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Abstract From the 1100 s B.C to the present, biochar and adsorption technologies
have been constantly evolving with a remarkable history. Biochar as a gas adsor-
bent is a biomass-derived material that has satisfactory properties for gas adsorption
application. Since then, the mechanism, kinetics, and thermodynamics of gas adsorp-
tion have been investigated with the development of a series of novel models. Gas
adsorption models are evaluated based on experimental adsorption isotherm, from
which surface parameters of biochar can be derived. The surface and physicochem-
ical characteristics of engineered biochar are ultimately determined by the type of
the raw material and methods of char making including carbonization, physical acti-
vation, and chemical modification. Morphology, pH, total surface area, pore-volume,
porosity, and surface functional groups are decisive factors for the gas adsorption
capacity. Until now, biochar for gas adsorption is engineered for universal application
to some gases such as CO,, H,S, CHy4, and N, O, which are the main components of
greenhouse gas emissions. Previous studies have shown the high efficiency of using
engineered biochar as a gas adsorbent. However, it is still undeniable that this type
of material still has certain limitations related to technical, economical, and environ-
mental problems due to the knowledge gaps of mechanism, large-scale system, or
regeneration process. Thus, in response to the current industrialization situation, it is
mandatory to develop modern appropriate techniques to actualize the use of biochar
as a gas adsorbent in the market.
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1 Introduction

1.1 History of Gas Adsorption

Gas adsorption is a surface mass transfer process, in which the gas molecules transfer
and attach to the liquid or solid surfaces by physical or chemical forces (Artioli 2008).
In reality, the natural adsorption phenomenon was coined and studied very early,
with the first experiment being carried out by Gideon since 1100 B.C. century (Giles
1962). As reported, dew, otherwise known as the humidity of the air, was tested to be
adsorbed on the fleece of wool fibers. Up to the fifteenth century, an architect named
L. B. Alberti explained well about the adsorption of water, but it was not until 1773
that C. Scheele simultaneously J. Priestley and A. Fontana started to find a way to
measure adsorption capacity systematically (Robens 1994).

The development of research in sorptometry technology has gone through a long
history from 1100 BC to the end of the 20th century (Table 1), and is still ongoing
at the present (Robens 1994; Kodama et al. 1987; Robens and Jayaweera 2014).
Various methods to survey the adsorption have also been studied, such as hygrometry,
thermogravimetry, calorimetry, thermoporometry, etc. However, sorptometry is the
most preferred method because it gives high accuracy in the surface properties and
adsorption capacity of a solid substance. Therefore, this chapter will emphasize the
investigation of biochar as a gas adsorbent by sorptometry (gas adsorption apparatus).

1.2 Origin of Biochar Applications

Biochar, originally from charcoal, has been a commonly used material since ancient
times. Despite the unknown first person who made charcoal, there are pieces of
evidence as arrowheads fixed to their shaft with wood tar from the charring process,
that were in use even as far back as 6000 years ago (Emrich 1985). The uses of
charcoal are recorded to recover iron and metals from ores in Europe around 1100
BC, or for several different purposes in China since the Bronze Age (Chen et al.
2019). Over 2000 years ago, Amazonians in Brazil perhaps utilized biochar to fertilize
their nutrient-poor tropical soils to feed a great agricultural civilization (King 2013).
Through a lengthy historical period, modernization has led to the innovation of
biochar applications from small-scale to industrial scale.

1.3 Adsorbent—Application of Adsorption Technique
on Biochar

Over the decades, with the target to remove contaminants from gases economically
and effectively, many kinds of adsorbents have been invented which are divided into
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Table 1 Sorptometry development history until the 20th century

Investigation time

Method/Discovery

Inventor/Scientists

Around 1100 BC

First awareness of the adsorption
(dew on fiber)

Gideon

1450 First gravimetric adsorption German cardinal Nicolaus
instrument Cusanus

End of 15th century Inclination balances for atmospheric | Leonardo da Vinci
humidity measurement

1773-1777 First recorded scientific adsorption | Carl Scheele Priestley, Abbé

measurements of water vapor
(humid air)

Used mercury to introduce a
glowing charcoal piece into a
reversed glass cylinder for
adsorption measurement

Fontana

Around 18th century

Thin molecular layers on surfaces

Benjamin Franklin

1833

Thermogravimetry with 39
thermobalances for measuring water
content of Chinese silk

Talabot

1881 Differ “adsorption at a surface” from | Kayser, Du Bois Reymond
“absorption in the interior”
1886 First adsorption balance Warburb and Thmory
End of 19th century First study about gas adsorption Mitcherlich, Chappuis, Kayser
isotherms
1912 First vacuum microbalance with Emich
electromagnetic compensation
1915 Thermobalance Honda
1984 Measure standard weights in Japanese
vacuum (high accuracy) Researchers
1916-1918 Modern work on adsorption, Langmuir
Langmuir model
1938 BET theory Brunauer, Emmet, Teller
1949 Application of gravimetric apparatus | van Nostrand

for surface area and pores
investigation

20th century

Volumetric apparatus (sorptometer)
for simple gas, nitrogen adsorption
isotherm

Chappuis, Emmett, Nelson and
Eggertsen

1970-1999

The adsorption of gas (liquid-ike
adsorbate) is calculated as a function
of gas pressure at a fixed temperature

Sing, Gregg, Dabrowski,
Rouquerol
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Fig. 1 The schematic of the procedure to make gas adsorbents from biomass

three main groups: carbon-based sorbents, silica-based sorbents, and metal-organic
frameworks (MOF) (Bamdad et al. 2018). Nevertheless, carbon-based one, which is
derived from biochar, is the most common due to its easy-to-find raw material, low
cost, high efficiency and meets the demand for renewable materials (Fig. 1).

2 Principle of the Gas Sorption

2.1 Mechanism of Gas Adsorption and Desorption Processes

Adsorption is a phenomenon where gas molecules assemble on the adsorbent surface
based on the mechanism of surface-based exothermic.

Otherwise, desorption is a reverse process of adsorption, in which molecules of
the adsorbate are released from the adsorbent surface. The scheme of the adsorp-
tion/desorption process is represented in Fig. 2a. Depending on the interactions
between the molecules of the gas compound and the surface of the adsorbent, adsorp-
tion could be defined as two types: “physisorption” and “chemisorption” (Rouquerol
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etal. 1999a). Physisorption or physical adsorption occurs by the physical weak forces
including electrostatic interactions and Vander Waals force.

Physisorption can happen quickly, reversibly with no activation energy at low
temperature, which usually forms multilayers of adsorbate molecules on the adsor-
bent surface. Meanwhile, chemisorption or chemical adsorption takes place slowly
by the covalent bonds between the surface and molecules, irreversible with acti-
vation energy and high temperature required. It specifically involves the formation
of the monolayer on the adsorbent surface (Dabrowski 2001). Figure 2b shows the
schematic explanation of the adsorption/desorption process and multi/monolayer of
adsorbate molecules in the physical and chemical adsorption.

2.2 Isotherm of Gas Adsorption

International Union of Pure and Applied Chemistry (IUPAC) classified 6 types of
adsorption isotherms (Fig. 3) (the gas adsorption) on the solid surface (Donohue and
Aranovich 1998).

Type 1 is achieved from monomolecular gas adsorption on porous surfaces in a
limited void volume. Meanwhile, unrestricted mono-multilayer adsorption without



242 D. A. Khuong and H. N. Nguyen

Fig. 3 Different types of Type | Type Il Type 11
adsorption isotherm G /
classified by IUPAC ¥ ! [
- ."’. — oo /
21/ / ?
e i ey
8 i . o
o 7
= Type IV - Type V — Type VI .
g | | ol
| [/ -
£ _,_./'/ [/ ,-'/
<< o IlI i S
g i _/I {

Relative pressure (p/p,) ——

any saturation point is illustrated by the type Il isotherm. It expresses the gas adsorp-
tion in the macroporous adsorbents. Type III isotherm indicates the weak interac-
tions between adsorbent and gaseous adsorbate. Both Type II and Type III are for
the nonporous or microporous adsorbent. Type IV isotherm has two parts: the first
part represents mono-multilayer adsorption as Type II and the hysteresis loop is
explained by capillary condensation in mesopores, which causes the progressive
addition and withdrawal of adsorbate molecules on the adsorbent surface. Because
Type V isotherm contains a hysteresis loop, this indicates the existence of mesopores.
Type VI isotherm delineates the stepwise formation of multilayers of gas molecules
on a uniform non-porous surface (Donohue and Aranovich 1998; Yahia et al. 2013).

Some popular models were invented to analyze the information about the gas—
solid interface from the isotherm curves. A short explanation of these models is
provided in Table 2.

2.3 Kinetics of Gas Adsorption

For a gas adsorption system, three common steps occurred during the process: (a)
molecular mass transfer to the adsorbent surface, (b) internal molecular diffusion on
the active sites, and finally (c) equilibrium state. In the case of uniform surfaces, the
phenomenological kinetics of the sorption process is determined as the following
equation (Zhdanov 2001):

WO Pk (1)
dt—a d

where 6 is the coverage, P is the sorption pressure, k, and k4 are the rate constants
representing the dependence between coverage and adsorption/desorption. The two
parts of Eq. (1) k,P and k46 will be equal when the adsorption and desorption are at
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Table 2 Description of some famous adsorption isotherm analysis models
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Model Equation Assumptions Reference
Langmuir % = KL;max quM Adsgrptiqn a.t (Langmuir 1918)
C (mg L~"): adsorbate molecules specTﬁ(l:lblgdmg.
concentration at equilibrium state s%tes, atl & S9rpt10n
1\, . sites are similar;
q (mg g™ '): the capacity of . ¢
adsorbed molecules at any time monolayer o
Qmax (Mg g—l): the maximum molecules covers
max v . the adsorbent
adsorption capacity face:
Kr (L mg~!): Langmuir constant surtace; no
interaction at the
gas—solid interface
Freundlich gq=Kr+C " Heterogeneous (Freundlich H 1911)
Kr (mg g~ !): Freundlich exponent multila)./er
n: Freundlich constant adsorption
Temkin and q= (%)ln(AC) Adsorption heat (TEMKIN 1940)
Pyzhev T (K): adsorption temperature decreases linear

R (8.314 Jmol~! K~1): ideal gas
constant

b (J mol~1): Temkin constant

A (L mg™1): equilibrium
adsorption constant—maximum
adsorption energy

with the covering
molecules layer

Harkins—Jura

1 Y_ (B (-1
(s) = (32) = (i J1osc
Byy and Ayy: Harkins—Jura
constants

Multilayer
adsorption process
with heterogeneous
pore distribution

(Harkins and Jura
1944)

1/3
Halsey t = 0.354[ﬁ] Same as (Halsey 1948)
t: the thickness of adsorption layer Harkins—Jura
on the nonporous silica surface
BET m = X—IC )C(‘Hléilg;;" (%) Multilayer (Brunauer et al.
T " "7 | adsorption of the | 1938
X: the number of adsorbed gas acsorpuon of the )
. molecules to the
molecules at a relative pressure .
PIP adsorption surface
o
Xm: the number of adsorbed gas
molecules formed a monolayer
CggT: a heat adsorption
second-parameter
BJH log,% = ZrVRV}’ The pores shape is | (Barrett et al. 1951)
P/P,: relative pressure in cylin'drical.;
equilibrium physisorption on
y: surface tension of liquid the pore walls;
nitrogen capillary o
Vum: molar volume of liquid condensation inside
nitrogen the capillary
volume

r (cm): radius of capillary

(continued)
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Table 2 (continued)

Model Equation Assumptions Reference

DFT N”,,(,%) - Pores are the (Seaton et al. 1989;
D » slit-shaped type Landers et al. 2013)
Jore Nosprr (#. D) f(D)D

Nexp(P/Py): experimental
adsorption isotherm (number of
moles adsorbed at a pressure P)
Ngsprr(P/P,, D): theoretical
isotherm in pores series

D: pore size (width)

f(D): pore size distribution
function

Dmin and Dyax: minimum and
maxmium pore size

equilibrium. Another elucidation of this phenomenon is the same chemical poten-
tial of adsorbed and gas-phase particles. However, to access in-depth the adsorp-
tion kinetics on the non-uniform surface, it is necessary to apply some adsorption
systematic models. The first-known important model is the pseudo-first-order model
of Lagergren (1898) with the given equation:

dq,
' — ki(q, — 2
di 1(q qr) 2)

where ¢ is the gas adsorbed amount (mg g~') at any time t (min), ¢, is adsorbed
amount at equilibrium, and k, is the rate constant of the first-order process (min™").
Following this model, the adsorption happens only on the specific site of the adsorbent
surface, with no interaction between gas molecules and surface, the adsorption energy
is independent with the molecular layer formation and the adsorption rate is managed
by the Eq. (2).

The developed version from the first model is pseudo-second-order (Ho and
McKay 1999), which is exposed by Eq. (3):

dq; 2
— =ky(q, — 3
» 2(q qr) (3)

This model is supposed to give a great correlation of the experimental data from
some systems, though the assumptions made are identical to the previous version
except for the model rate (k).
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Besides, the intraparticle diffusion model proposed by Weber and Morris (1963)
is also widely applied for describing the adsorption process, where the diffusion of
the adsorbate on the adsorbent surface is the rate-limiting step.

g = kst®? )

where k3 is the intraparticle diffusion constant rate.

2.4 Thermodynamics of Gas Adsorption

The understanding of the thermodynamics principle was enhanced thanks to the study
of Rouquerol et al. (1999b, 2014) about the adsorption at the gas—solid interface.
Their thermodynamic quantities investigation is highly effective to process as well
as interpret the experimental isotherms and data, especially the effect of temperature
on the adsorption process. Based on some thermodynamic parameters as enthalpy,
Gibbs energy, and entropy, the behavior sorption process can be forecasted. The
transformed Gibbs energy (G), which is also called the thermodynamic potential of
adsorption at equilibrium, is calculated as:

G=F+pV+yA 5)

where F' is Helmholtz energy, p, V are adsorption pressure and volume of adsorbed
gas respectively, y is surface tension and A is the solid adsorbent’s surface area. One
usual method to excess differential enthalpies (Aqash) from the adsorption isothermal
data is the Isosteric Method.

RT\T;
122 2 (©6)
L-T p

Aadsl:l = -

By measuring a series of adsorption isotherms at different temperatures and
applying Eq. (6), the differential enthalpy or isosteric heat of adsorption would be
determined as a function of equilibrium pressure Py, P, and temperature 7'y, 7.
The differential standard entropy (A,qsS) can also be inferred as:

Aads$ = Agash — RIn[p] (7)

For determining the isosteric heat of adsorption, some other methods were also
proposed as gas adsorption calorimetry, immersion calorimetry, and chromatographic
methods. The characteristics of the adsorption process are defined by the differential
Gibbs energy and enthalpies. The adsorption process is considered to be spontaneous
when the AG value is negative and be endothermic when the Aaash value is positive
(Kecili and Hussain 2018).
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3 Changing Biochar Properties by Modification

The microporosity of biochars was demonstrated to be promoted and dominated by
CO, activation, while steam activation helps develop the meso- and macroporous
structure as well as a larger pore size distribution. However, due to the intimate
relationship between ascending porosity and descending degree of burned-off char,
the industrial process for modified biochar would have a limitation for a yield of about
40 wt% activation (Rodriguez-Reinoso 2001). As reported, steam activation nearly
doubled the surface area of biochar produced from Miscanthus while degrading
functional groups, which led to weakening the polarity (Shim et al. 2015). The
surface area and pore volume of biochar derived from teak sawdust by vacuum
pyrolysis method were sanitated, from approximately 611 m?> g~ and 0.27 cm?® g~!
to 1150 m? g~! and 0.37 cm? g~!, by steam activation (Ismadji et al. 2005). In a very
recent study, the bamboo residue char had a dominant microporous structure with a
specific area of 2150 m? g~ ! after being activated by CO, gas (Khuong et al. 2021a).
By air oxidation, a great amount of oxygenated functional groups as carboxylic,
lactonic, and phenolic were generated on the surface of biochar (Bardestani and
Kaliaguine 2018). However, air activation at the high temperature has a challenge
with the controlling step due to its sensitivity and high reactivity with carbon, which
can lead to burn-off char, a high percentage of macropore but poor porosity (Sajjadi
et al. 2019). Physical activation deforms the surface structure of biochar differently
from using the alternative pyrolysis method to modify the char.

Figure 4 shows the morphologies at the same scale (x 1000) of the residue bamboo-
derived pyrolyzed at 800 °C, pyrolyzed at 900 °C, and activated by CO, at 800 °C
for 6 h. As can be seen, the increase of 100 °C in pyrolysis stretched the shape or
shattered the edge boundary between macropores, instead, CO, activation disrupted
most of the capillary structure.

Depending on the selected category of agents, the single-step activation or two-
step activation will have certain beneficial effects. For H; PO, activation, a single-step
process was demonstrated to be higher effective, whereas the char products were more
amorphous, possessing an applicable porous structure with high adsorption capacity
(Oginni et al. 2019). A two-step activation was proved to be more advantageous
for KOH activation, which modified biochar derived from rice straw in a superior
way, high BET specific area, and low ash content (Basta et al. 2009). In the research
of activated carbon produced from seed shells, ZnCl, was considered to be a more
effective agent than H3;PO, due to its higher adsorption capacity product despite a
lower yield (Nsi et al. 2016). Apart from a dependency on activation methods and
activating agent types, the impregnation ratio between the material and agent, and the
concentration of agent also extremely impacts the growth of porosity. The previous
investigation showed that the increment of the concentration as well as the ratio of
H3PO4 or ZnCl, led to enlarging pores and surface area, for instance, the BET surface
area of activated biochar from Oreganum stalks increased from 497 m? g~! to 730
m? g‘1 when the H3POy4 concentration raised from 40 wt.% to 120 wt.% (Timur
et al. 2006). Additionally, some other chemical modification methods such as using
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Fig. 4 The morphologies measured by SEM technique of the samples (a) pyrolyzed at 800 °C;
(b) pyrolyzed at 900 °C; (¢) CO; activated at 900 °C

salts, ammonium hydroxide (NH4OH), ammonia (NH3), hydroxylamine (NH,OH),
carbamide—urea (CO(NH,),), iron, amines, triethylenetetramine—TETA, etc., with
heat treatment are applied in biochar to functionalize the surface properties for higher
uptake capacity, especially CO, uptake (Petrovic et al. 2021). The physical activa-
tion allows the narrow pore size distributions with low packing densities, while the
chemical process grants the biochar with lower weight loss, high packing densities,
and elevated mesoporosity (Prauchner and Rodriguez-Reinoso 2012).

4 Studies of Engineered Biochar as Gas Adsorbent

Over the past few decades, the gas adsorbents derived from biochar were employed,
modified, and developed due to the rapid development of society that required clean
gas application for environmental regulations (Menéndez-Diaz and Martin-Gullén
2006). Except for nitrogen (N;), which is used majorly for discovering the porous
parameters of adsorbents, the main adsorbate gases being studied at present are
acidic gases such as CO,, CHy, H,S, N,O. Each adsorbate has a different adsorption
mechanism on the surface of the adsorbent.
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4.1 CO; Adsorbents

As aforesaid, the capacity of adsorption compromises with the adsorption conditions
as well as the characteristics of biochar-derived adsorbent, which is largely deter-
mined by the raw material and the method of modification. Table 3 mentions the CO,
uptakes recorded from multiple reports that used various materials and techniques.

The activated vine shoots sample in Table 3 is a typical case for the temperature
and atmosphere dependence of adsorption capability, that is, an increase in temper-
ature and decrease in pressure led to the decrement in CO, uptake. Another study
considered that the physisorption adjusted the CO, adsorption of biochar, whereas
physical adsorption generates 5 to 40 kJ mol~! and chemical adsorption produced
40 to 800 kJ mol~! of adsorption heat (Creamer 2017). From the table, it is clear that
the CO, capture ability is governed by the unique structure and surface properties of
modified biochar. Sawdust without activation or modification has the CO, uptake of
only 18 mg g~! at 25 °C and 20.7 bar, and this number increased to 44.8 mg g~! at
30 °C when the material was modified by monoethanolamine. Cellulose fiber acti-
vated by steam could access higher CO, capacity than bamboo activated by CO, at
the same adsorption condition, although the specific surface area of activated cellu-
lose was lower than activated bamboo. Other samples including Eucalyptus wood,
Rambutan peel, African palm shell, sea mango, Miscanthus yielded very promising
CO; adsorption results. These samples were especially surface-functionalized with
different methods to improve the CO, uptake.

The presence of basic functional groups has helped to retain the CO, gas molecules
in pores instead of letting them slide out when approaching equilibrium. Some
nitrogen-containing functional groups as amide, pyridinic, imide, pyrrolic, lactam
groups, can be contributed to the biochar surface by N-containing reagents as
ammonia, amines, nitric acid, or any N-containing precursors (Dissanayake et al.
2020). It was also demonstrated that the CO, uptake is attributed to many factors:
surface area, nitrogenous groups, pore structure, size, micropore surface area, and
volume (Khandaker et al. 2020). Hence, the mechanism of CO, adsorption should
be evaluated according to the experimental case.

4.2 Other Gas Adsorbents

Recently hydrogen sulfide (H,S) and methane (CH,4) have also been studied. To
investigate the H,S or CH4 adsorption capacity of adsorbents, the breakthrough
curves must be defined, constructed and analyzed. A breakthrough curve is known
as a technical plot that shows the correlation between the concentration of adsorbate
and the testing time interval. The adsorbate amount is measured through the capacity
of the bed of the adsorbent, where the effluent stream of a mixture of fluid (air and
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vapor in this case) enters until reaching the saturation state (Marsh and Rodriguez-
Reinoso 2006). The mechanism of the H,S adsorption is based on several processes
with equation expressed as follows (Shang et al. 2013):

H;,S gas molecules adsorb on the adsorbent surface.

H)Sgas — " HaSuas (Reaction 8)
H,S dissolves in a water film made from the moisture of the adsorbent.
H)Saas = HaSadsiig (Reaction 9)
H,S adsorbate dissociates in the water film.
H,Sads-1iq — 5 HS 3, + HT (Reaction 10)

Anion element of dissociation reacts with adsorbed oxygen (O,) and forms sulfur
(S) or sulfur dioxide (SO,).

HS 4, + Ojyy = ! Sugs + OH™ (Reaction 11)
HS,ys 43054, 2 S Oruas + OH™ (Reaction 12)

SO, is oxidized to H,SOy in the water created from the adsorption.

H' + OH™ — H,0 (Reaction 13)
SOads + Oy + HyOuts —5 Hy S O (Reaction 14)

The gas, ads, ads-lig are noted for the phases of elements, for instance, Hy S,
corresponds to H,S in the gas phase, HyS,ds1iq or HaSaqs stands for HpS in the
liquid phase or adsorbed phase. Ky, Ks, and K, are the equilibrium constants for
the adsorption process, gas solubility process, and dissociation process, respectively.
KRri, Kro, and Kg3 are the surface reaction constants. There are some individual
investigations on H,S, with 3 case studies listed in Table 4. These studies indicated
that the surface characteristics and pH of biochar rule the mechanism as well as
the capacity of the adsorption. The rational use of the raw material and modification
methods have brought potential results. Rice husk char achieved a high breakthrough
capacity of 382.7 mg g~! in an H,S environment. Each gram of Maple sawdust with
Fe-impregnation can adsorb 15.2 mg of H,S in a biogas flow. In addition to agriculture
residue, activated food waste and sludge could also adsorb a great amount of H,S,
66.6 mg g~! in gas matrices.
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Different from H,S, the adsorption mechanism of CHy is self-diffusion, in which
the isosteric heat ranges from 8.715 to 11.746 kJ mol~! at 233.15-363.15 K (40 °C—
90 °C) (Wang et al. 2020). Sadasivam and Reddy. (2013, 2014, 2015) applied batch
and column adsorption testing methods on biochar derived from woody biomass to
explore the transport and adsorption of methane collected in landfills. The adsorption
capacity of activated biochar from a mixture of pine and fur wood was found to be
up to 3333.3 mL kg~! at 10% CH,4 headspace concentration (Sadasivam and Reddy
2013). At the dry condition, the biochar derived from a type of wood waste (CE-WP1)
had a calculated value of CH, adsorption capacity 0.21 mol kg ! from the Langmuir
model. This value decreased to 0.11 mol kg~', still higher than that of granular
activated carbon (0.06 mol kg~!) when the corresponding water holding capacity
was 25% at room temperature (Sadasivam and Reddy 2015). Wood pellet biochar
produced from pyrolysis 500 °C had a much higher extent of methane diffusion than
that of granular activated carbon (Sadasivam and Reddy 2014).

Likewise, the simultaneous adsorption of gaseous adsorbates is crucial for engi-
neering effective biochar. The selectivity of CO,, H,S, and CH4 gases during
the adsorption has been surveyed on some biochar derived from perilla, oak, and
soybean stover (Sethupathi et al. 2017). For biochar mentioned in the literature,
when adsorbing singular gas, CO, was the most adsorbed with adsorption capacity
up to 2.312 mmol g~'. Nonetheless, when simultaneous adsorption occurred, H,S
dominated over CO, adsorbate, and CH4 was barely adsorbed. This phenomenon
can be explained by the fact that the small CO, and H,S molecules with 3.3 A and
3.6 A kinetic diameters, respectively, permeate all the porous structures, even in
ultra-micropores, which prevents the CH4 molecules with the large kinetic diameter
of 3,8 A from being adsorbed on the adsorbent surface (Cui et al. 2004; Scholes et al.
2010; JALON 2017). The breakthrough capacities of H,S and CO, were recorded as
0.208 mmol g~! and 0.126 mmol g~! respectively in the 700 °C-pyrolyzed perilla. It
was also disclosed that the biochar from perilla possessed a high adsorption capacity
of H,S and CO,, which was followed by soybean stover and oak biochar (Sethupathi
et al. 2017).

Different from the above mentioned gases, nitrous oxide (N,O) exists in soils
and oceans as a byproduct of nitrification and denitrification ((Machida et al. 1995).
Therefore, the application of N,O adsorption is in biochar-amended soil to suppress
its emission in the atmosphere (Solaiman and Anawar 2015). The mechanism of N,O
removal by biochar can be explained by the “electron shuttle”, a redox system that
easily switches between states and facilitates electron transmissions to microorgan-
isms (Cayuela et al. 2013). It is also noted that the biochar N,O adsorption capacity
is strongly influenced by soil texture, soil pH, and the chemical form of N-fertilizer
(Cayuela et al. 2014). The physicochemical treated pecan shell, maple wood, and
pinewood could adsorb 4.3 - 21 mmol N,O per kg, while Lockwood soil or peat
could adsorb only 0.13 mmol N, O per kg at the same low relative pressure condition
(Xiao et al. 2018). By adding hardwood-derived biochar in sandy loam soil at a rate
of 28 Mg ha~!, N,O emissions were suppressed 91% of the total amount (Ritt] et al.
2021).
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5 Limitations

Biochar as gas adsorbent is an attractive topic that is broadly approached in recent
years, especially for CO, capture application. Biochar is an eco-friendly and low
cost product (10 times cheaper than other CO, adsorbents) (Chatterjee et al. 2018).
However, biochar-based gas adsorbents are still constrained by numerous challenges
related to technical, economical, and environmental aspects.

There are many studies on the enhancement of gas adsorption capacity after
biochar modification, however, the stability and durability of products have not been
clarified for the long-term assessment (Dissanayake et al. 2020). Most studies concen-
trated only on certain gases or a combination of predetermined gases. Nonetheless,
for greenhouse gas emissions (GHG) containing multiple gaseous agents, the removal
mechanism is indeed complicated (Solaiman and Anawar 2015), which requires a
comprehensive understanding of the effect of each gas on one other during the adsorp-
tion process. Besides, the adsorptive characteristics of biochar can be degraded during
long-term cyclic sorption, which should be taken into account in the technical issues
for biochar production (Zhelezova et al. 2017). So far, the data related to the opera-
tion in the continuous flow system as well as the regeneration capacity of modified
biochar has not been elucidated (Rosales et al. 2017).

In the case of the economical aspect, Gwenzi et al. (2021) suggested some present
knowledge gaps including the lack of studies on the applications of biochar as a gas
adsorbent on a large-scale or industrial scale, the scarcity of socio-economic feasi-
bility research, and the competition from existing biochar production technologies.
Perhaps, the treatment process of modified biochar is not as cost-effective as bio-oil
technology, which also utilized bio-waste or biomass as the raw material.

Although biochar supports the mitigation of GHG emissions, its production
produces a relatively large quantity of polycyclic aromatic hydrocarbons (PAHs)
and dioxins that cause human and ecological risks (Hale et al. 2012). Furthermore,
the amended biochar from wastewater sludge or possibly other residues might accom-
modate a high level of heavy metal as Zn, Pb, Ni, Cu, Cd (Hossain et al. 2011), which
raises difficulties of spent biochar disposal. Without proper control and treatment, the
biochar may also migrate in soil that induces negative influences on the ecosystem
as well as human lives (Genesio et al. 2016).

In addition to the above rationale, policy and regulatory framework for enhancing
biochar as gas adsorbent is also a challenge that needs to be dealt with (Gwenzi
et al. 2021). Due to a lack of understanding of technological components, setting
development policies will be a big question for future research.
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6 Conclusions and Future Prospects

Up to now, a number of studies on the gas adsorption application of biochar
have been accomplished and yielded positive results. The physicochemical prop-
erties and porous structure of biochar including pH, constituent elements, porosity,
morphology, and surface functional groups are the decisive factors for gas adsorption
performance. Therefore, to ameliorate the gas adsorption capacity, the characteris-
tics of char products from pyrolysis should be boosted by physical and chemical
modifications. Previous findings of modified biochar have shown its superiority in
adsorbing gases in the environment, helping to mitigate GHGs, which include mainly
CO,, H,S, CH4, N,O. However, the lack of knowledge in many aspects has posed
plenty of challenges for bringing biochar into the potential market of gas adsorption
technologies. With the current increasing rate of gaseous pollutants from burning
fuels, greenhouse gas emissions, and industrial constructions, novel techniques for
gas adsorption application on biochar should be focused on the development of the
capacity, regeneration, and reuse features for the industrial scale.

Based on the challenges mentioned above, it is necessary to establish certain
strategies to solve those difficulties. Conducting research to solve the technical prob-
lems that include the gas mixture adsorption and regenerative long-term techniques
should be promoted. Besides, studies on other technologies related to biomass also
need to be done, especially economic analysis, to find ways to bring biochar as a
gas adsorbent to consumption in the actual market. Above all, a complete database
on biochar production and adsorption capacity of a combination of multiple gases
should be created to maximize char performance, minimize environmental problems,
and set forth new appropriate policies.
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