found that acid-modified biochar also significantly influ-
enced the calcareous characteristics of soil. By increasing the
application rate of acidic biochar, soil nutrients, such as Zn,
Mn and P, and soil organic carbon content increased; subse-
quently, soil pH dropped between 0.2 and 0.4. Acid
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Table 2 Comparison of
activation effects caused due to Raw )
several chemical activation material

Chemical
agent

Activation Activation effect References

temperature

methods

Forest waste H3POy,

NaOH

Pine wood K,CO;3

Sorghum
distillers
grains

Wood residues KOH

Poplar chips AlCl,

Wheat straw HNO;

Rice husk H,SO,4 and

KOH

NaOH, KOH

600 °C (1) More surface area (300-422 m?/g) [87]
and pore volume (0.04-0.06 cm’/g)
for H3POy-treated biochar, while

lower for NaOH-activated biochar.

(2) Highest drug and Cd removal
efficiency for 5 M H3POy-activated
biochar (263.8 mg/g) than 1 M
NaOH-based biochar (79.30 mg/g)
respectively.
(1) Dye removal capacity 186.9 mg/g. [88]
(2) Possessed medium surface area
(95.6m?/g) and pore volume
(0.18cm>/g) of biochar.
(1) KOH-activated biochar have highest [89]
ammonium nitrogen removal
capacity than NaOH-activated biochar.

(2) KOH-treated biochar contains higher
functional groups.

(3)Although NaOH-modified biochar
had larger surface area (132.8 m%/g)
than KOH-treated biochar
(117.7 m?/g) respectively.
(1) KOH-modified biochar is highly [90]
microporous and more availability of
surface functional groups.

250 °C

500-800 °C

900 °C

(2)Minimum Cu>* adsorption capacity
as compared to CO,-activated biochar.

(1) The carbon content in AICl;-modified  [91]
biochar is significantly reduced as
compared to pristine biochar.

550 °C

(2) Surface area has been increased due
to Al activation.

(3) The adsorption capacity for NO5_
and PO,>” has been significantly
improved.

(1) Activated biochar showed higher [92]
content of COO groups.

(2) Better U(VI) adsorption capacity

40 times more than pristine biochar.
(1) Larger surface area than raw biochar.  [93]

90 °C

450-500 °C

(2) Excellent adsorption performance for
removal of tetracycline from aqueous
solution (58.8 mg/g).

modification have also been found to improve the surface
area of resulting biochar, while the impregnation ratio, type
of acids and activation temperature were found to increase the
surface area and mesopore volume of biochar. For example,
Peng et al. [96] found that the surface area of biochar obtain-
ed from reed increased from 58.75 to 88.35 m*/g after acti-
vation with 1 M hydrochloric acid. However, as the activation
temperature (600 °C) and impregnation ratio (2) increased,
the maximum BET surface area of 1547 M%/g was displayed
by starch rice food waste derived from phosphoric acid—
modified biochar [97].

Acid modification of lignocellulosic biomass using phos-
phoric acid may enhance the thermal stability of the resulting
biochar and the synthesis of surface acidity on biochar surface
through the availability of oxygen-phosphorous surface
groups [98]. Such phosphoric acid—modified biochar is used
as a catalyst in hydrocracking reaction for obtaining tire py-
rolysis oil [99] and also acts as an acid catalyst in alcohol
dehydration reaction [100]. The surface area and functional
groups present on the biochar surface significantly affect the
adsorption capacity of modified biochar. The phosphoric
acid—derived modified biochar, having large surface area
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and availability of more oxygen-containing functional groups,
therefore, results in biochar having higher affinity towards the
adsorption of Cu(Il) and Cd(Il) heavy metal ions as compared
to pristine biochar [101]. Iriarte-Velasco et al. [102] prepared
porous modified biochar by acid activation (H,SO, and
H3PO,4) on pork bones. The microporosity of the resulting
sulphuric acid—activated biochar was enhanced up to 263%,
at higher impregnation ratio. In addition, acid modified at
impregnation ratio 0.2 mmol,gia/gprecursor increased the surface
area of modified biochar by about 80%, compared to untreated
bone char. On the contrary, weak acids such as citric acid and
oxalic acids can also build up the carboxyl functional group on
the biochar surface, but after modification, Lei et al. [103]
observed that the surface area of biochar slightly decreased
from 1.57 to 0.69 m*/g and 1.21 m?/g, respectively. As per
various literatures, the acid-modified biochar has a lesser sur-
face area as compared to other activation processes, which
may be due to the destruction of pore structure. However,
oxygen content on acid-modified biochar was significantly
increased as compared to other modification processes. At
present, different preparation conditions are available, which
can vary according to feedstock, activation temperature, im-
pregnation ratio, types of acids etc.

The alkaline activation of biochar is carried out to enhance
the surface area and oxygen-containing functional groups on
the resulting modified biochar. The most commonly used
alkali-activating agents include sodium hydroxide and potas-
sium hydroxide. The biochar produced from carbonisation
process was soaked in alkaline agents in different concentra-
tions at room temperature 20-22 °C. The soaking and stirring
can take as long as 624 h, depending on the type of precursor
material used for alkaline activation. After the washing and
drying of biochar, it is further pyrolysed in a reactor within a
300 to 700 °C temperature, under nitrogen environment for 1—
2 h. This will help obtain the resulting functionalised modified
biochar [6]. In alkaline modification, a positive surface charge
is created on biochar surface which in turn helps in adsorption
of negatively charged contaminants. The KOH-modified bio-
char is considered environmentally friendly, a cost-effective
adsorbent material for the removal of heavy metals present in
waste water. Due to alkaline modification, KOH-modified
hydrochar showed that increases in oxygen-containing func-
tional groups and aromatic and carboxyl groups result in in-
creases in cadmium adsorption capacity (30.40—40.78 mg/g)
which was 2-3 times more than the unmodified hydrochar
(13.92-14.52 mg/g) [104]. KOH-modified hydrochar pos-
sesses less apparent BET surface area (0.4—1.8 m*/g) and pore
volume (0.002-0.006 cm’/g), when compared to unmodified
hydrochar (4.4-9.1m*/g) respectively. In addition, KOH mod-
ification was found to increase the surface area (18.69 mz/g)
and pore volume (0.040 cm?/g) of the eucalyptus sawdust-
derived biochar, which is prepared by hydrothermal
carbonisation, and used for the removal of hexavalent
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chromium [105]. However, Sun et al. [104] observed that
wheat straw—derived KOH-modified biochar, through hydro-
thermal carbonisation, showed a decrease in surface area
(from 4.4 to 0.69 m?/g) respectively. The authors conclude
that the decreases in surface area may be related to availability
of organic compounds in derived biochar, causing pore block-
age, which were not converted into liquid phase during KOH
activation [30].

In addition, the type of precursor feedstock, preparation
method and operating conditions during alkaline modification
can severally affect the surface area and pore volume of the
biochar. Cazetta et al. [106] reported that an alkaline agent like
sodium hydroxide is less corrosive and more economically
feasible compared to potassium hydroxide. The sodium
hydroxide—activated biochar was showed to be an effective
material for adsorption of Cd,, (0.648 mg gfl), Pb,,
(44.64 mg g ") and Nio, (6.20 mg g ); however, the adsorp-
tion capacity exhibited by NaOH biochar was more than other
acid-activated biochar [107]. Hu et al. [108] found that sodium
hydroxide-modified biochar possesses a lower surface area
(6.88 m?/g) and pore volume (0.0052 ¢m?/g) than sulphuric
acid-modified biochar (163.57 m?/g) and pore volume
(0.0728 cm?/g), resulting in low nitrate removal capacity.
The reduction in surface area and pore volume of NaOH-
modified biochar may be due to sodium carbonate crystal
formation and some precipitate on the surface of the biochar
causing a decrease in the adsorption capacity. As the pyrolysis
temperature increased, the surface area followed by pore vol-
ume and pore size also significantly improved, reported by
Hasnan et al. [109]. The authors carried out pyrolysis of tap-
ioca skin at 600 °C followed by activation using sodium hy-
droxide reagent resulting in a maximum surface area up to
78 m?/g respectively.

However, type of feedstock, types of alkali reagents and
impregnation ratio may significantly affect physicochemical
properties of biochar. Owing to this, Shen and Zhang [110]
observed that impregnation ratio of KOH and biochar most
notably affects the physical properties of resulting biochar.
When mass ratio was 3, highly functionalised modified bio-
char was obtained. Therefore, the effect of alkaline modifica-
tion on biochar is influenced by precursor material and prep-
aration procedure. Trakal et al. [111] reported that alkaline
modification assist to improve both physical and chemical
properties of the modified biochar; further authors also
realised that 2 M KOH-activated brewers draft biochar
showed maximum pore volume due to changes in pore distri-
bution, but BET surface area remained the same for both bio-
char samples before and after alkaline modification.

Impregnation of biochar helps to improve the physico-
chemical properties of resulting biochar by forming compos-
ites, which may increase the mass yield as well as the sorption
behaviour of modified biochar. Impregnation of biochar using
metal oxides or salts can improve the characteristics in terms
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of adsorption, magnetism and catalysis. Recently, there has
been some interesting biomass-derived modified biochar im-
pregnated with metal oxides including MnO, ZnO, CaO, FeO
etc. and metal salts like AICI3, LaCl;, MgCl,, FeCl; etc. have
been activated to achieve the goal of enhancing the adsorption
capacity for negative ions [112]. Therefore, it is necessary to
prepare a metal oxide— or salt-based functionalised modified
biochar for efficient removal of anionic pollutants. Zinc
oxide—impregnated sawdust biochar showed maximum ap-
parent surface area of 518.54 m?/g, larger pore size and newly
generated hydroxyl groups, which showed good performance
for both removal of p-nitrophenol and Pb(Il) from wastewater
[113]. Recently, Liang et al. [114] introduced newly synthe-
sised modified pine biochar by impregnation of magnetic fer-
romanganese oxide which showed maximum BET surface
area of 666.22 m?/g, pore volume of 0.22 cm®/g and average
adsorption aperture of 2.43 nm, which was much higher than
pristine biochar having 13.08 m%/g, 0.01 cm®/g, and 1.32 nm
respectively. Due to significant characteristics, modified bio-
char showed improved adsorption capacity (100.74 mg/g) of
tetracycline hydrochloride from wastewater, which was much
more compared to biochar (33.76 mg/g). Further, the authors
also observed that the best adsorption performance was
attained at pH 4. Consequently, the initial pH of the solution
significantly affects the surface charge, molecular structure of
heavy material, active sites of modified biochar and ion state
of surface functional groups which influences the adsorption
performance as a result [115]. Akgiil et al. [116] prepared
modified biochar from industrial tea waste by synthesising
metal salts including Mg, Fe, Mn and Al, which were per-
formed for PO,>~ and Cd** sorption. Metal salt-impregnated
biochar composites are rich in functional groups; especially
Mg-synthesised biochar showed best sorption capacity of
PO,*>" and sorbing up to 30% at 20 mg PO,* 1. Metal
salt-impregnated biochar efficiently removed heavy metals
due to the availability of hydroxide function group on the
surface of each metal.

3 Physicochemical properties and analytical
techniques of activated biochar

The physicochemical properties of biochar primarily depend
on the types of raw material used and preparation conditions
(for example reactor type, temperature, residence time, etc.),
while on the other side, the physicochemical properties of
activated biochar, such as surface area, pH, molar ratios
(H/C, O/C, N/C), surface charge, mineral content, elementary
compositions and binding sites, vary according to modifica-
tion methodology. In addition to reactor type, Wang et al.
[117] used a fluidised bed reactor for the preparation of corn
stalk—derived activated biochar. The fluidised bed reactor
plays a crucial role by developing the structure and

morphology of produced activated biochar. The physically
activated biochar exhibits the microporous structure and en-
hanced surface area up to 880 m*/g, while chemically activat-
ed biochar using H;PO, showed mesoporous structure and
have a surface area up to 600 m?/g respectively. Niksiar and
Nasernejad [118] found that spouted bed reactor is a more
suitable equipment for the activation process as compared to
fluidised and fixed bed reactor. Spouted bed promotes excel-
lent mixing of material and well distribution of heat inside the
reactor. Physically activated pistachio shell biochar in spouted
bed reactor showed higher BET number, i.e. surface area of
2596 m?/g with a burn off about 90% at activation temperature
850 °C for 20 min of activation time. The reason for the higher
BET number is the minor heat and mass transfer resistances
took place inside the spouted bed reactor. In addition, steam
activation of biochar in vacuum pyrolysis reactor showed ef-
ficient process for the preparation of meso- and macroporous-
activated biochar. The biochars obtained at 800 °C/steam have
a larger surface area of 570 m?/g, micropore volume
(0.157 cm*/g), C (78 wt%), N (0.9 wt%) and H (0.6 wt%),
respectively [119]. However, steam-activated biochars obtain-
ed through vacuum pyrolysis reactor possess minimum con-
centration of functional groups, while the surface area has
extensively increased from 50 to 1025 m?/g respectively.
Steam activation increased ash and fixed carbon content in
modified biochar [73]. The heating rate of vacuum pyrolysis
is distinguished from that of slow pyrolysis due to vacuum
condition inside the reactor; it is to be characterised by quick
removal of pyrolytic gases within a short residence time.
Therefore, due to the rapid removal of syngases, the primary
pyrolysis process significantly minimised secondary char for-
mation and cracking reaction [120]. This plays an important
role in its prospective energy and environment application,
especially in contaminant removal. In addition, after the bio-
char activation, it is crucial to analyse the characteristics of
biochar in terms of its morphology and chemical composition.
There are several analytical techniques used for this process,
such as nitrogen adsorption isotherm, Raman spectroscopy,
NMR, NEXAFS technique, Fourier transform infrared spec-
trometry (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS) technique, Boehm
titration process, Barrett-Joyner-Halenda (BJH) methodology
and X-ray spectroscopy (EDS), to name a few, all of which
were briefly summarised.

The nitrogen adsorption isotherm is mostly used to determine
the surface area of biochar at different partial pressures of N».
Specifically, Raman spectroscopy is a reliable method used to
determine the carbon structure as well as structural disorder and
defects in the biochar sample. This is a scattering method, which
utilises an incident laser to generate a vibrational response in the
char being studied [121]. NMR is also a valuable and nonde-
structive technique utilised to investigate the structural
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composition of activated biochar. The degree of aromaticity in
the biochar matrix is a significant feature in the char structure,
which can be determined by using NMR technique [121].

Near-edge X-ray absorption fine structure spectroscopy
(NEXAFS) is a prominent functional tool for the chemical char-
acterisation of activated biochar. It is a synchrotron-based pro-
cess that mainly uses the intense, tunable and polarised X-ray
beams to examine the electronic states of the selected sample.
Electron spin resonance (ESR) and electron paramagnetic reso-
nance (EPR) are the spectroscopic tools that can be used to
identify the species with unpaired electrons [122].

FTIR peaks are typically used to identify the difference of
functional groups present on biochar surface. The peaks at
different positions in the spectrometry indicate the availability
of different functional groups: a peak about 3400 cm™' typi-
cally represents the availability of —OH groups; at about
1600 cm ! indicates stretching of C=0; at about 1260 cm!
means availability of carboxylate —-COO— groups; at around
1050 cm ' shows the availability of carboxylic; at around
800 cm ' represents the vibration of aromatic C—H; and at
540 cm ' gives an indication of -C—Br— [123].

XRD technique is used to measure the carbon crystallites
by measuring the intensity and angle of diffracted beams.
Most commonly, carbon crystallites are classified into two
categories, graphitised and non-graphitised carbon. A sharp
and narrow reflection pattern is recognised as graphitised car-
bon, while a broad reflection pattern indicates non-graphitised
carbon [124]. The surface morphologies can be observed by
using SEM analysis, which is typically based on the interac-
tion between biochar samples and electron beams. As with
SEM, the TEM analyser is also used to measure surface mor-
phologies with a high resolution. Additionally, EDS can iden-
tify the molar fraction present in the chemical composition of
a given biochar sample.

X-ray photoelectron spectroscopy (XPS) is used to inves-
tigate the surface groups present on the biochar. Besides, XPS
technique plays a significant role to understand the changes
that occurred in the biochar structure at different pyrolysis
temperatures [125]. Boehm titration process is primarily used
to determine the acidic and basic functional groups present on
the activated biochar. Barrett-Joyner-Halenda (BJH) method-
ology is utilised to determine the pore volume and size of
biochar [126]. Most preferable techniques were used for anal-
ysis of activated biochar which is presented in Fig. 3

3.1 Physically activated biochar

A steam-activation process has been widely adopted by many
scientific communities to enhance the textural properties of
biochar. Steam-activated biochar demonstrates a higher sur-
face area, higher porosity and higher pore volume, but no
significant effect on pore size. Most commonly, pore size
remains largely unchanged [77]. CO, activation builds up a
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higher microporous structure than steam activation [48]. In
addition, during the initial phase of activation, CO, activation
favours increases in the microporosity of biochar, whereas in
the case of steam activation, microporosity widening is evi-
denced. Steam-activated biochar contains less hydrogen, car-
bon and oxygen content on its surface, resulting in lower H/C,
O/C and N/C molar ratios when compared to biochar or chem-
ically activated biochar. The reduction in H/C and O/C ratios
at elevated temperatures is attributable to the hydrophilic na-
ture of biochar or the loss of OH groups due to dehydration
reaction [48, 75], while greater aromaticity in steam-activated
biochar may be attributable to hydrophilicity/stability [127].
In addition to the physical properties of biochar, some chem-
ical properties of steam-activated biochar, such as polarity,
hydrophobicity, cation exchange capacity, acidic or basic
characters, are also analysed based upon the availability of
functional groups on the surface of biochar. These properties
can have a significant effect on the adsorption capacity of
various pollutants. The concentration of mineral elements in
steam-activated biochar is always lesser when compared to
CO, and chemically activated biochar. Overall, steam-
activated biochar is not favourable to improvements in surface
functionality due to lower polarity (O/C, N/C ratio) and aro-
maticity (H/C) when compared to raw biochar, as well as
activated biochar prepared from acid and alkali activation.
Table 3 shows the physicochemical properties of physically
activated biochar from different lignocellulosic biomasses.

3.2 Acid-activated biochar

Acid-activated biochar introduces a large change in physico-
chemical properties: delivering selectively larger surface area
and more oxygen-containing functional groups on the biochar
surface. Phosphoric acid—activated biochar from pine sawdust
showed maximum specific surface area of 950 m?/g [102].
Similarly, Vithanage et al. [S] observed more surface area and
pore volume for bur cucumber biochar activated with oxalic
and sulphuric acid. However, in some cases, it was pointed
out that acid-modified biochar showed lower surface area
than other activation processes, which was the result of the
pore structure breaking down. Vaughn et al. [132] also ob-
served decreases in surface area, micropore surface area, pH,
electrical conductivity and cation exchange capacity of
sulphuric and oxalic acid—activated biochar, as compared to
untreated biochar. Acid activation after pyrolysis can reduce
the pH of biochar; therefore, lower pH biochar has a signif-
icant potential for further application in alkaline calcareous
soil [133]. Vaughn et al. [132] noticed slight increases in H/C
and O/C ratio of sulphuric acid—activated Paulownia elongate
biochar and oxalic acid—activated biochar as compared to
untreated biochar, respectively. In addition, authors also
remarked that average values of O/C, H/C and N/C molar
ratios were found to be higher as compared to other activation
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Fig.3 Analytical techniques used Crystalline nature
for activated biochar
characterisation
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process owing to the low carbon content in the acid-activated
biochar. However, the acid-activated biochar showed more
oxygen and oxygenated functional groups on the surface of
biochar than steam and chemical activation [134]. According
to Vithanage et al. [5], when H/C and O/C ratios of biochar
increased, it caused a reduction in hydrophobicity. Nitric
acid—activated weed biochar showed lower carbon and hy-
drogen content, while nitrogen and oxygen content subse-
quently increased. This may have happened due to more in-
tensive formation of aromatic compounds on biochar surfaces
containing nitrogen in the presence of C and O functional
groups on the biochar surface, and may be a result of the
destruction of the pore structure in the biochar [135].
Further, authors also observed that as the concentration of
nitric acid rises, there was a resulting increase in acidic func-
tional groups on biochar surface such as phenol, carboxylic
acid and lactone groups. In addition, as polarity increases,
there is higher adsorption of organic and inorganic contami-
nants from the waste water. Recently, Zhang et al. [136]
prepared activated biochar using three different chemicals,
i.e. H,O,, HCI and NaOH, in order to efficiently remove
nitrobenzene (NB) from the waste water. Acid-activated bio-
char (HC1 BC) was found to be an effective remediation
material for efficient removal of NB owing to the enhanced
electron transfer rate, high surface area, increased acidic func-
tional groups and negative surface charge on HCI-BC.

3.3 Alkali-activated biochar

Alkali activation ensured good physicochemical properties of
biochar. According to El-Khateeb et al. [137], the KOH-
activated biochar led to the maximum internal surface area,
which may be fifty times more than the pristine biochar.
Alkaline activation improved the cation exchange capacity,
surface area and thermal stability; therefore, the resulting

Functional groups

Surface morphologies

biochar exhibited more adsorption capacity than the original
biochar. Alkaline activation generates higher internal surface
area and the ability to alter surface functional groups com-
pared to other engineering activation process such as acid
and impregnation technique [138]. Further, Ding et al. [138]
carried out alkaline activation (NaOH) using Hickey BC and
observed that alkaline activation had significant effect on min-
eral composition of biochar. The calcium and magnesium
contents were reduced while aluminium and potassium con-
tent were slightly increased after activation. Similarly, the car-
bon and nitrogen content in pristine biochar was found to be
higher than that in activated BC, although a slight increase in
atomic ratios (H/C and O/C) of activated BC (0.33 and 0.12)
as compared to BC (0.26, 0.10) was observed. These results
demonstrated that, due to alkaline activation, there was enrich-
ment of hydrogen and oxygen functional groups on resulted
BC sample; additionally, the depletion of carbon and nitrogen
occurred, which led to the presence of hydrogen- and oxygen-
containing functional groups on BC surface [59]. Sodium hy-
droxide activation may have multiple effects on the mineral
structure of BC and therefore could concentrate or leach some
minerals such as K (0.28-0.05), Ca (1.17-0.63), Mg (0.29—
20) and Al (0.04-0.66). Similarly, KOH-activated BC from
municipal solid waste exhibited increased surface area almost
69% than that of pristine BC and demonstrated positive AsV
sorption capacity (25-31 mg ") [139]. According to Li et al.
[140], availability of functional groups (amino, carboxylic and
hydroxyl groups) played a significant role in metal sorption,
but as activation temperature was increased, the availability of
surface functional groups was reduced significantly. In addi-
tion, according to He et al. [141], KOH-modified BC had
broadened properties like large surface area and porosity,
and could provide a number of sites for iron particle loading.
Table 4 shows the physicochemical properties for chemically
activated biochar from different lignocellulosic biomass.
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3.4 Metal oxide-activated biochar

Impregnation using metal oxide or salt helps to improve the
physicochemical properties of BC by making new sites of
composites, which usually enhances the sorption capacity.
Metal oxide—derived BC always showed a stronger metal
binding as compared to other activation processes. The H/C
and O/C ratio in metal oxide—modified BC gradually de-
creased as activation temperatures increased, suggesting a
strong decarboxylation and dehydration occurred during the
activation process [149]. The H/C and O/C molar ratio usually
decreased because of the incorporation of metal content from
Zn0, Ca0, MnOx and FeO composites on the BC surface,
whereas an N/C molar ratio was always found to be greater in
all types of activated BC samples. The metal oxide—modified
BC showed more thermal stability than pristine BC, which
might be due to the presence of thermally inactive minerals
serving as diluents [150]. The surface roughness property of
metal oxide—modified BC is always greater than simple BC,
which might be because of minerals on the BC skeleton [149].
Metal oxide BC nanocomposites exhibited a larger surface
area as compared to acid and alkali activation, which might
be due to a surface effect [151]. As compared to other metal or
salt oxides, manganese- and cerium nitrate—modified BC
showed larger surface area, which can be attributed to the
accumulation of minerals on the biochar surface [152].
Manganese oxide—modified BC contains a lesser percentage
of carbon and other elemental components (Mn, k, Ca, Mg, Al
and P) as compared to pristine BC. This is likely due to the
dilution effect. In addition, Wang et al. [152] observed that
MnOx—modified BC had double BET surface area and the
pore volume increased almost seven times. This trend may
be because of newly formed Mn-bearing minerals. The cation
exchange capacity of Fe oxide—modified BC was always
greater than acid- or alkali—activated BC. This may have been
due to the presence of Fe oxide on the BC surface [153].

Thus, it was summarised that metal oxide BC had an ability
to introduce higher surface functionalities than other (physical
and chemical) activated BC. Such modified BC can usually be
promoted as a reliable method for sorption of organic and
inorganic contaminants from potable water and waste water.
Table 5 shows the physicochemical properties for metal
oxide—activated biochar from different lignocellulosic
biomass.

3.5 Environmental applications of activated biochar

Activated biochar is efficient, cost-effective, economically
feasible and environmentally friendly carbonaceous material.
It has extensive environmental application prospects because
of its distinctive features, such as high surface area, higher
adsorption capacity, ion exchange capacity and microporosi-
ty. Environmental remediation becomes the primary
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application of activated biochar. Therefore, recently activated
biochar has gained significant attention due to its several en-
vironmental applications, e.g. soil remediation, water and
wastewater treatment, as a catalyst, supercapacitors and fuel
cell application as shown in Fig. 4.

3.5.1 Soil remediation

Activated biochar is considered a green remediation material
for the adsorption of heavy metals and organic pollutants from
the soil. The mechanism of activated biochar adsorption is
mainly due to surface complexation, electrostatic attraction,
hydrogen binding, pi-pi interactions and acid-base
interactions.

Nontoxic sulphur-modified rice husk biochar showed in-
creases in adsorption capacity of mercury (Hg**) in soil by ~
73%, to 67.11 mg/g. The adsorption of mercury increase
might be due to the forming of the low solubility of HgS
and the availability of numerous active sites on the surface
of sulphur-modified biochar [161]. Arsenic (As) is a poten-
tially toxic and ubiquitous element that occurs in the surface of
the soil. This has mainly occurred from lithogenic sources via
weathering reactions, geochemical reactions and biological
activities, which leads to environmental implications.
Magnesium oxide-modified biochar is a very effective mate-
rial for the adsorption and oxidation of arsenic. Because
MgO-modified biochar possesses positively charged minerals
across its surfaces, it can enhance the oxidation rate and allow
more adsorption of As (V) [162]. In addition, Yu et al. [163]
found that magnesium oxide—activated corn straw biochar has
a great potential for the adsorption of arsenic present in red
soil. The increased removal performance was attributed to the
higher O/C ratio, lower H/C ratio, availability of oxygenated
functional groups and higher surface hydrophilicity. The
magnetite-activated water hyacinth biochar can potentially ad-
sorb about 90% of As (V) [164], while the zinc oxide—
modified rice straw biochar showed higher adsorption capac-
ity of Zn>* from the soil [165]. This discrepancy might be due
to the selection of different feedstock and experimental con-
ditions. In general, numerous factors such as pH, porosity,
surface functional groups, surface charge, activation condi-
tions and mineral composition can significantly affect the ad-
sorption capacity of modified biochar, which has been
discussed in previous studies [157]. The application of coco-
nut shell-activated biochar with diluted hydrochloric acid and
ultrasonication in soil remediation showed the effective re-
moval of Ni, Cd and Zn by 57.2%, 30.1% and 12.7% respec-
tively, in 5% addition of biochar. The good results of
immobilising metals are due to the significantly improved
microcosmic pore structure and surface functional groups
[166]. Biochar modified with zero-valent iron improved ad-
sorption of As and Cu, and which resulted in the maximum
ecological recovery of bacterial communities present in soil
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Fig. 4 Flow chart diagram of different applications of activated biochar

[167], which leads the assurance for in situ stabilisation of
contaminated soil. However, the activated biochar not only
adsorbs the heavy metals and organic pollutants but also neu-
tralises the acid soil, and increases the soil fertility and cation
exchange capacity. Moon et al. [168] observed that after 1-
month treatment of oak and soybean stover—modified biochar
in soil, the cation exchange capacity was improved with 5%
biochar. The application of Fe-Mn corn straw—activated bio-
char could improve the soil redox potential, and activity of
enzymes, and simultaneously reduce the As content in paddy
soil [169]. In addition, activated biochar application in the soil
can reduce the bulk density and significantly enhance the po-
rosity, which may offer more availability of water. Therefore,
the above results are indicating fine growth of roots, further
improvement in crop growth and yields.

3.5.2 Water and waste water treatment

Many organic and inorganic contaminants and heavy metals
present in water and waste water create a serious threat for
both human beings and the environment. Many antibiotics are
considered ubiquitous and toxic organic pollutants in the en-
vironment. Therefore, the promising and cost-effective mate-
rial to remove the pollutants is urgently needed. Among all
pollutants, heavy metals are very difficult for biodegradation,
and conversion. Therefore, adsorption is the most reliable pro-
cess in recent times. Activated biochar is cost-effective and a
sustainable adsorbent carbonaceous material has recently paid
significant research attention because of its wider applications
in environmental prospects.

The adsorption of contaminants in water mainly attributed
to the properties of targeted pollutants and the type of activat-
ed biochar. For example, the magnesium oxide modified bio-
char showed an increase in the removal rate of Pb** from 6.4

@ Springer

to 98.9%. The increase in removal rate was mainly attributed
to the presence of biochar surface hydroxyl groups [150]. For
Pb (IT) sorption, manganese dioxide— and citric acid—activated
biochar can remove 121.8 mg/g and 159.9 mg/g respectively
[7, 170]. However, magnetic biochar synthesised by ZnS
nanocrystal showed maximum adsorption capacity of
367.6 mg/g for Pb (II), which might be due to presence of zinc
nano composite material along with magnetic biochar which
made a reciprocal effect for the higher adsorption of Pb (II)
[171]. Thus, it was observed the activation condition; the
mainly activating agents had a remarkable effect on the phys-
icochemical properties of activated biochar, which further im-
pact on the adsorption capacity of modified biochar. The rice
husk and municipal solid waste biochar activated with calci-
um (Ca*) and ferrous oxide (FeO) were shown 95% removal
of As®* and Cr®" contaminations, which possibly occurred
due to the electrostatic interaction and metal precipitation be-
tween activated adsorbent and heavy metals [172]. The hae-
matite (YFe,03)-modified biochar can also effectively remove
the arsenic from drinking water; this happened due to the
electrostatic interaction [112]. In addition, the coating of
Fe** with biochar caused a significant change in the (O +
N)/C ratios, O/C ratios and polarity indices [(O + N/C)],
which influence the capacity of activated biochar for As™*
adsorption [173]. Thus, it was concluded that mineral com-
pounds for activation processes such as magnetite, calcium
oxide, haematite and manganese oxide have been extensively
used to impregnate biochar because of its salient features such
as a higher number of adsorption sites, magnetism and wide-
spread distribution.

In addition to heavy metals, there are several organic con-
taminants that can cause serious threat when they enter in the
living body via the food chain, water and air. For example,
organic contaminants like phenol can affect the odour and
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taste of drinking water. Therefore, activated biochar can ad-
sorb these organic contaminants from aqueous solutions due
to their adsorbing capacity and strong adsorbing affinity. For
furfural removal, acid- or alkali-activated biochar showed
good Langmuir adsorption capacities varying from 93.5 to
109 mg/g respectively. The increase in basic characteristics
or basicity of alkaline-activated biochar and hydrophilicity
of acidic biochar plays a significant role in the removal of
furfural. In comparison, heat-treated bamboo-derived modi-
fied biochar showed the highest sorption capacity
(253.2 mg/g) for furfural, because of hydrophobicity of mod-
ified biochar [174]. Citric acid—treated eucalyptus saw dust
biochar showed sorption capacity of 158.6 mg/g for methy-
lene blue removal, which might be possible due to the avail-
ability of carboxyl functional groups onto activated biochar
[175]. Mostly, methylene blue showed increased adsorption
capacity under the magnetic field. Also, as compared to acid-
ic-, potassium permanganate— and hydrogen peroxide—
modified biochar, the alkaline potassium hydroxide—treated
biochar at pyrolysis temperature 550 °C showed higher phe-
nol removal capacity (93.5 mg/g) from aqueous solution. In
addition to alkaline characteristics of KOH-modified biochar,
other factors such as pyrolysis temperature also influenced the
adsorption capacity of modified biochar.

Similarly, activated biochars have shown a good adsorption
capacity for the removal of various organic contaminants such
as naphthalene, anionic dye, pentachlorophenol, 2,4,6-
trichlorophenol and p-nitrotoluene [176—179]. Currently, some
emerging organic pollutants such as pharmaceuticals (antibi-
otics), disrupting chemicals (EDCs) and personal care products
are becoming one of the important environmental concerns
because of their toxic interference to living organisms [180].
Biochars such as sulphuric acid—treated biochar, methanol-
modified biochar and KOH-activated biochar are considered
an effective material for the removal of antibiotics especially
for tetracycline. Among these, the methanol-modified rice husk
biochar showed enhanced adsorption capacity (95.6 g/g) for
tetracycline as reported by Jing et al. [181].

3.5.3 Catalyst/activator

Presently, emerging applications of activated biochar are in
refinery processes (syngas cleaning), air pollution control,
biodiesel production, etc. [182]. Activated biochar has been
used directly as a catalyst or catalyst carrier due to its outstand-
ing features such as the availability of surface functional
groups, surface area, porosity and chemical stability [183].
The biochar obtained from the heating of biomass possesses
very limited surface functional groups, which restricts its use in
the catalytic application. Therefore, several studies have been
carried out for further modification of biochar, with the additions
of activating agents during the pyrolysis process for improving
the catalytic performance of activated biochar [184]. Firstly,

activated biochar as a catalyst plays an important role in
transesterification; throughout the process, the glyceride present
in vegetable oil reacts with alcohol having low molecular weight
results in the formation of ester (known as biodiesel) and glyc-
erol. The application of KOH-activated pomelo peel biochar as a
catalyst in the transesterification process showed the highest bio-
diesel yield of 98%; the maximum yield was recorded because of
the higher basicity of catalyst, which significantly improves the
surface area and porosity of biochar [185]. The catalytic perfor-
mance of activated biochar is mainly dependent on the structure,
pre-treatment temperature and basicity of the catalyst. Similarly,
CaO-modified rice straw biochar has shown a higher yield of
biodiesel 93.4% during the transesterification process of vegeta-
ble oil with methanol. The maximum yield reached under certain
conditions of activation temperature 700 °C and 30% CaO load-
ing [186]. Secondly, the activated biochar can enhance the tar
conversion during the gasification and pyrolysis process. Shen
et al. [187] observed that during the pyrolysis process, decrease
in tar yield and CO, concentration was mainly attributed to the
application of Ni/Fe-modified rice husk biochar as a catalyst.
Moreover, TGA analysis showed that biochar-supported catalyst
has more thermal stability, and results in increasing the removal
efficiency of heavy weight tar up to 92.3% respectively.
Furthermore, as compared to other activating agents, Ni/Fe-
based catalyst is also found cost-effective, extremely efficient
and environmentally friendly for tar removal in biomass gasifi-
cation and syngas conditioning [ 188]. The term biogas reforming
is most efficiently used for the production of hydrogen, which is
considered low emission and sustainable alternative to commer-
cial fossil fuels. In the early stage of biogas reforming, CO,-
modified duckweed-obtained biochar showed 25% and 82%
conversion of CH4 and CO,, respectively [189].

3.5.4 Supercapacitors

As compared to conventional capacitors, the supercapacitor as
an energy storage device has gained noticeable attention due
to its high power density, higher chemical stability, quick
charge and discharge ability, and long life cycle [190].
Electrode material plays an outstanding role to determine the
performance of energy storage devices. The ideal electrode of
an energy storage device should possess a well-developed
porous structure, higher surface area and excellent electrical
conductivity, and its structural composition provides suffi-
cient active sites for electrochemical oxidation. The common
electrode material such as graphite granule, carbon nanotubes,
graphene and activated carbon possess limited application due
to its higher cost. Compared to the above material, the acti-
vated biochar-based electrode material has a higher surface
area, porous structure and cost-effective, environmentally
friendly material and therefore it exerts high electrical conduc-
tivity with a superior pseudo-capacitance. Acid-activated bio-
char as an electrode material can enhance the surface
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oxygenated functional groups, which results in increasing the
pseudo-capacitance [191]. Jiang et al. [192] have reported that
the capacitance of woody biomass—obtained biochar has been
increased from 14 to 115 F/g after nitric acid activation. The
KOH-treated microporous-modified biochar at high activation
temperature 675 °C showed higher capacitance between 220
and 245 F/g respectively [142]. Similarly, the NaOH-modified
pine waste biochar generates a moderate specific capacitance
(74 F/g at 20 mV/s) due to the high pore volume and large
surface area of resulting biochar [193]. Biochar activation
with metals can significantly improve the electrochemical per-
formance of energy storage devices. Carbon aerogels activat-
ed with MnO, and Ni** were shown the more stable electro-
chemical performance and high power density, due to the
treatment of electrochemically active metals and their large
surface area [194]. Recently, Jiang et al. [195] tested the
CO,-activated biochar as electrode material in a
supercapacitor cell and recorded a maximum current density
of 100 mA/g and a specific capacitance of 80.9 F/g, respec-
tively. The obtained results show that engineered pore struc-
ture, microporous structure, tortuous porous structure and sur-
face functional groups were achieved through CO, activation,
which is most beneficial to improve the electrochemical per-
formance as well as the storage of ions in supercapacitor.

3.5.5 Fuel cell

The fuel cell is an electrochemical device that converts the chem-
ical energy of fuel into electricity. It exhibits higher energy con-
version efficiency and also reduces the greenhouse gas emission
if green fuels are used. Recently, the direct carbon fuel cell
(DCFC) is a robust device for the conversion of molten carbo-
naceous material into electricity through electrochemical oxida-
tion that has been made by using coal- and corn cob—derived
biochar in a direct carbon fuel cell [196]. Xiong et al. [197] found
the better electrochemical performance of almond shell biochar
in DCFC, and recorded peak power density of 127 m W cm 2,
which is comparatively higher than activated carbon fuel, i.e.
100 m W em 2. The electrochemical performance of fuel cells
is mainly influenced by the physicochemical properties of bio-
char such as its chemical composition, surface oxygen functional
groups, surface area and nature of mineral matter. A DCFC using
activated biochar produces a relatively higher current (64.2 mA/
cm?) and power density of 32.8 mW/cm? at 0.5 V than commer-
cial carbon black and hard coal about 55 mA/cm?” and 28 mW/
cm? at 0.5 V [198].

4 Conclusion
The conversion of organic biomass waste to biochar via a

thermochemical process provides a new window for the envi-
ronmentally sustainable management of waste. To improve

@ Springer

the physicochemical properties of biochar for sustainable ap-
plication, different activation methods might be selected.
These activation methods, especially chemical activation,
can improve the surface properties of biochar. Both acid and
alkali activation can generate extensive functional groups
while simultaneously modifying the surface area of the bio-
char. Alkali activation generates higher surface aromaticity
and N/C ratios. The use of an oxidising agent or acid activa-
tion can increase the number of oxygen-containing functional
groups on the biochar surface. However, impregnated biochar,
despite its minimal pore volume, can increase the absorption
capacities of organic and inorganic contaminants, along with
improving their catalytic capacities. In summary, activated
biochar has a wide platform for practical promotion in the
field of environmental sustainability.
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