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Abstract Biochar is a thermo-chemically synthesized/fabricated product of
biomass. Recently, biochar applications have spanned into various disciplines such
as environmental remediation, water purification, catalysis, tissue engineering, addi-
tive in organic waste compost, electrode material and modifier, etc. Modification of
biochar is done for specific applications. It brings out the activation of the raw biochar
through physical and chemical treatments. Physical modification is frequently done
to achieve the superior quality of biochar. In recent years, the application of physical
modification method has gained attention as a cost-effective and greener method.
The current chapter comprehensively describes the recent developments in physical
treatment processes of biochar, opportunities, challenges along with future prospects.

Keywords Biochar - Biomass - Physical activation + Pyrolysis - Environmental
remediation

1 Introduction

Rapid upsurge in urbanization and industrialization led to the adaptation of chemical-
based agricultural-crop production since green revolution (Mishra et al. 2020). This
has caused increased heavy metals, persistent organic pollutants (POPs) and pesti-
cides into the environment and food chain (Bolan et al. 2022; Nie et al. 2020; Sun
et al. 2020). For the safety of human health, food chain and environment, the World
Health Organization (WHO) has raised it as a matter of serious public concern (WHO
2017). The depletion of soil fertility and productivity is caused due to use of agro-
chemical products in farming (Maddalwar et al. 2021; Lal 2015). Soil pollution
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has also caused decreased soil organic matter (SOM), imbalanced nutrient avail-
ability, increase global soil acidity by 30% and soil salinization by 20% (Agegnehu
et al. 2017). This concern of soil nutrient depletion is directly associated with the
world’s food insecurity. Therefore, many conventional methods are being used for
the remediation of these agrochemicals for quick and better productivity. Methods
like ion exchange, chemical precipitation and adsorption are used for the removal of
chemical residues from the soil but they are neither so effective nor very econom-
ical (Kumar et al. 2021a; Oliveira et al. 2017). Furthermore, conventional sustainable
agricultural amendments like composts and manure utilization are frequently used to
improve the productivity. However, long-term application of these has led to increase
in ammonia and methane level in soil which led to the upsurge of serious problems like
contamination of groundwater and, emission of greenhouse gases (GHGs) (Awasthi
et al. 2019). In this case, there is a need for the development of more sustainable
and improved agricultural systems which would be utilized for uplifting the rural
economies and also establish the proper global agriculture management (Kumar
et al. 2021¢; Kammann et al. 2015).

Recently application of biochar as adsorbents, additives and soil amendments
has gained attention due to its green and cost-effective nature (Kumar et al. 2021b;
Mishra et al. 2021; Ramola et al. 2013). Biochar is a porous carbonaceous material
produced by thermochemical conversion of biomass (Bolan et al. 2021; Kumar et al.
2020Db). In this process the carbon-rich biomass (raw material) is thermochemically
decomposed in no or less oxygen environment. Woody biomass (Fuke et al. 2021),
cattle residues, manures (Mishra et al. 2021), agriculture waste (Ramola et al. 2021),
algae (Kumar et al. 2020a), sewage sludge (Kumar et al. 2020b) and municipal wastes
(Kumar et al. 2020c) are generally used as raw material for synthesis of biochar. The
chemical composition of biochar depends on the pyrolysis temperature and the type
of raw material used (Bolan et al. 2021; Ramola et al. 2020). The reaction atmosphere
(either oxidative or reductive), heating rate and duration are also few factors which
play major role in the properties and further application of biochar (Mandal et al.
2021). Thermal treatment of biomass at high temperature produces biochar along
with biofuels and syngas as by-products. In thermal treatment (<400 °C), chemical
changes occur in the plant biomass for attaining structural stability which can be
identified and confirmed by Fourier Transform Infrared (FTIR), thermal or elemental
analyser Nuclear Magnetic Resonance (NMR), etc. (Qian et al. 2019; Mandal et al.
2021). To improve the efficiency of pristine biochar, post modification is desirable.

The activated biochar produced post modification (either physical or chemical) is
efficient, cost-effective, eco-friendly adsorbent and its production could counterbal-
ance the emission of greenhouse gases because of its ability to store carbon in stable
form (Xiang et al. 2020; Bolan et al. 2021). There are several modification/treatments
method of biochar such as physical, chemical and biological (Kumar et al. 2020b;
Yang et al. 2019). Howeyver, application of physical treatment of biochar is considered
as most effective and economical. The present chapter provides a comprehensive state
of the arts related to physical modification technologies of biochar for its sustainable
application. Furthermore, this chapter discusses the opportunities and challenges
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associated with physical modification methods of biochar along with prospects for
future research.

2 Biochar Activation/Treatment

The pristine biochar does not have prominent physico-chemical and functional prop-
erties like surface functional group, surface area, porosity, cation exchange capacity
and adsorption capacity in comparison to modified or engineered biochar. These
properties can be enhanced by the treatment or activation of biochar that is performed
in three ways i.e., physical, chemical and biological (Xiao et al. 2020) (Fig. 1). The
activation of biochar improves the efficacy of biochar by improving the content of
surface functional groups and removing the undesirable material from it (Huang et al.
2020). In comparison to other activation methods, physical activation is considered
as more feasible and sustainable due to simpler process and effectiveness (Kumar
et al. 2020b, ¢).

3 Physical Modification of Biochar

Due to high pyrolytic temperature in oxidative environment, the biomass losses
more volatiles and gases and clogs the pores of end products (Liu et al. 2015).
Therefore, to remove these carbon portions, and also increase the surface properties
of biochar, various physical activation methods are applied (Sakhiya et al. 2020).
Physical activation includes a sequence of process which is simplified into two steps
i.e., activation and carbonization (Sakhiya et al. 2020). In post pyrolysis (partial
carbonization), the raw biochar is activated and carbonized with the help of thermal
treatment and gasification using inert gas like H, or He, oxidizing medium like
oxygen, steam and carbon dioxide. Apart from these, some other methods of the
physical activations are also used such as microwave, plasma treatment, ultrasound
and electrochemical (Sajjadi et al. 2019).

3.1 Physical Modification Type I—Gaseous Activation

In this process the biochar is exposed to oxidizing agents like steam, oxygen, ozone
and carbon dioxide for a desired volume at 700 °C or above. These agents actually
penetrate into the internal structure of biochar and widen the opening of inaccessible
pores (Sajjadi et al. 2019).
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Fig. 1 Schematic representation of biochar tailoring and activation methods

Steam Activation

The depletion of carbon due to the reactions of water—gas shift is correlated with
the pore formation in physical activation. The mechanism of steam activation takes
place by three crucial steps i.e., diffusion, chemisorption and gas shift reactions
(Cha et al. 2016). In the diffusion process, the water molecules get diffused into the
pores and get chemisorbed in the carbon active sites with the formation of oxygen
surface complex. This is followed by the decomposition of oxygen surface complex
by carbon monoxide (CO) which increase the gasification rate by the production
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of CO,. The active states of carbon react with hydrogen and get deactivated. This
gasification of carbon through water leads to the formation of micropores in biochar
(Sajjadi et al. 2019; Akhil et al. 2021).

A study was done by Shim et al. (2015) to evaluate the physicochemical prop-
erties, toxicity and steam activation effect on biochar produced from Miscanthus
sacchariflorus. The surface area of biochar was found to be less in comparison with
the activated biochar, however, no significant difference was observed in the sorp-
tion capacities. A comparative model was developed which demonstrates that the
steam-activated biochar dominates over the raw biochar in terms of efficiency, acute
toxicity and the adsorption efficiency. Similar study was done by Lou et al. (2016)
on pine sawdust biochar prepared at 300-550 °C and designed especially for effi-
cient adsorption of phosphate. The results showed removal of phosphate up to 4%,
without affecting the pH and other properties of biochar. Another study was carried
out by Rajapaksha et al. (2015) for the removal of sulfamethazine (SMT) from the
water with the help of steam-activated biochar prepared from invasive plant Sicyos
angulatus L. The adsorption capacities of conventional and steam-activated biochar
were compared and the results showed enhanced sorption capacity of 37.7 mg/g at
pH 3, that was 55% more in comparison to pristine biochar (Table 1).

Carbon dioxide activation

CO; can be used as an alternative for biomass pyrolysis and activation. Biochar
pyrolyzed under CO, has more O and N. High rate of carbonization refers to the
low H/C ratio and high O/C ratio which shows high hydrophilic nature of biochar

Table 1 Application of steam-activated biochar in removal of environmental pollutants

Raw material Pyrolysis Steam Contaminant Adsorption | References
temperature | activation adsorb capacity
(°C) temperature (mg/g)
(°C)
Bur cucumber | 700 700 Sulfamethazine |37.7 Rajapaksha
plant et al. (2015)
Tea waste 300 700 Sulfamethazine |2.79 Rajapaksha
et al. (2015)
Giant 500 600 Copper 15.4 Shim et al.
Miscanthus (2015)
Mung bean 550 650 Ranitidine 12 Mondal et al.
husk hypochlorite (2016)
solution
Rise husk 700 700 Glyphosate 123.3 Herath et al.
sorption (2016)
Softwood 500 800 Copper, Zinc 1.22 Han et al.
nitrite, Phenol (2017)
Peanut hulls 500 850 - 19.2 Girgis et al.
(2011)
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Table 2 Burn off and ash content of biochar feedstock by CO, activation

Raw material | Pyrolysis CO; activation | Burn off (%) | Ash (%) | References
temperature (°C) | temperature (°C)

Oak 500 800 67.1 7.1 Lee et al.
(2017)

Peat - 650 - 73.5 Veksha et al.
(2016)

Aspen wood | 600 780 76 - Veksha et al.
(2016)

Oil palm shell | 400 600 - 23 Abioye and Ani
(2015)

Willow tree 700 800 - 11.3 Kottowski et al.
(2017a, b)

Oak 500 700 31.8 - Shajjadi et al.
(2019)

Corn hulls 500 700 323 - Zhang et al.
(2004)

(Tian et al. 2017). The CO,-activated biochar has proven to be potential adsorbent
for pollutants and other applications such as soil amendment. The mechanism of
biochar (C) activation with CO; is done by Boudouard reaction (C + CO, < 2CO).
Here, the dissociation of CO, takes place on carbon surface to form surface oxide
which is desorbed from the surface due to the developed pore and the gaseous product
CO is adsorbed on carbon active sites and reverts back to the gasification reaction
(Lee et al. 2017). These CO;-activated biochar adsorbents have ability to trap CO,
and utilize it for enhancing physicochemical properties like microporosity, specific
surface area, hydrophobicity and aromaticity. Research by Pallarés et al. (2018)
showed the activation of barely straw biochar by two methods: steam and CO,.
Significant increase in the final biochar yield by 43% was observed that proved that
the CO;-activated biochar has much efficacy than the steam activation. Moreover,
biochar raw material at different CO, activation temperature produces various burn
off and ash content as depicted in Table 2.

3.2 Physical Modification Type II—Qzone (03) Activation

O3 has been extensively used in the activation of biochar for oxidizing the carbona-
ceous materials, as it attacks on both edge carbon atoms and basal plane carbon atoms
present in the biochar (Jimenez-Cordero et al. 2015). This is a two-stage process i.e.,
fast gasification which is followed by the slow surface functionalization. The gasi-
fication stage involves the first-order reaction rate, implying that O3 attack on site-
specific graphite that leads to the disappearance of O3. From the Fourier-transform
infrared spectroscopy (FTIR) analysis, the surface oxides which is formed during
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reaction are identified, which also includes further detection of aldehydes, ketones,
carboxyl, diketones and cyclic carbonyl (carbonates and lactones) present at the edges
of carbons graphite. This process increases the acidic oxygen functional groups and
oxidation level on the biochar surface. This two-stage activation i.e., gasification
and surface functionalization using O3 profoundly impact the adsorption capacity
of activated carbon (Sajjadi et al. 2019). The ozone activation of biochar creates the
acidic oxygen functional groups which enhance the cation exchange capacity of soil.
O3 exposure for 10 min on the high internal surface area of biochar could create
sufficient amount of surface oxides i.e. about 20-30% of the total biochar mass.

In a study conducted by El-Nemr et al. (2020) the effectiveness of ozone-modified
biochar and unmodified biochar derived from the biomass of Pisum sativum peel
waste was investigated for removal of copper (II) from aqueous media. Here the
activation/modification of biochar was carried out by ozone followed by labelled
ammonium hydroxide as Pea-B and Pea-BO-NH,. The results showed increased
adsorption capacities of activated biochar up to 156.25 mg/g. Further characterization
of this activated biochar revealed that the amino groups formed in the modified
biochar result in the increased adsorption rate. Similarly, in another study by Jimenez-
Cordero et al. (2015), biochar was oxidized in presence of O3 and then in inert
atmosphere it was subjected to desorption of O, group at high temperature. High
burning off of the biomass due to the high oxidation temperature leads to increase in
the number of activation cycle which results in the activation of carbon micropores
up to 0.52cm?/g.

3.3 Physical Modification Type III—Thermal Activation

The decomposition of biomass at high temperature in less oxygen environment is
known as thermal decomposition. This process involves various phenomena like
decomposition, followed by transformation and biomass molecular structural rear-
rangement (Dodevski et al. 2017). In this process first the dehydration of biomass
occurs at low temperature between 100 and 200 °C, after this the temperature
increases gradually that leads to decomposition of organic molecules such as
cellulose, hemicellulose and lignin. The complete degradation of all biopolymers
and aromatic molecules takes place by the rising temperature. Furthermore, these
aromatic ring structure stacks up at high temperature and develops a significant
quantity of amorphous and crystalline matters on the biochar surface (Kleber et al.,
2015). To remove these stacks and improve the efficiency of biochar, the thermal
treatment of biochar occurs at very high temperature (600—1500 °C) for 1-2 h. This
treatment removes the hydrogen and oxygen atoms with the release of gas which
tends to reduce the biochar yield (Sajjadi et al. 2019) (Table 3).
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Table 3 Removal of various contaminants via thermal activated biochar

Biochar | Pyrolysis Thermal Contaminants adsorb Removal References
raw temperature | activation efficiency
material | (°C) temperature (%)/adsorption
(°C) capacity
(mg/g)
Aspen | 600 780 Molybdenum (Mo) 93.46% Veksha
wood etal.
(2016)
Willow | 700 900 Polyaromatic hydrocarbons 85.12 mg/g Kottowski
tree (PAH) et al.
(2017b)
Coconut | 650 800 Polyaromatic hydrocarbons 83.4% Kottowski
(PAH) et al.
(2017b)
Poplar | 550 750 Organic compounds 83.7% de
wood Caprariis
etal.
(2017)
Bamboo | 700 700 1-Butyl-3-methylimidazolium | 0.513 mmol/g | Yu et al.
chips hexafluorophosphate (2016)
Corn 500 800 Mercury (Hg?*) 1.19 mg/g Tan et al.
straw (2017)

3.4 Physical Modification Type IV—Microwave Activation

The electromagnetic waves of frequency from 300 MHz to 300 GHz having wave-
length of 1 m to 1 mm is termed as microwave (Huang et al. 2016). The major
benefit of using microwave as activating agent is that it provides uniform and quick
internal heating with the help of three mechanisms i.e., ionic conduction, dipole
polarization and the interfacial polarization. Here the heat is provided under temper-
ature gradient via dielectric heating which evenly heats the entire volume of material
within limited temperature in defined duration, unlike the other conventional method
where heat is transferred from surface to the material causing variation of temper-
ature and conduction phenomena (Wang et al. 2018). This procedure of microwave
heating generates tiny microplasma spots, found throughout the reaction mixture
which results in enhancing the process of chemical reaction and its local temper-
ature, leading to the activation of biochar. This is majorly utilized in the industry
for large-scale production. For proper valorization and energy recovery from the
biomass, the conventional methods for pyrolysis and activation would not provide
appropriate results but the use of process like vacuum pyrolysis, solar pyrolysis and
microwave pyrolysis gives rise to the biomass recycling. In microwave activated
pyrolysis the solid biochar is produced as the main product which is significantly
used for remediation of environmental pollutants (Foong et al. 2020; Wahi et al.
2017) (Table 4).
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Table 4 Application of microwave activated biochar in removal of various pollutants

Raw Pyrolysis Microwave Contaminants Adsorption References
material temperature activation adsorb capacity
°C) temperature (mg/g)
(°C)
Prosopis 500-600 600 Remazol 83.3 Nair and Vinu
Jjuliflora Brilliant Blue R (2016)
(RBBR)

Peanut hull | 500 300-500 RBBR 149.3 Zhong et al.
(2012)

Risk husk | 700 600 Methylene Blue |441.52 Foo and

(MB) Hameed

(2011)

Orange peel | 700 600 MB 379.63 Foo and
Hameed
(2011)

Pistachio - 600 MB 296.57 Foo and

shell Hameed
(2011)

Cotton stalk | — 680 MB 294.12 Deng et al.
(2010)

Pulp mill 400 1200 - 285.7 Namazi et al.

sludge (2016)

3.5 Physical Modification Type V—Ultrasound Activation

Sonication has been used widely for the enhancement of mixing and reducing the
mass transfer of solid—liquid interactions. The leaching of various minerals like Na,
K, S, O, Cl, Fe and Al from carbonaceous material results in the swelling of biochar
and improvement in the internal surface area. This action increases the adsorption
capacity via modifying the biochar external and internal properties (Kleber et al.
2015). Under the ultrasound irradiation of 1 atm at 65 °C of CO,/H,O-based system,
the exfoliation of graphite oxide clusters, leaching of minerals, reductive CO, fixation
and hydrogenation takes place. This ultrasonic treatment induces physical and chem-
ical changes in biochar like water splitting, carboxylation, leaching, hydrogenation
and swelling. Ultrasound-treated biochar has higher heating values, reaction rate and
high internal surface area (Mulabagal et al. 2015). This method proves to be more
effective and efficient as compared to conventional methods because of the much
lower energy requirement for activation with increase in carbon content of biochar.

A study was carried out by Nguyen et al. (2021) on biochar generated by the
biomass of water bamboo husk (Zizania latifolia) pyrolyzed at 600 °C and then acti-
vated using ultrasound activation. The ultrasound irradiation improved the reaction
rate up to 80% i.e., the reaction gets completed in 4 h by this method instead of
conventional method which took around 24 h. In a study Peter et al. (2020) state that
the ultrasound-assisted pre-treatment was efficient in the activation and regeneration
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of biochar. When the ultrasound of 40 kHz was provided to the pre-treated samples of
biochar, the adsorption capacity was increased up to 0.65 mg/g from the conventional
technique (0.3 mg/g). The thermodynamic studies state that the ultrasound plays an
important role in enhancing the surface area of biochar which results in improved
adsorption rate of heavy metals.

3.6 Physical Modification Type VI—Plasma Activation

Like solid, liquid and gas, plasma is the fourth state of matter. It is produced by the
electric discharge and does not occur naturally. The voltage and electric current affect
the charged as well as neutral particle in the plasma which further affects ionization
density and temperature of plasma particles (Karim et al. 2017). This system is
classified on the basis of thermodynamic equilibrium state and plasma generation
method. Depending upon the application, the thermal plasma reactors have been
designed using various equilibrium plasma techniques. These require power levels
from 100 W to 10 MW. This is best method for execution of gasification and pyrolysis.
On comparing with conventional heating furnaces, the plasma reactor promotes fast
reaction rate, high energy density and low formation of tarry compounds. This has a
greater advantage of quick start up and shut down which reduce time utilized under
pre- and post-process and has benefits like rapid cooling and heating, etc. (Niu et al.
2017). In this process of plasma activation high-energy electron is emitted by the
plasma that is responsible for breaking the surface chemical bonds and also expanding
the surfaces which directly relates to the adsorption rate of the process. This provides
large output in limited time duration with low consumption of resources (Karim et al.
2017).

In a recent study, Zhang et al. (2019a) used plasma treatment technique for the
removal of mercury from the biochar. Here, hydrogen sulfide (H,S) plasma modi-
fication was utilized for enhancing biochar productivity for the removal of mercury
(Hg). The biochar obtained from wheat straw was utilized and modified using sulphur
and carboxyl containing functional groups which form mercury sulfide (HgS) and
mercury oxide (HgO) and remove Hg in the form of their sulphides and oxides. For
better adsorption, low temperature is preferred which controls the physical and chem-
ical adsorption. This has increased the efficiency of biochar from 26.4% to 95.5%.
Similarly, another study was conducted by Wang et al. (2018) for the removal of
Hg from non-thermal plasma modification using chlorine active sites. Here various
biochar was prepared using rice straws, corn, wheat, black bean, millet, etc. via
pyrolysis in high pure nitrogen at 600 °C, where non-thermal plasma modification
by chlorine increased the HgO removal efficiently from 8.0% to 80%, which proves
the efficiency of plasma treatment.
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3.7 Physical Modification Type VII—Electrochemical
Modification

The electric field modification can be utilized for enhancement of physicochemical
properties of biochar. The electric current is applied accordingly for the enhancement
of physical properties like porosity and surface area of biochar. Mostly an aluminium-
based electrode in the presence of HSO4 and NaOH solution for limited time period
is applied in electrochemical modification of biochar where the acid generates the
hypochlorite ions in the presence of NaCl solution and post this electrochemical
process the pyrolysis is performed (Jung et al. 2015). These oxidants have the ability
of improving the porosity and morphology of biochar. The factors like pH, elec-
trode, and solution play a key role in determining the efficiency of this process. This
electrochemical-based system improves porosity and surface area resulting in higher
rate of adsorption (Sajjadi et al. 2019).

Moreover, biochar-based energy storage and conversion device is gaining atten-
tion these days (Kumar et al. 2020c; Cheng et al. 2017). A study was carried out for
electrochemical modification and one-step pyrolysis for preparation of iron-based
biochar composite using FeCls pre-treated corn straw biomass. This process gener-
ates the graphite electrode and developed a sustainable Fe;O4 based magnetic adsor-
bent. These Fe;04 nanoparticles were crystalline having uniform dispersion forming
rod-like structure of biochar. This modification contributes to the Pb adsorption and
also effectively work on the magnetic waste water treatment by biochar adsorbent
(Yang et al. 2019).

4 Limitations of Physical Modifications

Physical modification has several advantages over chemical modification as it does
not use toxic chemicals which can affect human health as well as cause environmental
pollution. Apart from the benefits, physical modifications consume a huge amount
of energy which can directly affect the cost involved in the production of biochar.
Also, these approaches make biochar production process non-greener. Moreover,
this could make biochar activation process non-compatible and non-economical at
commercial scale (Sajjadi et al. 2019).

5 Conclusions and Future Prospects

Currently, diverse applications of biochar are gaining global attention. Biochar has
been proved as an environment-friendly, cost-effective, thermochemical product of
biomass. Biochar is thoroughly applied as adsorbent for the removal of contaminants
from wastewater. It also acts as a good carbon storage material in the soil. However, to
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improve the efficiency of biochar, physical modification is desirable. Therefore, this
chapter discussed most prominent physical treatment methods which are required
for various purposes and be effectively executed.

To achieve the growing demands of biochar application, further studies and devel-
opments are required for the commercial advancement in biochar production as
current technologies are only favourable for small-scale production of biochar i.e.,
up to few tons per day. These low productions are unable to fulfil the demand and also
lack in proper utilization of by-products of pyrolysis like tar and non-condensable gas.
Similarly, the reaction conditions need to be controlled and optimized to increase
the production efficiency of biochar and also make the production process more
environment-friendly. The modification of biochar in the coming future should be
designed according to its targeted applications like to understand the productivity on
various agroecosystems and conducting field experiment for monitoring the long-
term effects on soil properties. In the future, the biochar should be modified to have
long-lasting effect on immobilization of contaminants and increased reusability.
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