Science of the Total Environment 945 (2024) 173910

Contents lists available at ScienceDirect

Science orre
Total Eny

vironment

Science of the Total Environment

4
L

I.SEVIER journal homepage: www.elsevier.com/locate/scitotenv

Review [ :.) ]
Check for

Agri-food waste biosorbents for volatile organic compounds removal from e
air and industrial gases — A review

Patrycja Makos$-Chetstowska , Edyta Stupek , Jacek Ggbicki

Department of Process Engineering and Chemical Technology, Faculty of Chemistry, Gdansk University of Technology, 80-233 Gdarsk, Poland

HIGHLIGHTS GRAPHICAL ABSTRACT

e Agri-food waste is valuable ecological
adsorbents for air and industrial gas
purification. Thermal conversion pctivation

e Summary of methods to convert waste \ 2 i pz
into biosorbents for the removal of vol-
atile organic compounds (VOCs)

e Detailed explanation of the interactions
between VOCs and biosorbents

é v
— @‘\)o“

Agri-food waste Biosorbents [

e Developments in the application of bio-
sorbents in air and industrial gas ¢ VOCs adsorption ) N
purification _J * o L/vﬁg‘ [ K
P

ARTICLE INFO ABSTRACT

Editor: Jay Gan Approximately 1.3 billion metric tons of agricultural and food waste is produced annually, highlighting the need
for appropriate processing and management strategies. This paper provides an exhaustive overview of the uti-

Keywords: lization of agri-food waste as a biosorbents for the elimination of volatile organic compounds (VOCs) from

Adsorbents

gaseous streams. The review paper underscores the critical role of waste management in the context of a circular
economy, wherein waste is not viewed as a final product, but rather as a valuable resource for innovative
processes. This perspective is consistent with the principles of resource efficiency and sustainability. Various
types of waste have been described as effective biosorbents, and methods for biosorbents preparation have been
discussed, including thermal treatment, surface activation, and doping with nitrogen, phosphorus, and sulfur
atoms. This review further investigates the applications of these biosorbents in adsorbing VOCs from gaseous
streams and elucidates the primary mechanisms governing the adsorption process. Additionally, this study sheds
light on methods of biosorbents regeneration, which is a key aspect of practical applications. The paper con-
cludes with a critical commentary and discussion of future perspectives in this field, emphasizing the need for
more research and innovation in waste management to fully realize the potential of a circular economy. This
review serves as a valuable resource for researchers and practitioners interested in the potential use of agri-food
waste biosorbents for VOCs removal, marking a significant first step toward considering these aspects together.
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1. Introduction

The volatile organic compounds (VOCs) significantly contribute to air
pollution. Environmental Protection Agency (EPA) defines VOCs as
organic substances with boiling points ranging from 50 to 260 °C and a
high vapor pressure at room temperature. They can react with other
substances in the atmosphere, contributing to phenomena such as
photochemical fog and ozone depletion. VOCs also pose risks to the
environment, human health, animals, and industrial facilities (U.S.
Environmental Protection Agency (EPA), 2024). Industrial activities, such
as process vessels, venting, piping and equipment leaks, wastewater
streams, heat exchange systems, storage tank emissions, raw/finished
product transportation, and domestic fuel combustion, contribute to the
release of VOCs. Automobile exhaust poses the greatest threat to the
environment (Hu et al., 2020; Mu et al., 2022; Hsu et al., 2022; Xue et al.,
2022; Lu et al., 2022a; Liu et al., 2022a; Makos et al., 2019).

Efficient capture of VOCs present in the air, fuels, and industrial gas
streams is of utmost importance. VOCs can cause short-term discomfort
and long-term health problems, including cancer and lung, liver, and
kidney damage. Inhalation is the primary route of chemical exposure. In
addition, VOCs contribute to indoor and outdoor air pollution (Davidson
etal., 2021). Various methods can be used to treat gaseous streams, such
as catalytic and thermal oxidation, adsorption, physical and chemical
absorption, membrane separation, cryogenic separation, and biological
separation (Huang et al., 2016a; Khan and Kr, 2000; Gan et al., 2022;
Gong et al., 2018; Li et al., 2022a; Liang et al., 2020; Meena et al., n.d.;
Zhang et al., 2022a). The advantages and limitations of various methods
are summarized in Table S1. Physical adsorption is a highly regarded
technique among established technologies, due to its high process effi-
ciency and the absence of harmful chemicals (Ye et al., 2023). Addi-
tionally, this method offers the ability to repeatedly regenerate the
adsorbent, due to the stability of the utilized materials (Makos et al.,
2020). Frequently utilized adsorbents in the purification of gaseous
streams encompass activated carbon (Sigot et al., 2016; Zulkefli et al.,
2019; Santos-Clotas et al., 2019; Bak et al., 2019; Surra et al., 2019;
Gislon et al., 2013; Gil et al., 2015; Kwasny and Balcerzak, 2016; Wang
et al.,, 2019; Hernandez et al., 2011; Gaj, 2020; Duran et al., 2018;
Abdullahi et al., 2018), silica gel (Sigot et al., 2016, 2014; Bak et al.,
2019; Wang et al., 2019; Grande et al., 2020; Meng et al., 2020) and
zeolites (Sigot et al., 2016; Bak et al., 2019; Hernandez et al., 2011;
Abdullahi et al., 2018; Peluso et al., 2019; Cabrera-Codony et al., 2017;
Alonso-Vicario et al., 2010; Irvan et al., 2018; Grande and Rodrigues,
2007; Kusrini et al., 2019). Nevertheless, traditional adsorbents prove
inadequate in effectively treating specific VOCs with low molecular
weight or polar characteristics (Hu et al., 2018; Kumar et al., 2019).
These adsorbents exhibit shortcomings related to their poor thermal
stability, flammability, and explosive properties. Consequently,
advanced adsorbents including metal-organic frameworks and (Kumar
et al., 2019) carbon-based nanomaterials (Kumar et al., 2020a) have
emerged as promising materials for VOC capture. Despite their ability to
address the aforementioned limitations, the preparation of advanced
adsorbents is both expensive and intricate, rendering their use imprac-
tical in industrial settings.

Biosorbents are environmentally sustainable alternatives to con-
ventional and advanced adsorption materials. Biosorption is a specific
type of traditional adsorption technique in which the sorbent is derived
from biological sources such as biomass, microorganisms, or animal
waste. In contrast to classical adsorption techniques that rely on syn-
thetic materials such as silica gel, activated carbon, or zeolites, the
biosorption process involves a variety of mechanisms. These mecha-
nisms may include physical interactions, such as electrostatic forces, van
der Waals forces, and hydrogen bonds, as well as chemical binding,
which can involve ionic and covalent bonds. Some proposed mecha-
nisms for biosorption include absorption, surface adsorption, ion ex-
change, surface complexation, precipitation or microprecipitation, and
mineral nucleation (Crini et al., 2019). The benefits of biosorption
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include cost efficiency. The estimated cost of biosorbents is approxi-
mately 0.5/kg, whereas the cost of conventional biosorbents can be as
high as €100 to €250/kg, as reported in reference (Karic et al., 2022). In
addition to cost-effectiveness, biosorbents offer several advantages. For
instance, they can significantly reduce the amount of solid waste
generated, possess sorption capacity comparable to commercial adsor-
bents, and potentially allow for the recycling of biomass when feasible
(Crini et al., 2019; Karic et al., 2022). Despite these advantages, the
inherent adsorption efficiencies of raw biosorbents are constrained by
the changeable structure, which is influenced by the type of waste and
their condition before undergoing processing (Dong et al., 2021;
Ghanbari and Niu, 2019). Consequently, it is imperative to undertake
targeted modifications aimed at augmenting the specific surface area of
sorbents, thereby enhancing their adsorption capacities. Currently,
biosorbents are increasingly employed in water and wastewater treat-
ment (Karic et al., 2022). However, most published research has focused
on the removal of heavy metals or inorganic substances from liquid
streams (Zeghioud et al., 2022; Sheth et al., 2021; Qin et al., 2020;
Elgarahy et al., 2021). There is limited literature describing the purifi-
cation of gas streams using biosorbents. Scientific studies have primarily
focused on the removal of inorganic pollutants such as HyS, CO, NOx,
and H,0 from air or gaseous industrial streams (Mohamad Nor et al.,
2013; Jung et al., 2019; Premchand et al., 2023; Zhao et al., 2022).
There has been significantly less research dedicated to the adsorption of
VOCs including linear and aromatic volatile hydrocarbons, volatile
organochlorine compounds, volatile methyl siloxanes, volatile oxygen-
ates organic compounds, and volatile organosulfur compounds from
gases.

A graph showing the number of papers published on biosorbents
compared to papers dedicated to the removal of volatile organic com-
pounds from gaseous streams versus water and wastewater using bio-
sorbents is shown in Fig. 1.

Furthermore, there is a lack of structured knowledge in this area.
This study addresses this gap by providing a literature review on the
latest developments in the preparation and modification of biosorbents.
The review encompasses their applications in removing VOCs. In addi-
tion, this paper discusses the main advantages and limitations of using
biosorbents along with potential future prospects. The review papers
were prepared based on articles found in the Scopus database. The
publications considered in the literature review were published between
2014 and 2024.

2. Raw agri-food waste biosorbents characterization

Biosorbents exhibit diverse classifications, with one approach being
based on their zoonotic or plant origin. Biosorbents derived from plants
are commonly referred to as lignocellulosic biosorbents. Within this
category, distinctions can be made between fruit, vegetable residues,
and crop residues. Fig. 2 illustrates the primary types of agri-food waste
biosorbents.

2.1. Animal waste-based biosorbents

Animal waste contains various substances capable of adsorbing
VOCs, one of which is keratin from the scleroprotein group. Keratin is
rich in cysteine, an amino acid that forms disulfide bridges between
protein chains, thus providing strength and stability to its structure. This
protein exhibits both a-helix and p-fold structures, providing protective
and structurally stabilizing features (Wang et al., 2016; Khosa et al.,
2013). The functional groups of keratin make it capable of forming
hydrogen, ionic, and disulfide bonds, as well as hydrophobic in-
teractions. The presence of disulfide bonds in keratin cross-links the
polypeptide chain, rendering it insoluble in water, salts, diluted acids,
and alkali solutions, contributing to its excellent mechanical resistance.
The cysteine content in keratin varies, with soft keratin containing 2 %
cysteine and hard-soft keratin containing up to 10-14 % or 22 %
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Fig. 1. Number of published papers between 2014 and 2024. The graphs were
built using the Scopus database, from the topics biosorbents or biochar,
adsorption, volatile organic compounds, water or wastewater, and air or gas
(Access date: 05.06.2024).

cysteine (Donato and Mija, 2020; Aluigi et al., 2009; Chen et al., 2022).
Biosorbents obtained from marine organisms, such as crab and shrimp
shells, insect shells, fungi, algae, and protozoa, are rich in chitin, with
varying chitin content depending on the source material. For instance,
the crab shell of Chinonecetes opilio contains 26.7 % chitin along with
other components such as proteins (29.2 %), ash (40.6 %), and lipids
(1.4 %) on a dry weight basis (An et al., 2001; Liu et al., 2017a). Its high
nitrogen content makes it a suitable amino-functional precursor for
nitrogen-doped carbon synthesis via pyrolysis followed by activation. In
this structure, repeated 2-(acetylamino)-2-deoxy-p-glucose units are
present, and chitin possesses hydroxyl and acetyl groups that enable
effective binding with VOCs. The appeal of chitin as a biosorbent lies not
only in its abundance but also in its low cost, straightforward production
process, flexible chemical distribution, and absence of waste products
and secondary pollution, owing to its functional structure (Peter et al.,
2021). Chitosan, a derivative of chitin renowned for its ability to capture
VOCs, is a natural alkaline polysaccharide. Chitosan is obtained by
partially deacetylating the acetamido groups within chitin. Despite the
presence of functional groups, such as = O, —O—, -OH, and -NHj, the
VOCs adsorption efficiency of chitosan is low. Consequently, neither
chitosan nor chitin are employed as standalone substances in VOC
adsorption processes (Peter et al., 2021; Huo et al., 2024; Mohamed and
Ouki, 2011). Fish scales have low concentrations of chitin, and their
primary components are type I collagen and hydroxyapatite. Analysis
showed that moisture and protein make up the majority of their weight,
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Fig. 2. Main groups of agri-food waste biosorbents used as adsorbents for VOCs
removal from gas streams

with approximately 23 % attributed to proteins and low levels of lipid
and carbohydrate content. The proportion of proteins increased with the
weight and length of fish. Type I collagen is characterized by a triple-
helical structure of G-X-Y, where Glycine is a constant amino acid and
x and y vary. The amino acids in collagen contain functional groups that
can interact with VOCs. Fish scales also contain hydroxyapatite, which
can interact with VOCs through ionic and hydrogen bonding in-
teractions (Fan et al., 2023; Salindeho et al., 2022). Eggshells consist of
approximately 90-95 % CaCOs in the form of calcite, along with 1 %
magnesium carbonate, 1 % calcium phosphate, and some organic
compounds (Balaz, 2018). This composition renders them well suited as
adsorbent materials for treating soils and water contaminated with
metallic ions. The porous structure of eggshells further enhances their
potential as adsorbents for removing various impurities from gas
(Ahmad et al., 2021; Li et al., 2020a).
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2.2. Lignocellulosic biosorbents

Biosorbents derived from lignocellulosic materials, which are typi-
cally sourced from plant substances and industry by-products, present a
cost-effective solution for gas treatment. Lignocellulosic waste bio-
sorbents consist primarily of cellulose, hemicellulose, and lignin (Fig. 3).
The proportion of the main biosorbent components varies according to
the type of plant material used. Table S2 summarizes the compositions of
the lignocellulosic sorbents. Cellulose, a key component of lignocellu-
losic biosorbents, comprises f-p-glucopyranose sugar units and con-
tributes to structural support (Berslin et al., 2022; Qiu et al., 2022). With
a linear polymer structure resulting from the dehydration of glucose,
cellulose forms microfibrils in the supramolecular structure through the
intertwining of the crystalline and noncrystalline phases. In contrast,
hemicellulose is a non-crystalline polysaccharide polymer with a lower
degree of polymerization than cellulose. Lignin, characterized by its
amorphous, heterogeneous, highly branched structure, is a multidi-
mensional polymer composed of phenyl-propane monomers cross-
linked with phenolic monomers (Tyagi and Anand, 2023). The content
of the main components of lignocellulosic biosorbents gives them unique
functional groups, that is, —O—, -OH, and =0, which are capable of
forming non-covalent bonds. The structure of lignocellulosic biosorbents
is porous, which is beneficial for the adsorption of organic pollutants
from gas streams. However, pores are often too large to effectively
capture small VOCs. In addition, lignocellulosic wastes are hydrophilic
in nature, making them effective adsorbents for the removal of hydro-
philic pollutants.

2.3. Biosorbents modification

Biosorbents can be utilized in their natural state without surface
modifications (Ghanbari and Niu, 2019; Wu et al., 2022). This approach
significantly reduced the cost and time required to prepare sorbents.
However, the current applications of these biosorbents are primarily
confined to the removal of moisture from gas. To improve the sorption
properties and impart selectivity, it is important to modify the surface of
biosorbents (Karic et al., 2022; Chong et al., 2023; Tariq et al., 2023).
Fig. 4 provides a summary of the most popular surface modification
methods. Fig. 5 shows the effects of each modification method on the
structural properties of the biosorbents.

2.3.1. Thermal conversion

Lignocellulosic waste must undergo thermal treatment to produce
activated carbon or biochar. These methods include pyrolysis, hydro-
thermal carbonization, torrefaction and gasification (Stocker, 2023;
Awasthi et al., 2023).

Pyrolysis is a primary method for thermally treating lignocellulosic
materials (N et al., 2022). This process involves the breakdown of
organic matter at elevated temperatures, usually ranging from 250 to
900 °C, and can be performed in the presence or absence of limited
oxygen. During pyrolysis, cellulose, hemicellulose, and lignin are broken
down into smaller molecules through depolymerization, fragmentation,
and cross-linking, resulting in the production of various products in
different phases, including solids, liquids, and gases. Pyrolysis is clas-
sified into three types: slow, fast and microwave pyrolysis, which are
determined by the applied temperature and residence time (Dhyani and
Bhaskar, 2018; Wang et al., 2017a). During slow pyrolysis, waste ma-
terials undergo a process in which temperatures range from 300 to
500 °C and the residence time can last from several minutes to days. This
method is highly effective due to its ability to produce the maximum
amount of solid products while minimizing the generation of gaseous
and liquid products. Increasing the temperature usually results in a
decrease in biochar yield and biogas production. In contrast, fast py-
rolysis is designed specifically to convert lignocellulosic waste into bio-
oil, which is highly valuable for energy production but not suitable for
adsorbents. Conducted at temperatures ranging from 500 to 700 °C, this
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pyrolysis variant features rapid heating rates and shorter residence
times, measured in seconds. These conditions result in a lower yield of
the solid fraction, but the adsorbents exhibit a larger surface area and
fewer functional groups on the surface. The process temperature can
affect the properties of biosorbents, with higher temperatures enhancing
the hydrophobicity of the adsorbents (Liang et al., 2016). Microwave
pyrolysis is characterized by a temperature differential between the
center and surface of the feedstock, leading to efficient heat transfer and
a shorter reaction time compared to alternative thermochemical
methods. While this technique yields smaller fractions of the liquid
phase compared to other methods, its application is limited owing to its
cost and the need for advanced equipment (Huang et al., 2016b; Zhang
et al., 2017a; Tripathi et al., 2016). Consequently, microwave pyrolysis
has not been widely adopted for the production of biosorbents from
waste materials (Kan et al., 2016).

The process of hydrothermal carbonization involves subjecting
lignocellulosic waste to water at high pressure and temperature
(180-230 °C), in a sealed system. The pressure and temperature are
carefully controlled to ensure the water remains in a liquid state during
the process. This method, which is used to produce adsorbents, is
gaining attention because it can utilize wet lignocellulosic waste without
requiring an additional drying step. The process results in a high re-
covery of the solid fraction and operates at a relatively low temperature.
Additionally, the obtained biosorbents produced contains a significant
amount of oxygen-containing functional groups, making it suitable for
adsorbing VOCs. Nevertheless, the primary constraints linked to this
approach stem from the necessity of elevated pressure coupled with high
temperatures and the expenses associated with the reactor. Conse-
quently, the practical use of this method on an industrial scale is limited
(Xiao et al., 2012; Funke and Ziegler, 2010).

Another process is torrefaction, sometimes referred to as mild py-
rolysis. This method involves exposing lignocellulosic biomass to an
inert atmosphere at temperatures ranging from 200 to 300 °C, resulting
in the conversion of the biomass into a charcoal-like carbonaceous
material (Yang et al., 2023; Jiang et al., 2021). During this process,
depolymerization of the biomass occurs, which is influenced by the re-
action time and temperature. Although biochar is not the primary
product of torrefaction, the resulting material is suitable for the
adsorption of pollutants due to its hydrophobic properties (Ivanovski
et al., 2022; Sarker et al., 2021). This is because the disruption of hy-
droxyl groups prevents the formation of hydrogen bonds, resulting in the
formation of non-polar unsaturated structures that provide long-term
stability to the biosorbents without being susceptible to biological
degradation (Ong et al., 2021).

2.3.2. Activation

2.3.2.1. Mechanical activation. The process of reducing the size of bio-
sorption material to nanoscale particles has become an affordable and
viable alternative activation method. Factors such as the ratio of ball-to-
powder mass, rotation speed, and milling time all have a significant
impact on the surface energy and particle size of the resulting nano-
biosorbent. Nanobiosorbents have a much larger surface area, as well as
unique pore shapes and sizes. The popularity of this mechanical acti-
vation method has grown due to its capability to produce novel nano-
materials without the use of solvents. While it is a commendable
substitute for chemical activation processes, it has not yet gained
widespread acceptance (Xiang et al., 2020; Lyu et al., 2020).

2.3.2.2. Physical activation. Physical activation is achieved by subject-
ing biosorbents to high-temperature gases, such as steam, COo, or a
combination of air and oxygen, between 700 and 900 °C (Palniandy
et al.,, 2019; Yang et al., 2021). In the gasification process, carbon is
removed from the biosorbents, resulting in the formation of pores and an
increase in surface area. This process is accomplished through the
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reaction of steam, CO,, or Air/O, with carbon, which generates addi-
tional pores. The effectiveness of physical activation depends on various
factors, including temperature, activation degree, precursor type, and

activation agent. Higher activation temperatures and longer activation
times generally lead to better porosity growth. However, this can also
result in a wider distribution of pore sizes. Using air as the activation
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agent can be challenging since the interaction between air and carbon-
rich char tends to shift toward combustion if not properly controlled,
leading to excessive ash formation and a reduced activated carbon yield.
Physical activation has been shown to improve the specific surface area
of biosorbents, but it does not result in changes to the functional groups
of these materials. The presence of functional groups play a key role in
the adsorption of VOCs (Sajjadi et al., 2019). For this purpose, chemical
activation should be used.

2.3.2.3. Chemical activation. Chemical activation is a process in which a
chemical substance, referred to as an activating agent, is used to activate
biosorbents. This is followed by thermal conversion (Din et al., 2017;
Sakhiya et al., 2020). The first category of activation reagents used were
inorganic acids, such as HySO4, HNO3, H3POj4, and HCL. These acids alter
the surface of biosorbents by introducing acidic functional groups and
removing metallic impurities. Acids with high oxidation capabilities
interact with the mineral components of biosorbents, creating voids
between the carbon layers and increasing surface area. The type of acid,
ratio of biosorbent to acid, and its concentration influence the devel-
opment of active groups that bond with VOCs and the specific surface
area. At higher concentrations, activators can form an extremely porous
structure through intensified dehydration or condensation. However,
excess activators can decrease adsorption capacity by occupying certain
macroporous areas (Panwar and Pawar, 2022; Angin et al., 2013).

The optimal concentration of HCI for biosorbents is 0.2 M, as higher
concentrations can impair the pore structure and decrease the adsorp-
tion capacity. Excessive activator amounts can compromise biosorbent
properties owing to pore dissolution and breakage. Chemical activation
offers advantages, such as lower temperature requirements, shorter
treatment times, higher carbon yields, and increased surface area. It also
exhibited well-developed and controlled microporosity. However, the
use of strong acids, such as HCl, is environmentally harmful and costly
because of their corrosive properties. The biosorbents must be thor-
oughly washed to remove excess activation agents. Acids, such as H3PO4
and H,SOy, can be used, with H;SO4 being more affordable. Boric acid is
another effective weak acid for activating biosorbents by increasing the
specific surface area through micropore formation during pyrolysis
(Zhang et al., 2022b). The subsequent group of activating agents consists
of oxidizing substances including ozone (O3) hydrogen peroxide (Hz02)
and potassium permanganate (KMnO,4). Additionally, oxidizing acids,
such as nitric acid and phosphoric acid, may also be included in this
category. Even at low temperatures, oxidants induces the formation of
acidic binding sites, such as carboxylic, phenolic, lactonic, and carbonyl,
on the surfaces of the biosorbents. This increase in oxygen-containing
binding sites significantly enhanced the sorption capacity, reaching up
to 22 times that of untreated biosorbents (Wang et al., 2023; Chen et al.,
2024; Yakout, 2015; Jimenez-Cordero et al., 2015). Another class of
chemical activators includes bases. Treating biochar with potassium
hydroxide (KOH) followed by pyrolysis increases the surface area and
enhances the porosity, resulting in an improved capacity for adsorbing
contaminants from gas streams. Applying heat and activating with
NaOH or KOH at temperatures ranging from 350 to 550 °C can open
partially blocked pores and enlarge smaller pores (Panwar and Pawar,
2022; Gale et al., 2021). The final category of activators includes salts.
Salt activation is characterized by a more environmentally benign and
less corrosive nature than acid and base activation methods. Further-
more, stringent safety measures are imperative for acid and base acti-
vations, as highly acidic and basic activations pose the potential hazard
of inducing furnace explosions due to the associated fumes. ZnCly, FeCls,
NaCl are among the salts commonly employed as activating agents
(Panwar and Pawar, 2022; Adeniyi et al., 2023).

2.3.3. Functionalization - doping
The doping of biosorbents involves the incorporation of heteroatoms
such as nitrogen, phosphorus, sulfur, and metal oxides into the structure
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of the biosorbents. This procedure can markedly improve the charac-
teristics of biosorbents, including their capacity to interact with various
VOCs. The amount of doping is largely influenced by the doping pro-
cedure and the types of heteroatoms, and it typically ranges from 0.12 to
9.1 % (w/w) (Chen et al., 2017; Sun et al., 2023). Methods for producing
heteroatom-doped biosorbents can be divided into two categories: pre-
decoration doping and post-decoration doping. Pre-decoration doping
typically involves processes such as pyrolysis or hydrothermal carbon-
ization. On the other hand, post-decoration doping involves modifying
existing biosorbents, including post-carbonization and impregnation.
The most prevalent method of post-carbonization involves adding a
source of heteroatoms and an additive, allowing for simultaneous
doping and activation of biosorbents (Sun et al., 2023).

Among the various available methods, nitrogen doping has gained
popularity and has been extensively studied owing to its lack of elec-
tronic effects (Feng et al., 2023; Kasera et al., 2022; Lu et al., 2022b).
Nitrogen, with its localized unpaired electrons, can enhance the electron
density of adjacent carbon atoms, making nitrogen doping a straight-
forward process. Furthermore, nitrogen doping can enhance the
n-electron flow of sp? carbons, increase the number of functional groups,
and create defects (Chen et al., 2016). As a result, the surface polarity of
carbon materials increases, making them more appealing to polar ad-
sorbents. The primary agents used for nitrogen doping include
ammonia, urea, ammonium bicarbonate, and other nitrogen-containing
organic compounds. NHj is typically used as an external source of ni-
trogen to facilitate its introduction into biosorbents, and its content can
reach approximately 10 wt% (Chen et al., 2016; Deng et al., 2015). The
main nitrogen-containing functional groups in biosorbents are pyridinic
N, pyrrolic N, quaternary N, and pyridone N-oxide. These are formed as
follows: ammonia initially reacts with -OH and -C=0 in biosorbents to
produce pyridinic-N and pyrrolic-N, after which pyridinic-N is trans-
formed into quaternary-N through a polymerization reaction (Deng
et al., 2015). The modification of nitrogen-based chemicals with func-
tional groups can significantly enhance the adsorption capacity of bio-
sorbents. Nitrogen-doped modification has the advantage of creating
additional microporous structures, increasing pore volumes, and
expanding the specific surface area of adsorbents (Feng et al., 2023; Pi
et al., 2021; Liu et al., 2024; Niu et al., 2019).

Sulfur is another heteroatom that is commonly used in the modifi-
cation of biosorbents (Sun et al., 2023). The primary chemical agents
employed for sulfur doping are H2SO4, H3S, SO5, and sulfur-containing
polymers (Kicinski et al., 2014). In contrast to nitrogen, sulfur and
carbon atoms have similar charges, leading to minimal polarization of
the chemical bonds between sulfur and carbon atoms (Liu et al., 2017b).
This suggests that the local structure did not affect the electron density
of the carbon atoms (Shi et al., 2017). The larger size of sulfur atoms and
longer chemical bonds between carbon and sulfur atoms cause the car-
bon skeleton to be distorted and deformed. Additionally, the spacing
between the graphite layers increased and there were a considerable
number of defects and strains in the carbon skeleton. These defects and
strains change the original charge distribution, leading to the formation
of more active sites in the carbon material, which is useful for the
adsorption of VOCs (Wang et al., 2020a; Su et al., 2018; Wohlgemuth
et al., 2012). Despite the observed increase in the number of active sites,
the precise mechanism of the material transfer remains ambiguous.

By adding phosphorus to biosorbents, their activity can be improved
more effectively, as phosphorus has a lower electronegativity and larger
covalent radius than nitrogen and sulfur (Sun et al., 2023). This resulted
in an increase in the number of active sites. Additionally, phosphorus
doping introduces P-containing functional groups that are often rich in
oxygen atoms, leading to the formation of new catalytic active sites
during the doping process (Zhou et al., 2020; Khan et al., 2020; Wang
et al., 2017b).
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3. Application of biosorbents for VOCs removal from air and
industrial gases

3.1. Linear and aromatic volatile hydrocarbons

Linear and aromatic volatile hydrocarbons are VOCs that signifi-
cantly affect air quality. Their presence in the environment is due to
various human activities and industrial processes (Zhou et al., 2023;
Wang, 2020; Geldenhuys et al., 2022; Almohammadi et al., 2021; Fiebig
et al., 2014). It is worth noting that aromatic hydrocarbons such as
benzene, toluene, ethylbenzene, and xylenes (BTEX) negatively affect
the cardiovascular, reproductive, or nervous systems (Mallah et al.,
2022). In addition, these compounds are classified as carcinogenic,
mutagenic, and toxic (Kuranchie et al., 2019) (Table 1).

Kim et al. analyzed the impact of the type of impregnating agent on
the adsorption capacities of BTX. The study used activated coconut
shells treated with various acids and bases. The adsorption capacity of
activated carbon was found to be influenced by the impregnation pro-
cess, which altered its structural properties. The highest adsorption ca-
pacity was observed for the activated carbon impregnated with 1 %
H3PO4. This may be due to the narrowing of the micropores in the
activated carbon structure caused by phosphoric acid, which creates a
favorable environment for the adsorption of small-molecule pollutants
such as B. This study found that the adsorption capacity decreased with
increasing pollutant particle size. Therefore, the highest adsorption ca-
pacity was observed for benzene at 500.68 mg/g, whereas the lowest
was for T at 373.2 mg/g (Kim et al., 2006). In subsequent studies, the
Martinez de Yuso used almond shells to capture toluene. These studies
indicated that activated carbons prepared at lower activation tempera-
tures (400-467 °C) showed the highest adsorption capacity of 637.98
mg/g. Authors observed that humidity in the gas decreased the amount
of T adsorbed by 9-46 % (Martinez De Yuso et al., 2013). Cheng et al.
conducted research on the use of pistachio shells as biosorbents for T
removal. This study found that nitrogen-doped biochar had a higher
adsorption capacity for toluene, with 80 % retention, even under humid
conditions. The increased specific surface area and nitrogen content of
the biochar surface contribute to the selective adsorption of toluene over
water vapor (Cheng et al., 2023). Yang et al. activated shaddock peel
with KOH at molar ratios ranging from 1:1 to 1:4. These studies
confirmed that increasing the molar ratio of the activator to the amount
of raw biosorbent favorably affects the formation of a more porous
structure of activated carbon. The obtained microporous structure
increased the adsorption capacities of B from 195.71 to 1555.1 mg/g
and T from 189.2 to 1795.0 mg/g, respectively (Yang et al., 2022).
Similar studies were carried out by He et al., who obtained activated
carbon from a lignin-based pitch. The biomass was activated using KOH
at a molar ratio of 1:5. The tests obtained a maximum value of B
adsorption at 1244.9 mg/g. Both research presents an environmentally
friendly, cheap, and innovative approach to producing high-
performance activated carbons through activation with KOH (He
et al., 2021). Other studies used bamboo-based activated carbon as an
alternative medium for dynamic VOC adsorption. In subsequent studies
using bamboo-based biomass, activation was performed using micro-
wave pyrolysis and an activator in the form of FeCls (Lin et al., 2024).
Studies have shown that the addition of FeCls plays a dual role in py-
rolysis for biochar production, acting as a microwave absorber to
facilitate fast pyrolysis, and as a catalyst to improve the formation of a
microporous structure, thereby increasing the hydrophobicity of bio-
char. Lin’s research confirms that biochar produced by the microwave
pyrolysis has a B and T adsorption capacity of 136.6 and 94.6 mg/g.

In the next studies using bamboo-based biomass, various activating
agents have been used to prepare activated carbons, such as 80 % (w/v)
H3PO4 and 30 % ZnCly solutions, or activating using steam or COy (Hu
et al., 2017). Selecting the activating agent was key in determining the
adsorption capacity, surface properties, and microporosity of monolithic
activated carbon samples made of bamboo. Using acid combined with
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treatment at elevated temperatures reduced the number of surface
oxygen-containing groups, improving hydrophobicity and reducing
microporosity. The obtained size of the micropores in the sample after
activation with H3POj4 acid most likely closely corresponded to the size
of the adsorbate molecules. Acid activating-activated carbon exhibited a
relatively short permeation time however they had the character’s
highest calculated dynamic adsorption capacity of 350 mg/g. In subse-
quent research, Rong’s team focused on converting bamboo chars into
porous graphitized carbons with desirable textural properties and hy-
drophobicity for the efficient adsorption of VOC (Rong et al., 2023). This
study was conducted using a KOH-promoted NiCl, catalyst. The process
involved the decomposition and reduction of NiCly at 500 °C to obtain a
product with a high graphitization level and well-developed micro
mesoporosity. The obtained biosorbent had a specific surface area of
2181 m?/g and a low surface O/C atomic ratio of 0.038. The research
showed that the obtained structure of the activated carbons has
improved n-r interactions and dispersion forces, which contribute to the
selectivity of the adsorption of toluene and cyclohexane. Moreover, the
tests showed that in dry conditions the adsorption capacity of toluene
and cyclohexane was 617.07 and 319.77 mg/g, respectively. This
research also described the regeneration process of biosorbents.

3.2. Volatile organochlorine compounds

Volatile organochlorine compounds (VOXs) are a particularly chal-
lenging group of chemicals often found in biogas and waste gases from
industries, such as paint production, plastic manufacturing, foam pro-
duction, and electronics (Almomani et al., 2018, 2021; Bailon et al.,
2009; Makos-Chetstowska et al., 2021; Salazar Gomez et al., 2016).
Prolonged exposure to these substances can lead to uncertain health
consequences. If atmospheric VOXs emissions are not controlled, they
can contribute to the creation of photochemical smog and global
warming. Furthermore, these compounds pose technological challenges
because of their highly corrosive nature (Buekens and Huang, 1998).

Cosnier et al. investigated activated carbon prepared from coconut
shells using steam activation at 850 °C to remove dichloromethane
(DCM) and trichloroethylene (TCE) from a nitrogen stream. The coconut
shell activated carbon was found to have a highly developed surface area
of 2278 m2/g, which is thought to have contributed to the high
adsorption capacity of VOXs (DCM = 2.69 mmol/g and TCE = 6.89
mmol/g). In addition, authors observed a significant effect of moisture
on the sorption capacity of biosorbents as well as the high competi-
tiveness of VOX and water removal. When water is pre-adsorbed, DCM
and TCE molecules displace them from the active sites on the surface of
the sorbents. However, during the simultaneous adsorption of water and
VOX, biosorbent-water and biosorbent-VOX interactions were observed,
causing a decrease in the sorption capacity of the biosorbents (Cosnier
et al., 2006). The same biosorbent was tested for its chlorobenzene (CB)
and T sorption capacities. To activate the biosorbent, HCl was used
following the heat treatment and steam activation. The authors found
that adsorption was primarily due to non-specific dispersive forces,
known as London forces, and short-range repulsive energies, referred to
as the Lennard-Jones (L-J) potential. The adsorption performance and
capacity were influenced by the nature and polarizability (a) of the
adsorbate. Chlorobenzene’s greater relative mass endows it with higher
adsorption potential (Zhao et al., 2018). In another study, corn stalks
were examined for their ability to remove VOX after being treated with a
pyrolysis at various temperatures, and the results were compared to
those of commercial rice-husk-based biochar. The study found that the
hydrophobic and electrostatic interactions of the adsorbents, including
n-n interactions and electron donor-acceptor interactions, were the
primary factors responsible for the adsorption process. Although the
specific surface area of the rice husk biosorbents was higher, the corn
stalks subjected to pyrolysis at 500 °C showed a higher adsorption ca-
pacity for all VOXs. Other studies have found similar results related to
the adsorption of VOCs by pecan-and almond shell-based granular
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Table 1

Summary of the application of biosorbents for VOCs removal from air and industrial gases.

Raw biosorbent Surface modification Biosorbent Gas Adsorbate Adsorption Isotherm Qmax Regeneration and multiple  Ref.
characterization matrix conditions use of BS
Linear and aromatic volatile hydrocarbons
qe = 212.77 mg/
- . Sper = 478.0 m%/g g . .
Coconut shell Activation using KOH V, = 0.61 cm®/g T—30°C r = 238.10 mg/ Mlcrowa\./e regeneration at
600 W, nitrogen flow at
n.d B,T Co = 50-250 mg/ Langmuir, Freundlich Temkin & 300 mL/min and time 3 (Mohammed
< g L S, G- 34483 mg/ etal, 2015)
Activation using KOH Sper = 361.8 mz/g mps=0.1g g .
Coconut shell and NH3 V= 0.16 cm®/g qr = 357.14 mg/ 5 cycles
8
Pyrolysis Suer = 1137 m’/g 2?: el Langmuir
. =0. 3 Zha al.
Coconut shell (Ny, 1173 K) Ve = 0.430 an /8 Air T T =230°C Toth qr = 272 mg/g n.d. ( hao et al,,
. V= 0.480 cm”/g .. 2018)
HCI activation Co = 80 ppm Dubinin-Astakhov
40-60 mesh 3
mps = 1.2 cm
Sger = 528 m%/g
_ 3
10 M HNOj activation Vi =0.170 em™/g
70 °Cfor 2h 60-80 mesh Flow rate: 45 mL/ dox = 187 mg/g
C/O/N 95.26/4.17/ min ’
0.57 %
T=27° Li et al.
Coconut shell Sper = 868 m?/g Air 0-X 7°C BET n.d. (i etal,
3 Co = 2176-2239 2011)
V, = 0.176 cm®/g 3
6.6 M NH3-H,0 mg/m
activation 60-80 mesh mpg = 2 = 281 mg/
70 Vc for 2 h C/0/Mg/AUN moe o e
96.63/1.12/0.09/
0.13/0.31 %
Flow rate: 40 mL/
_ 2 )
\S/BE_T B 3)1‘?5 CHHIP//g I;lil 25 °C Programmed desorption:
1 wt% H3POy, activation mie 7 3 & - L. qr = 4.21 mmol/ 25 to 300 °C at a rate of (Kim and Ahn,
Coconut shell 25°C for 1 h Vimes = 0.09 cm®/g He T Co= Type I adsorption isotherms 10 °C/min in He 2010)
V, = 0.52 cm®/g 10,000-15,000 8 atmoeshere
30-35 mesh ppm P
mps=02g
qp = 4.72 mmol/
qr = 3.08 mmol/
g
5 wt% HNO3 Sper = 867 m%/g Qox = 5.16
activation 25 °C for 1 h 30-35 mesh mmol/g
Flow rate: 40 mL/ Gmx = 391
. mmol/g
min 393 Programmed
B,T,0-X,m-X T=2°C g:;ol/ . Desorption: (Kim et al
Coconut shell He iX’ T Co = Langmuir Freundlich - Sgl 3 mmol/ 25 to 300 °C at a rate of 2006) e
P 10,000-15,000 EB = 10 °C/min in He
ppm ar = 3.17 mmol/ atmosphere
mps=02g e
5 Wt% HyS04 Sper = 840 m?/g Qox = 4.40
activation 25 °C for 1 h 30-35 mesh mmol/g
qmx = 3.86
mmol/g
Qpx = 4.35
mmol/g

(continued on next page)
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Table 1 (continued)

Raw biosorbent Surface modification

Biosorbent Gas Adsorbate

characterization matrix

Adsorption
conditions

Isotherm

Qmax Regeneration and multiple  Ref.
use of BS

5 wt% HCI activation
25°Cfor1h

5 wt% H3PO4
activation 25 °C for 1 h

5 wt% CH3COOH
activation 25 °C for 1 h

5 wt% KOH activation
25°Cfor1h

5 wt% NaOH activation
25°Cfor1h

5 % FeCls
Activation
Pyrolysis (N3, 650 °C)

Bamboo

Sper = 718 m?/g
30-35 mesh

Sper = 719 m?/g
30-35 mesh

Sper = 984 m?/g
30-35 mesh

Sper = 668 m?/g
30-35 mesh

Sper = 636 m?/g
30-35 mesh

Sper = 455.9 m?/g
C/H/N/O
67.16/1.75/0.65/
30.44 %

No B,T

T=25°C

P/Py < 0.1

mgps = 100-150
mg

Type II and IV isotherms

qg = 4.00 mmol/
8

qr = 2.25 mmol/
g

Jox = 3.85
mmol/g

Qm-x = 3.06
mmol/g

Qp-x = 3.49
mmol/g

qg = 6.41 mmol/

qr = 4.05 mmol/
g

Qox = 4.92
mmol/g

qmx = 4.11
mmol/g

Qp-x = 5.19
mmol/g

g = 5.69 mmol/

qr = 3.63 mmol/
g

Qo-x = 4.52
mmol/g

Qm-x = 6.21
mmol/g

Qpx = 4.18
mmol/g

qg = 4.52 mmol/
8

qr = 2.87 mmol/
g

Qox = 4.11
mmol/g

Qm-x = 3.64
mmol/g

Qpx = 4.31
mmol/g

qg = 3.81 mmol/

qr = 2.73 mmol/
g

Qox = 4.04
mmol/g

Qm-x = 4.50
mmol/g

Qpx = 3.92
mmol/g

qp = 136.6 mg/g (Lin et al.,
qr = 94.6 mg/g o 2024)

(continued on next page)
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Table 1 (continued)

Raw biosorbent Surface modification Biosorbent Gas Adsorbate Adsorption Isotherm Qmax Regeneration and multiple Ref.
characterization matrix conditions use of BS
_ 2 _
NiCl,-6H,0 activation Sper = 2181 m 3/g qr = 6.74 mmol/
Bamboo KOH activation Vimic = 0.66 cm’/g 8
Pyrolysis (N, 500 °C) Vines = 0.62 cm®/g Flow rate: 150 qcu = 4.43
yroy 2 Vi =1.28 cms/g mL/min mmol/g Thermal regeneration at (Rong et al
Sper = 2165 m?/g N, T,CH T=25°C Langmuir 90 °C for 2 h under a N, ng etat,
3 qr = 6.31 mmol/ R . 2023)
KOH activation Vmic = 0.87 cm”/g Co = 1000 ppm e flow if 50 mL/min
Bamb =01 3 =
amboo Pyrolysis (N5, 700 °C) \\;mf 1 (())9 fn(:;/m /8 mgs = 50 mg qcu = 4.74
t - 8 mmol/g
0.5-1.0 mesh
2 .
80 % (w/v) H;PO, Sper = 1418 1112/g Flow rate: 150
activation Smic = 606 cm”/g ml/min (Hu et al
Bamboo Pyrolysis (Np, 400 °C,1 C/0/Si/P Ny T T=25°C n.d. qr = 350 mg/g n.d. P, al.,
i) 2 ’ 88.35/8.85/0.59/ Co=,000 ppm
2.2 % mps = 300 mg
qr = 62.25 mg/g
Bamboo Pyrolysis (Na, 450 °C) Sger = 10.2 mz/g Qcu = 53.72 mg/
g
qr = 65.54 mg/g
Sugarcane bagasse Pyrolysis (N2, 300 °C) Sper = 5.2 m%/g qcu = 68.42 mg/
g .
Thermal regeneration at
- Flow rate: 50 mL/ X qr = 52.03 mg/g B
Brazilian pepper . . o 2 . Pseudo-first and second order B 150 °C for 2 h under a N, (Zhang et al.,
wood Pyrolysis (N2, 450 “C) Seer = 0.7 m/g Nz T.cH rij 20°C model gCH =6426mg/ o if 50 mL/min 2017b)
- 1
qr = 48.26 mg/g 5 cycle
Sugar pepper wood Pyrolysis (N5, 600 °C) Sper = 2.6 m%/g Qe = 22.12 mg/
8
qr = 56.84 mg/g
Hickory wood Pyrolysis (N5, 600 °C) SgerT = 289 mz/g Qe = 49.74 mg/
8
Fl : L,
Sper = 345.41 m%/g mi‘l” rate: 50 mL/ qs = 108.86 mg/
Vimic = 0.1586 cm®/ g
g T=25°C q 109.74
. . _ m-X = . .
CS.agatel balls 3:200 V, = 0.0287 cm3/g B, m-X, 0-X, p- Vg = 0.1247 mL Pseudo-first and second-order mg/g Ther{r}nal regeneration at (Zhang et al.,
Corn stalk (CS) mass ratio — 300 rpm, 5 h Ny Vmx =0.1276 mL 200 °C
H,0, activation C/H/O/N X Vo.x = 0.1142 mL models dox = 100.07 5 cycles 2021)
22 66.49/2.62/23.98/ V\;"X — 0.1305 mg/g
1.09 % m{'x’ : Qpx = 111.79
40-100 mesh mys = 0.01 g mg/g
KOH/C mass ratio 4 gB = 12953 mg/
oAt o _ 2
Shaddock peel la)c?;]f t;iosn(liOOS ; 9°0) Seer = 3358 m'/g Nz BT Flow rate: 50 mL/ qr = 1427.9mg/  Thermal regeneration at
yroly: 2 min Lanemuir g 150 °C in a vacuum Time (Yang et al.,
KOH,/C mass ratio 4 T=25° g Q@ =15551mg/ 2h 2022)
— 2 —
Cotton stalk activation 900 °C f]BE_T _72613:;1;1? y N, B,T P/Po=0.1 8 — 1795.0 mg/ 5 cycles
Pyrolysis (N3, 603 °C) miero = 2+ § :T = /PO me
Flow rate:
0.05-0.12 L/min
150 % ratio S — 1836 m?/ T =25-50°C Pseudo-First Order and Pseudo-
Elaeagnus angustifolia ~ impregnation 48 h VBE.T 7_ 012 cm§ ) N B Cop = 9.95-14.85 Second Order kinetic models. — 49.98 mg/ nd (Kutluay et al.,
seeds Pyrolysis (Na, 500 °C,1 miero = J 2 ppm Langmuir, Freundlich and Dubinin- B =+ /8 o 2019)

h)

V, = 1.03 cm®/g

mpg = 0.1-0.75 g
mesh = 180-500
pm

Radushkevich model

(continued on next page)
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Table 1 (continued)

Raw biosorbent Surface modification Biosorbent Gas Adsorbate Adsorption Isotherm Qmax Regeneration and multiple Ref.
characterization matrix conditions use of BS
_ 2
ZnCl, activation Sper = 1501.0 m3/g .
. . . Viic = 0.612 cm”/g Flow rate: 500 Langmuir .
Corncob 1:1 impregnation ratio, 3 . . qr = 414.6 mg/g Thermal regeneration at
Vimes = 0.130 cm®/g mL/min Freundlich . .
550 °C 3 . . 65 °C with nitrogen flow at
Vi=0.742 cm°/g T =25°C Sips 0.2 L/mi d ¢ (Zhu et al
1M, 1% w/v HCL - 50 Co=3000mg/m®  Toth -~ -/Min and pressure a e etal,
’ 5 Air T . 11 kPa. 2018)
rpm, 4 h, 25 °C Sper = 98.17 m*/g N T. pX mps =0.3g Redlich—Peterson —125.95 5 cycles (Mosleh and
1 % w/v - NaOH - 200 V= 0.1736 cm®/g 2 P Flow rate: 0.2 L/ Pseudo-first order g‘:q; B . The}zlrmal receneration at R‘1";bi 2(0 24)
Wheat straw (WS) rpm, 24 h, 25 °C C/H/O min Pseudo-second order 8/8 14908 05 °C withﬁ\l stream 5 ajabl,
3g/L, 1% w/v- C-HeO2-  60.85/4.87/34.28 mps = 0.5+ 0.01  Elovich Model Intraparticle ?;‘“;’X - ’ evcle 2
200 rpm, 24 h, 25 °C % g diffusion model 8’8 Y
impregnation
Sper = 1117 m%/g
0,
89 % H3}’O4/{\S 1:17 Voo = 0.181 cm®/g T=25°C . (Martinez De
mass ratio activation 3 . qr = 6.924 Thermal regeneration at
Almond shell . Vimes = 0.494 cm”/g n.d. T Co = 500 ppm Langmuir o Yuso et al.,
Pyrolysis Vi — 0.724 cm®/g m 100 mg mmol/g 150 °C in N, atmosphere 2013)
o . t= Y. BS —
(N, 467 °C, 45 min) 0.2-1 mm
Sper = 23 m%/g
o 3
PS: NaHCO3 2:1 mass z"‘f o géocln:f/‘ /8
ratio activation ‘o g qr = 3.58 mg/g
Pyrolysis (N5,700 °C,2h) N/C/H/O
yrolysts Bz, g 0.54/74.24/1.06/
24.16 %
Sper = 758 m%/g
. . . Vimic = 0.29 cm®/g
PS..K2(-303 2:1 mass ratio V, = 0.31 cm3/g qr = 123.01 mg/
activation N/C/H/O g
Pyrolysis (N2,700 °C,2h) 0.3/66.95/2.19/
30.56 %
Sper = 704 m?/g
Vinic = 0.28 cm®/g
PS:NaH! : K. 2:1:1
S:NaHCO5: K2CO5 Vi = 0.31 cm®/g qr = 107.03 mg/
mass ratio activation Flow rate: 1 L/
Pyrolysis (N2,700 °C,2h) N/C/H/O min 8
g ’ 3.2/60.6/1.21/ e 40°C
. ) 34.99 % B L. (Cheng et al.,
Pistachio shells (PS) S 582 m?/g Ny T Co=110+5mg/  Type I adsorption isotherms n.d. 2023)
BET — 3
PS: melamine: NaHCO3 Vmic = 0.23 cm3/g 2 —02g
5:1:2.5 mass ratio Vi = 0.25 cm®/g B B
activation N/C/H/O RH =0% qr=77.15mg/g
Pyrolysis (N2,700 °C,2h) 3.97/76.08/1.18/
18.77 %
Sper = 1832 m?/g
PS: melamine: K,CO3 Vic = 0.72 cm3/g
5:1:2.5 mass ratio V, = 0.80 cm®/g qr = 223.56 mg/
activation N/C/H/O g
Pyrolysis (N2,700 °C,2h) 2.76/74.93/2.9/
19.41 %
_ 2
PS: melamine: Sper = 847 m /3?’
NaHCO3:K,CO Vmic = 0.34 cm’/g
512525 V=039 em’/g qr = 129.82 mg/
n;a;s .réti.o activation N/C/H/0 &
. N 3.07/81.28/1.12/
Pyrolysis (N2,700 °C,2h) 14.53 %
. Sper = 38.38 mz/g Flow rate: 0.2 L/ PFOM and PSOM (which are qQp-x = 50.88 mg/ (Rajabi et al.,
h Pyrol N o N. -X, m-X, 0-X v .d.
Wheat straw yrolysis (N2,500 °C) C/H/N/S/O 2 p-%, m-4, ¢ min pseudo-first and second-order g n.d 2021b)

(continued on next page)
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Table 1 (continued)

Raw biosorbent Surface modification Biosorbent Gas Adsorbate Adsorption Isotherm Qmax Regeneration and multiple  Ref.
characterization matrix conditions use of BS
66.57/2.66/0.98/ T=25°C models), Qm-x = 45.37 mg/
<0.3/29,49 % Cp = 100-400 Elovich model (ELM) g
ppmy Weber-Morris intra-particle Qo-x = 48.44 mg/
mps =28 diffusion model (IPDM) g
Qp-x = 25.88 mg/
Sper = 15.67 m%/g g
. R C/H/N/S/O Qm-x = 23.80 mg/
Pyrolysis (N2,500 °C) 61.82/1.87/2.02/ p-X, m-X, 0-X g
<0.3/34.14 % Qo-x = 25.32 mg/
8
Sper =
Trichoderma viride ;1721/4
Corn straw pretreatment for 20 Vo gﬁ
days; 600 °C 1‘8‘; - Thomas model Desorption
carbonization (1 h), c1.n3 Y Flow rate: 109 mL/min Dual-sites to — 15 6°C in
Rice husks (RH) RH:KOH: 1:4 mass i N2 T T=25°C Langmuir- qr = 653 mg/g
: Vines = . N, atmosphere
ratio, Cp = 100 ppm Freundlich
- 1.02 . 2 cycle
800 °C activation 3 isotherms
cm’/g
under N, V.o
=
atmosphere (1 h) 2.04
em®/g
(Cheng et al., 2020)
_ 2 Flow rate: 30 mL/
RH:KOH 1:1 mass ratio \S/BFT - 25216m n{ 3g/ min PDmgiaIgn;ef 600 °C at (Zhang and
Rice Husks (RH) activation mic = 920 € 3 8 N, T T=30°C Type I and IV adsorption isotherms  qr = 202.8 mg/g esorption fo 6U0 L ata ang ar
Pyrolysis (No,750 °C,4h) Vimes = 0.16 cm”/g Co = 400 DOM rate of 20 °C/min in N, Shen, 2019)
yroly > 4 Vi = 0.42 cm®/g 0= pp atmosphere
mps = 0.1 g
Flow rate: 100
. -~ 2 X -

DefaFted blac}( cumin o Sper = 1213.3 m3/g mL/min Langmuir, Freundlich, and Dubinin- ds = 495 mg/g Thermal regeneration at (Batur and
(Nigella sativa 1..) ZnCl, activation Vmic = 0.787 cm’/g Na BT, X T=RT Radushkevich (DR) qr = 580 mg/g 140 °C in nitrogen flow Kutluay, 2022)
biowaste Vi = 0.89 cm®/g Co = 20 mg/L qQx = 674 mg/g 8 e

mgg = 75 mg
_ 2 - . . .
Hydrothermal Sper = 2455 m 3/g 20 % O, V =100 mL/min Thermal regeneration with
Sugarcane bagasse carbonization and KOH Vinic = 0.53 cm /g and 80 T T=RT Bangham model =771.7 mg/. nitrogen flow (Quetal,
8 8 AN Vimes =073 em’g " Co = 1000 ppm s dr = 7737 WM&/  (30_450°C, 100 mL/min)  2021)
Vi =1.26 cm®/g 02 m = 40 mg 5 cycles

Urea/SB mixing weight Flow rate: 100 \1Noa(; Zz/:: 1cnail ltl‘fhgee ne

X g weig Sper = 1381 m%g 20 % O, mL/min Y
ratio of 15 wt%, 3 released toluene, 130 °C. (Wang et al.,

Sugarcane bagasse o Vi = 0.722 cm”/g and 80 T T=30°C Bangham model qr = 522 mg/g . e

carbonization and KOH 3 toluene adsorptive 2020c)

. Viic = 0.581 cm”/g % Ny Cp = 1000 ppm .
activation e — 50 m. capacity was only

BS = 8 decreased by 4.5 %
Flow rate: 250
Leather solid wastes Pyrolysis and KOH S — 2719 m?/ mL/min
from the vegetable  activation (750 or BET — 3g T =RT Thermal regeneration (Gil et al.,
. . 3 Vimic = 0.829 cm®/g N, T n.d qr = 27 mg/g
tanning of bovine 900 °C, Ny, 150 cm®/ V. — 1.184 e/ Co = 100 ppm (150-180 °C) 2014)
skin min) e § (384 mg/g)
mpg = 250 mg
. . Sper — 1858.42 m%/ Flow rate: 120 s — 844 mg/g

Lignocellulosic - mL/min .

. ZnCl, 3 M activation g B,T,E, . . qr = 876 pg/g (Isinkaralar
biomass (Aesculus . 3 N, T=25°C Langmuir Freundlich e
hippocastanum L) Pyrolysis (N, 1200 °C) Viic = 0.49 cm®/g mp-X, 0-X Co = 200 pg/mL qe = 812 pg/g et al., 2023)

PP g Vines = 0.24 cm®/g o 1“: Qmpx = 1070 pg/

Bs = 0.
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Table 1 (continued)

Raw biosorbent Surface modification Biosorbent Gas Adsorbate Adsorption Isotherm Qmax Regeneration and multiple Ref.
characterization matrix conditions use of BS
g
Gox = 1114 pg/g
Sper = 222 m%/g
HH: 50 % KOH 1:1 mass V¢ = 0.050 cm3/g -~
ratio activation 0.5-1 mm don = 7412 mg/
Pyrolysis (N2,600 °C) C/H/O/N 8
. 68.3/1.7/23.2/0.2
Hickory wood (HH) Suer — 1436 m2/g
HH: 85 % HPO, 1:1 V; = 0.028 cm®/g
= 159.
mass ratio activation Vi = 0.028 cm3/g ?er y 59.66
Pyrolysis (N2,600 °C) C/H/O/N Flow rate: 50 mL/ 8’8
62.8/1.9/28.7/0.2 N CH min . Pseudo-first and second order Thermal regeneration at (Zhang et al.,
Sper = 571 m?/g 2 M — 10 m model 150 °C in N, atmosphere 2019)
PH: 50 % KOH 1:1 mass V= 0.075 cm®/g Bs = 10 Mg
RS qen = 105.71
ratio activation 0.5-1 mm ma/
Pyrolysis (N2,600 °C) C/H/O/N &8
67.3/1.7/25.0/1.5
Peanut hull (PH) Saer = 1091 m2/g
. g5 o . _ 3
PH: 85 /.o H3P94 1‘.1 V= 0.079 cm’/g o = 101.04
mass ratio activation 0.5-1 mm mg/
Pyrolysis (5,600 °C) C/H/O/N 8’8
41.5/1.7/51.6/1.1
Sper = 405.61 m%/g iz’v rate: 50 mL/ Qs = 119.49 mg/
Vi = 0.1844 cm®/ T— o5 C g
. . 4 - - Qmx = 128.38 . .
Lignin-based pitch CS.agate. balls 3:200 Vi — 0.0384 cm®/g Vg = 0.1369 mL Pseudo-first and second order mg/g Therma desorption 130 °C (He et al.,
mass ratio — 300 rpm, 5 h Ny B Vimnx=0.1492mL  model in N, atmosphere for 6 h
P NH4OH activation C/H/O/N Vox =0.1393mL  Weber-Morris model dox = 121.97 4 cycles 2021)
4 70.16/2.60/15.0/ V\;"X 0152 mg/g i
2.04/0.21 % mE'X o Qp-x = 130.21
40-100 mesh s — 0.01 g mg/g
Solid dealkaline Carbonization and KOH Sper = 2250 m?/g N B. T. Xvl ?*POR?F 0.9 ]l;::f:gllilcrh QB,1,xy1 = 600 Thermal regeneration at (Saha et al.,
lignin activation Vi=1.1cm%/g 2 A C(;: 100 ppm Sips mg/g 150 °C with nitrogen flow ~ 2018)
Flow rate: 50 mL/ .
Gasified biochar min Thermal regeneration at
from ¢ mill KOH activation 2 h, Sger = 1600 mz/g N B T —95°C Freundlich, Dubinin-Radushkevich, — 773 me/ 350 °C (Khan et al.,
om pape 850 °C V. = 0.59 cm®/g 2 = Elovich fitting B = 8/8 Time 2 h 2019)
sludge Co = 50 ppm 2 eveles
mps=0.3g Y
QB10% = 154.66
. wt%
PIA:M 1:2 mass ratio Sper = 2692 m?/g Qg100% = 228.18 Thermal regeneration at .
KOH 3 T=25°C . . (Hossein
Asphaltene (PIA): L Viic = 0.11 cm®/g Pseudo-first order wt% 140 °C with N, stream at a o .
. activation 3 Ny B,T Co = 10 and 100 Tehrani et al.,
melamine (M) Pyrolysis (N,, 850 °C,1 Vimes = 1.61 cm”/g o Pseudo-second order Qr10% = 65.69 Wt constant flow rate of 100 2020)
h;, 4 2 ? Vi =171 cm®/g ’ % mL/min
qri00% = 82.08
wt%
Volatile organochlorine compounds (VOXs)
Sper = 1137 m%/g :?:v ez Langmuir
i . =0. 3 Zhe al.
I it R gk AL e s - oy
J e & Co = 80 ppm Dubinin-Astakhov

40-60 mesh

mps = 1.2 em®

(continued on next page)
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Table 1 (continued)

ST

Raw biosorbent Surface modification Biosorbent Gas Adsorbate Adsorption Isotherm Qmax Regeneration and multiple Ref.
characterization matrix conditions use of BS
2
Lignin (sodium Spray drying and f/BEl T :? 6;“[31; /8 m = 250 mg Thermal regeneration at (Liu et al
g. carbonization, KOH t : 3g Ny DCM V = 250 mL/min n.d. Qqpcm = 156 mg/g 150 °C with nitrogen flow ) o
lignosulfonate) activation Vmic = 0.82cm®/g Co = 50-100 ppm 5 cycles 2024)
N = 2.34wt%
2
f{BE_T - (2)28728 cnr:f’//gg V = 0.5 L/min Qoem = 2.69
Cocont shell Steam activation V:“i 1 1é om/g Ny + DCM T =25°C nd mmol/g nd (Cosnier et al.,
(850 °C) : H;0 TCE Co = 0.1 mol/m® o qrEm = 6.89 o 2006)
C/H/O = 93/0.6/ (~2400 ppmv) mmol/g
2.5 %, wt
Qrcecs) = 48.4
mg/g
q1,2,4-TCB(CS) =
Spet (cs) = 7.1 m*/g T=25°C 114.1 mg/g_
Sper (RE) = 205.4 Co, Tce = 5.0 mg/ gzziDCB(js) -
m%/g L q L mers 274
Vics) = 0.016 cm®/g TCE, 1,2,4- Co, 1.2,4.1c8 = 1.0 MCB (C8) 7 27+ o
Corrlrc‘:;fi};f( Eg;)) Pyrolysis (N, 500 °C) Vi = 0.11 em®/g  Air TCB, 1,2.DCB,  mg/L Freundlich mg/g 74 n.d. g 5‘1“;;1 al.,
C/H/Ocs) = 79.6/ MCB Co, 12008 = 1.0 g:gcig‘”) =
5.2/13.9 %, wt mg/L _
C/H/Oqy = 77.2/ Co, mcs = 1.0 mg/ ‘1111';_";;1*’;? -
4.5/17.7 %, wt L
q1,2-DCB(RH) =
82.8 mg/g
Amce ®e) = 15.0
mg/g
Removal
efficiency:
BDCM =
59.9-75.7 %
Pyrolysis (N2, 700 °C, 1 Spgrcas) = 1340 m?/ BDCM, B, B =758-87 %
. . m=001g CTC = 39.6-80.6
Pecan shell (PS), h); phosphoric acid, g Air CTC, 1,1,1- Co = 100 ppb nd % nd (Bansode
almond shell (AS) carbon dioxide, or steam SB;;T(pS) = 435-917 TCM, CF, 1,1- T—95°C . 11,1.TCM = . et al., 2003)
activation m-/g DCE 73.1-93.1 %
CF = 52.1-77.9
%
1,1-DCE =
39.6-82.7 %
Volatile methyl siloxanes (VMSs)
Spgr = 2551 m%/g
. . Vi = 1.3 cm®/
Pyrolysis (N2, 450 °C) Viniero = 1.11 gms/g Co = 83.82 mg/L Heating at 100 °C for 100
Coconut shell and NaOH a3c th?thn Vineso = 0.2 cm®/g MOdEI L2 V=50 mL/min Dose-response model Q2 =898.6 mg/g  min; (Lvetal,
(N2, 100 cm”/min, biogas T=20°C . 2023)
750 °C, 1 h) C/O/H/N/S = 82.8/ m—025g 5 regeneration cycles
16.1/1.01/0.08/
0.03 %, wt.
Spgr = 75.3 m%/g
Vi = 0.04 ecm®/g , CHL:CO, Co= 43.&45.9
. Pyrolysis (200 kW, Viicro = 0.02 cm”/g ) mg/m Langmuir, Freundlich, Qp4 = 4.59 mg/ (Papurello
Wood-Derived Char 450 °C) Vineso = 0.02 cmg/g \(/i(l)"/::)s D4 T =25°C Dubinin-Radushkevich and Temkin m? nd. et al., 2019)

C/K/Ca = 99.5/
0.24/0.28 %, wt

V = 500 mL/min

(continued on next page)
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Table 1 (continued)

Raw biosorbent Surface modification Biosorbent Gas Adsorbate Adsorption Isotherm Qmax Regeneration and multiple  Ref.
characterization matrix conditions use of BS
Impregnation and m=0.5¢g Purging with nitrogen
calcination (N, 60 mL/ SpET = 1068.4m2/g T =20°C . . -~ (100°C, 1.5h) and (Meng et al.,
Coconut shell min, 600°C, 1h, Fe (M- Vpiero = 051 cm’/g 2 L2 Co=8382mgn,  LangmuirFreundlich model 4=3564Mg/8  tivation (100°C, 3h) 2021)
ethanol solution) V = 50mL/min 6 cycles
Volatile organosulfur compounds (VSCs)
m=10g
Co (omps) = 18.9 q pmps = 0.45
. ng/L mg/g (Hwang et al.,
Oak Pyrolysis (N5, 500 °C) Sper = 9.8 Mm%/, N DMDS, DMTS Thomas model n.d.
oy 2 BET & 2 Co omts) = 4.8 q pmrs = 0.11 2018)
ng/L mg/g
V =1L/min
Purging with nitrogen
Sper = 2128 m*/g _ : .
Corn starch for 3 h, N,); KOH Vmeso = 0.061 cm®/ N, mercaptan - > Langmuir q=78.16 mg/g senel e
activation (800°C, 12h) g M) m=01g (20 mL of ethanol stirred 2022a)
> 3 V = 100 mL/min for 5 h at 50 °C)
Viicro = 0.81 cm”/g
5 cycles
Oxygenated volatile organic compounds (O-VOCs)
Spet (ap) = 697 m*/g
SpeT (ws) = 686.5
Carbonization (700°C, ™75 =238.7
Walnut shells (WS) N, 333 mL/min, 30 ? H/C/S/N/O (ap) = /5. — 0.95 ?rim;) - : Vacuum pressure (vabovd
and apricot pits mzi;l)' steam acti\’/ation 0.77/95.3/0.03/ Air/H,0 Ac g 352; °.C Fritz-Schlunder model g g_ 2364 regeneration (10°° Pa, e ‘1(1 2(;23)
(AP) @0 o . 0.6/3.36 %, wt - g;wj) e 150 °C) o
H/C/S/N/O ws) = /8
0.81/95.6/0.03/
0.423.20 %, wt
Suer = 382 m”/g m = 200 mg Thermal regeneration with
Coconut shell HNO3 activation (30 wt V= 0.228 cm3/g N Ac T =300 K. a Qac = 5.49 mmol/ nitrogen ﬂfw (Yu et al.,
activated carbon % HNOs3, 333 K, 2 h) Viicro = 0.167 cm®/ 2 V = 250 mL/min : g 8 . 2018)
(600 K, 10 K/min)
g Co = 500 ppm
V = 40 mL/min qmeon = 5.65
T—80°C mmol/g
Coconut shell Acids activation (1 wt,% Sger = 719 He i\gZOH’ EtOH, 0= Langmuir ?::S:l/: 218 '(li"::;fe;aot:re programmed (Kim et al.,
activated carbon of H3POy4) 30-35 mesh ’ 10,000-15,000 Freundlich & P 2006)
MEK o Qpa = 1.92 1 cycle
ﬂf 02 mmol/g
Bs = 028 qumex = 4 mmol/g
Carbonization (450 °C, Sper — 1320.4 m/g V — 300 mL/min .
N, 3 h) V, = 0.65 cm®/ Co = 31 mg/m3 Thermal desorption (Shen et al
Rice husk KOH and ball-milling e § 3 Ny Ph 0= & Hybrid isotherms of type I and IV qac = 1919 mg/g (350 °C) o
N : Vinicro = 0.45 cm®/g m=02g 2019)
activation (1000 r/min, v ~ 0.2 cm®/ T —RT 1 cycle
30 min, 750 °C, 1 h) meso = B 8 -
Various group of volatile organic compounds
— 2 —
. . Hydrotper{nal Seer qw) = 928 m’/ T=20°C damwac = 103.7 Thermal desorption
Hickory wood chips carbonization (200 °C g m—10m mg/g (150 °C, heating rate of (Zhang et al
(HW) and peanut for 6 h), CO, activation  Sger (ps) = 1308 m*/ N, Ac, Ch B & n.d. qes)ac = 122.1 . & 7
! V = 50 mL/min ” 10 °C/min) 2020)
shell (PS) (150 mL/min CO3, 2 h, g mg/g
g t=1h. 5 cycles

900 °C)

Vi mw) = 0.054

qaw),ch = 86.9
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Table 1 (continued)

Raw biosorbent Surface modification Biosorbent Gas Adsorbate Adsorption Isotherm Qmax Regeneration and multiple  Ref.
characterization matrix conditions use of BS
cm®/ g mg/g
Vi sy = 0.11 em®/g qees),ch = 102.45
C/H/N @w) = 90.5/ mg/g
90.5/0.4 %, wt
C/H/N (ps) = 86.5/
2.9/2.2 %, wt
SpeT (W) = 1436
mz/g
Sper (ps) = 1091 m2/
g qawy,ac = 148.2
Vi aw) = 0.028 mg/g
. . Hydrot.her[.naI em®/g T=20°C qeps),ac = 159.0 Thermal desorption
Hickory wood chips carbonization (200 °C 3 > .
Vi es) = 0.079 ecm”/ m = 10 mg mg/g (150 °C, heating rate of (Zhang et al.,
(HW) and peanut for 6 h), H3PO4 Ny Ac, Ch . n.d. N .
shell (PS) activation (85 % HzPO,, 8 V =50 mL/min oaw,ch = 110.5 10 °C/min) 2019)
600 °C, 1 h) C/H/O/N uw) = t=1h. mg/g 5 cycles
62.8/1.9/28.7/0.2 Qs)ch — 98.8
%, wt mg/g
C/H/O/N ps) =
41.5/1.7/51.6/1.1
%, wt
T =RT Thermal desorption
Sugarcane bagasse Swer = 5.2m’/g m=5mg dac=102.4mg/g (150 °C heatinpg rate of (Zhang et al.
Pyrolysis (N3, 300 °C) C/O/H/N = 69.5/ N, Ac,Ch, T . n.d. Qch = 86.3 mg/g >, b g
(BG) 25.4/4.2/0.9 %, wt V = 50 mL/min — 65.5 mg/ 10 °C/min) 2017b)
ARELDT 0 t=1h ar -0 Me/8 5 cycles
Sper = 78.15 m%/g Co = 200-220 Qac = 113.0mg/g )
Vi = 0.1448 cm®/g ppmv au—37.0mgsg  Lermal desorption -
Bagasse Pyrolysis (N2, 500°C)  C/H/N/S/O = N, Qci Hex, T, p- \T/: f)sz f ' min Elovich model ar = 46.5 mg/g 29: g/ r}fll:;mg rate of ;%;J;E)l etal,
75.94/1.77/0.40/0/ i N Qg =47.1mg/ ‘
21.89 %. wt m=2g g 5 cycles
’ t=1h
Sper@m = 20.1 m?/
8
Swercsw) =162 m’/g qrm) MEK = 43
Rice husk (RH), . C/H/O/Ngw) = m =5mg .
soft wood pellet l;gg)?gs (N, 550 or 48.7/1.24/2.47/ N, MEK, B V=330mLmin  nd. T omey M g\(/;;g;m etal,
(sW) 1.04 %, wt T =RT dsw &= 2.5 1m8
C/H/O/Neswy = &
90.2/1.83/6.02/<
0.1 %, wt
Sar = 3.76 m’/g X1;51(z)8nrl;1/gmln Qac = 313 mg/g (Zhuang et al
Pine wood sawdust Pyrolysis (300 °C, 3 h); C/O/H/N = 55.44/ N, Ac, T ¢ — 60 min n.d. Ac: 56 mg/. n.d. 2021) N
9.07/4.49/1 %, wt r=>bme/e
T =RT
Sper (cs) = 118.1
m%/g
Vics) = 0.12 em®/g
?yrolysis (?00 °(,? for 3h) Z;;;; @ = 0.05 T 955 2;1\?32_ 61.14 mg/ Thermal deso.rption
Corn stalk (CS) and impregnation using . . (200 °C, heating rate of (Zhang et al.,
. . Vieso (cs) = 0.058 Ny Ac, B m=1g Langmuir and Freundlich gqp = B . o
soybean straw (SS)  sodium lignosulfonate em/g V — 50 mL/min 44.67-80.99 mg/ 10 °C/min) 2022¢)
(600 °C for 3 h) ’ : 10 cycles

Sper (ss) = 257.7
m%/g

Viss) = 0.15 em®/g
Viicro (ss) = 0.11

8
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Table 1 (continued)

Raw biosorbent Surface modification Biosorbent Gas Adsorbate Adsorption Isotherm Qmax Regeneration and multiple Ref.
characterization matrix conditions use of BS
cm3/g
Vineso (ss) = 0.048
em®/g
SpET (R) = 2293.2
m%/g
Vi = 1.14 em®/g
. ) _ 3
UrreeaSi?Srr(rll:)ldehyde Carbonization (700 °C, Vimicro @ = 0.9 em™/ P—12kpa Queon = (Suetal
N»). KOH activation Ny MeOH, T B Langmuir-Freundlich 915.3mg/g n.d. o
and Bamboo (706 °C, 2h) SgeT (8b) = 1568.2 T=25°C = 622.9me/ 2020)
sawdust (Bb) > m?/g ar -2 me/8
Viep) = 0.96 cm®/g
Vmicro 8b) = 0.73
cm®/g
AMM(30%H20) =
80.2 mg/g
qMM(70%H20) =
Sper = 2128 m%/g 30100 bom 76.5 mg/g B
Carbonization (400 °C V, = 0.893 cm®/g Methyl 0= 02T b Qrex(30%H20) =
3 Ch20 = 0 %, 30 % . 100.4 mg/g (Yao et al.,
Corn starch for 3 h, N,) KOH Vimeso 0.061 cm®/g Ny mercaptan and 70 % Langmuir an n.d. 2022b)
ivati ° i — 3 ex(70%H20) =
activation (800 °C, 12 h) Viicro = 0.805 cm”/ (MM), Hex, T T —RT 61.1 mg/g
g _
qT(30%H20) =
245.7 mg/g
A4T(70%H20) =
195.1 mg/g
; o _ 2 _
Pyrolysls (N2., 55'0 Q), Sper = 8.3 m /3 g Co = 500 ppby 9purs = 0.021 Thermal desorption -

Pomegranat 1 chemical activation KOH V= 0.009 cm’/g Air DMTS, p- ¢ — 60 min Lanemuir mg/g (100 °C, 24 h) (Kaikiti et al.,

omegranate peels (20 g biochar 200mL 3  C/N: 67.3/0.28 %, cresol T 90C angmu Gparesol = 0018 ' ' 2021)
MKOH, 1 h, 65 °C) wt - mg/g i
Sper = 1668 m%/g
Vi = 0.7 cm®/g T—925°C Q2 = 438 mg/g
. . o 3 = _

Lignocellulosic waste ), tivation (N, Vo = 025 cm /g 12, D4, T, m = 10-70 mg , o4 = 512 mg/g (Santos-Clotas
generated in a food 150 mL/min; 900 °C) Vimeso = 0.03 cm”/g Air Limonene v 4L Langmuir qr = 417 mg/g n.d. et al,, 2019)
industry g C/H/N/S/O = o K Qimonene = 446 o

95.15/0.42/1.4/ B mg/g
0.13/2.5 %, wt.

qs = 1.9-54.6
C/H/N/Ssc) = mgﬁng 8-65.5
38.8/4.62/0.12/ o P
9.57 %, wt. 8/8

Bamboo (Bb) C/H/N/S@mp) = dpcm =

sugarcane ESC) Pyrolysis (Na, 42.9/6.05/0.12/ N B, T, Xyl, V = 50 mL/min nd 9.35-39.61 mg/g nd (Kumar et al.,
N .9/6. . 2 .d. .d. hou
— ° DCM, CF, CTH T=25° =1.5-60.2 2020b
neem (N) 350-550 °C) 9.57 %, wt. CM, CF, CTC 5 °C glxyl/ 5-60. )
C/H/N/Suy = 22.9/ s ﬁ 9.62-30.81
3.16/0.31/0.18 %, 21“/’ bl
wt. 8/8
Qcrc =
9.30-40.99 mg/g
_ 2 V =2 L/min
Carbonization (1173 K, Seer = 1137 T /8 . T =RT Yoon and Nelson and qcp = 272 mg/g Thermal regeneration (Zhao et al.,
Coconut shell L. Vi = 0.48 cm’/g Air T, CB .. N . .
Ny), steam activation 3 Cp = 80 ppm Dubinin-Astakhov qr = 255 mg/g (167 °C, air 100 mL/min) 2018)
Vmic = 0.43 cm”/g 3
Vps = 1.2 cm
Catalytic activation 2 Co (cwy = 100 qr = 54.9 mg/g (Pi et al.,
=1 . N; T, DCM .d. .d.
Wood (NH3-H20 — activation Seer = 1606.7 m™/g 2 »bC ppm n.d Qpcm = 308 mg/g n.d 2021)

(continued on next page)
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Table 1 (continued)

Raw biosorbent Surface modification Biosorbent Gas Adsorbate Adsorption Isotherm Qmax Regeneration and multiple  Ref.
characterization matrix conditions use of BS
agent; CaCl, - catalyst, Co () = 100 ppm
900 °C) V = 500 mL/min
_ 2
Carbonization leE.T B 3588 27 Cnnl];,‘//g T=30°C
(Ar,400 °C,60 min) me B 0' 44 cm3/§ Co ey = 500 Thermal regeneration with
. R . : mes = 0. _ . .
Ha.rdV\.Iood alkali HALKOH 1:4 mass ratio Vi— 1.22 cm?/g N, pCM, T ppm Yoon and Nelson model Qpcm = 171 mg/g mtr(:gen flow '(T.I'LI' etal.,
lignin activation C/O/N/S — 87.75/ Co (1) = 250 ppm qr = 518 mg/g (30°Q) 2022b)
Pyrolysis R o m=01g 5 cycles
(Ar,850 °C,40 min) 3{'?1/1'88/0'97 %, V = 100 mL/min
T=30°C
Calcination (900 °C, 1 h, Sper = 2266 mz/g \n/1:7200(())5mL;r11‘111n qp = 236 mg/g Thermal regeneration with (Huang et al
Corncob N) and co-activation of V=114 cm3/g Na B, T, CB 0 0; g. 8 Yoon and Nelson qr = 547 mg/g nitrogen flow 20 2;) getal,
(NH,4)2C20,4 and KHCO3 Vimic = 0.69 cm®/g C'O — 300 or 500 qcg = 703 mg/g (100 mL/min, 300 °C) -
ppm
_ 2 V(r) = 30 mL/min
Carbonization (Na, ZBET = 1818.45m/ Vpny = 1 mL/min
. 450 °C); - 3 T=20°C qr = 263.6 mg/g Thermal desorption (Shen and
Rice husk KOH activation (N, z‘ - 8‘3‘; C/ Iﬁ 3, N2 T, Ph Com — 300 ppm ™% an = 6.53mg/g  (30-350 °C) Zhang, 2019)
750 °C) s /i Cogphy = 60 ppm
mes T m=0.1g
Flow rate: 50 mL/
Carbonization (650 °C, _ 2 min _ Thermal regeneration with
Rapeseed cake No); f/“j N :; 1;1’3’(; 8N, T, Ac T =RT nd. dr :11542321:’5//35 nitrogen flow (150 °C, Ny (David, 2023)
H,S04 activation e § Co = 1000 ppm Aac = 24S-2ME/8  f15w 50 mL/min)
mpg = 15 mg
_ 5 Flow rate: 120
Lignocellulosic ZnCl, 3 M activation Seer = 1858.42 m’/ mL/min (Isinkaralar
biomass (Aesculus Pyrolysis \g] - 0.49 cm?/ Ny FA T=25°C Langmuir Freundlich FA = 638 pg/g - ot al ‘ 2{) Z‘ 3)
hippocastanum L.) (N, 1200 °C) me = 3 8 Co = 110 pg/m* oo
Vimes = 0.24 cm>/g
mps =0.1g
_ 2 —
NiCl-6H0 activation f{BE_T - ?)16861 cTnB//g dr = 6.04 mmol/
Bamboo KOH activation me B 0' 62 em® /g Flow rate: 150 é 058
Pyrolysis (Na, 500 °C) me ; 5 8 em’/ 8 mL/min m(r::oT/ . Thermal regeneration at (Rong ct al
T 2g N, Mix (T,CH) T=25°C Langmuir & 90 °C for 2 h under a N, o & etak,
Sper = 2181 m“/g qr = 5.16 mmol/ . . 2023)
KOH activation Vimic = 0.66 cm®/g Co = 1000 ppm g flow if 50 mL/min
Bamboo Pyrolysis (N2, 500 °C) Vines = 0.62 cm®/g M = 50 mg qen = 0.54
Vi =1.28 cm®/g mmol/g
Sper = 78.15 m?/g qQa = 44.50 mg/g
V, = 0.1448 cm®/g qu = 19.73 mg/g
Wheat straw C/H/N/O Flow rate: 0.2 qr = 32.45 mg/g
.94/1. . L/mi x = 51.
75.94/1.77/0.40/ mL/min Pseudo-first and second-order dpx = 51.09 mg/ .
21.89 % T=25°C . g Thermal regeneration at o
Pyrolysis (Na, 500 °C) N ACHT,pX Co = 200-220 models Elovich =110.09 mg/  50-60 °C (Rajabi et al.,
yrolysis (N2, St = 58.38 m¥/g 2 P 0 = <T0= model da = 210.09 ms - 2021a)
ppmv g 5 cycles

Bagasse sugarcane

V; = 0.0786 cm®/g
C/H/N/S/O
66.57/2.66/0.98/
<0.3/29.49 %

mgs = 0.5 £ 0.01
8

intra-particle diffusion model

qu = 36.82 mg/g
qr = 45.17 mg/g
Qp-x = 24.76 mg/
8
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activated carbon (GAC). Steam-activated pecan shell carbon demon-
strated the highest total adsorption of VOCs, outperforming the coal-
based commercial carbon. Additionally, the new biosorbents showed
higher adsorption of 1,1,1-trichloroethane than the other carbons,
indicating that pecan-and almond shell-based GACs could be effective
alternatives to commercial carbon for VOCs removal (Han et al., 2017;
Bansode et al., 2003).

Nitrogen-doped hierarchical porous biochar is a highly effective
adsorbent for DCM removal from gas streams. A wood-based adsorbent
undergoing a simple catalytic activation process and treated with NH3-
H0 and trace amounts of CaCl, demonstrated a DCM adsorption ca-
pacity of 308 mg/g, which was higher than that of microporous biochar.
This suggests that the hierarchical porosity is crucial for the simulta-
neous adsorption of multiple DCM molecules. The introduction of ni-
trogen functional groups enhances the van der Waals interactions
between DCM molecules and the carbon surface, resulting in the
improved combined adsorption of DCM. However, no information is
available on the regeneration of biosorbents (Pi et al., 2021). Lignin-
derived nitrogen-doped hierarchical porous carbon spheres produced
through spray drying and carbonization-activation methods exhibited a
lower adsorption capacity of 156 mg/g for DCM. Nonetheless, they
maintained 86 % of their initial capacity even after undergoing five
cycles of regeneration (Liu et al., 2024). The hierarchical porous acti-
vated carbon produced from alkali lignin through carbonization and
activation methods demonstrated a slightly greater adsorption capacity
for DCM, reaching 171 mg/g. The researchers reported that the presence
of nanopores (0.5-1.0 nm) played a dominant role in the adsorption
process (Liu et al., 2022b).

Kumar et al. utilized a different strategy. They discovered that
thermal treatment (350-550 °C) without activation could still achieve
decent adsorption efficiency. They tested the adsorption of VOCs (B, T,
DCM, CF, and CTC) on biochars made from neem, sugarcane, and
bamboo feedstock. The pseudo-second-order model was found to be a
better fit for the experimental data than the first-order model, indicating
that the adsorption of VOCs by biochar was influenced by multiple
mechanisms. Although the adsorption capacity for VOCs did not exceed
40.99 mg/g, this was still a respectable result (Kumar et al., 2020b).

3.3. Volatile methyl siloxanes

Siloxanes, often referred to as volatile methyl siloxanes (VMSs), are
widely used in industrial and consumer applications. However, this re-
sults in the release of VMS into the atmosphere. The two main types of
volatile siloxanes are cyclic and aliphatic siloxanes. Studies have shown
that VMS can accumulate in living organisms and have harmful effects
on the environment. Some studies have suggested that VMS can disrupt
the hormonal system, have immunosuppressive effects, and even cause
cancer (Wang et al., 2020b; Pascual et al.,, 2021; Tran et al., 2019;
Gallego et al., 2017; McBean, 2008; Piechota, 2021).

The first investigation utilized lignocellulosic waste-derived biochar
without any alterations and evaluated its siloxane D4 adsorption ca-
pacity in comparison with commercial activated carbon. Despite
exhibiting a significantly lower adsorption capacity (3.5 mg/g) than
commercial materials (37.5 mg/g), the application of activation
methods aimed at improving the physical properties of the adsorbent
can anticipated to overcome this limitation (Papurello et al., 2019). Lv
et al. investigated the potential of activated porous carbon (APC)
derived from coconut shells to remove L2 from a gas stream. The acti-
vation process involved the use of NaOH and the coconut shells were
pyrolyzed at 750 °C. This study found that the amount of NaOH used had
a significant impact on the yield of L2, which can be attributed to the
elimination reactions between the biosorbent and NaOH. Activation
with NaOH led to the release of gases and formation of abundant mi-
cropores in the APC. However, excess NaOH promoted a strong gasifi-
cation reaction that destroyed the walls between the pores and
dramatically reduced the specific surface area. The obtained biosorbent
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had a significant specific surface area of 2551 m2/g and a substantial
total pore volume of 1.3 cm®/g. Remarkably, at 0 °C, APC demonstrated
an excellent L2 removal ability, achieving a breakthrough adsorption
capacity of 898.6 mg/g. By increasing the inlet concentration of L2 and
appropriately decreasing the temperature, L2 adsorption capacity can be
further enhanced. One advantage of APCs is their simple recycling
process, which allows for sustained adsorption performance even after
five consecutive cycles of adsorption and desorption. Consequently, the
prepared APC material shows great promise as an efficient adsorbent for
the removal of L2 (Lv et al., 2023). In another study, lignocellulosic
waste from the food and wood industries was activated with Ko,CO3 and
KOH agents and used to adsorb siloxanes L2 and D4. The results were
compared with those of commercial activated carbon. The adsorption
capacity of the waste-derived adsorbent was similar to that of com-
mercial activated carbon, with a range of 438-512 mg/g. The presence
of narrow and numerous micropores is essential for the removal of si-
loxanes from biogas. The activation process at temperatures ranging
from to 800-900 °C is critical for porosity development and adsorbent
performance. However, these high temperatures also result in signifi-
cant costs (Santos-Clotas et al., 2019). Meng et al. modified biosorbents
using biochar and an Fe (III)-ethanol solution as impregnating and
calcining agents, respectively. This approach required less energy for
pretreatment and activation because the temperature was only 600 °C.
The resulting Fe-modified biochar had a well-formed microporous
structure, high specific surface area (1068.4 m?2/g) and micropore vol-
ume (0.51 cm®/ g), as well as an adsorption capacity of L2 (356.4 mg/g).
However, the adsorption capacities of these materials were lower than
those of NaOH-activated biosorbents because too many iron nano-
particles clogged the pores, thereby reducing the specific surface area
and micropore volume (Meng et al., 2021).

3.4. Volatile oxygenates organic compounds

Oxygenated volatile organic compounds (O-VOCs) belong to the
VOCs category, which are characterized by the presence of at least one
oxygen atom in their molecular structure. These compounds exhibit high
reactivity, mutagenicity, and potent odor, in addition to their relatively
high toxicity and vapor pressure (Makos et al., 2019; Atkinson, 2000;
Beale et al., 2011; Borghoff et al., 2015; Gupta et al., 2022; Auvinen and
Wirtanen, 2008; Boczkaj et al., 2016a; Li et al., 2022b).

Svabova et al. investigated the adsorption of acetone by biochars
derived from walnut shells and apricot pits activated by steam or air at
varying temperatures. The results showed that steam activation
increased the specific surface area and acetone sorption capacity of the
biochars, whereas air activation produced lower values. Additionally,
pyrolysis alone led to a higher adsorption capacity for acetone than
steam activation. Steam-activated biochars primarily adsorbed acetone
via physical forces, whereas non-activated biochars exhibited a dual
mechanism involving both physical and chemical interactions. The air-
activated biosorbents displayed intermediate characteristics between
these two extremes (Svabova et al., 2023). Another study on acetone
adsorption utilized hydrochars from peanut shells and hickory wood
chips activated with carbon dioxide. Following CO, activation, the
specific surface area of the hydrochars increased significantly from 8
m?/g to 1308 m?/g, and their VOC adsorptive capacities increased from
13.24 to 24.64 mg/g to 39.42-121.74 mg/g accordingly. Investigations
have revealed that polar acetone molecules interact with biosorbents via
three types of intermolecular forces: induced dipole-induced dipole,
dipole-induced dipole, and dipole-dipole forces (Zhang et al., 2020).

In a study conducted by Dawid, rapeseed cake (RSC) and walnut
shells (WSC) were carbonized and subsequently activated with basic/
acidic agents (KOH/H3SO4) to enhance their adsorption capabilities.
The non-activated biochars showed lower adsorption capacities for
acetone (26.65 mg/g), whereas the activated biochars exhibited signif-
icantly higher adsorption capacities of up to 166.7 mg/g. The biochars
activated with HoSO4 displayed better adsorption of O-VOCs compared
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to those activated with KOH (David, 2023). In another study, re-
searchers found comparable outcomes by examining three methods of
activating coconut-shell-based activated carbon with HNOs, H20, or
high heat. Activated carbon modified with HNO3 exhibited the highest
adsorption capacity of 5.49 mmol/g, which was attributed to the for-
mation of numerous small pores and carboxylic groups on the surface of
biosorbent (Yu et al., 2018). The results obtained for the other groups of
0-VOCs, specifically alcohols and ketones, were also consistent. In these
cases, acid activation demonstrated the highest adsorption capacity
(Kim et al., 2006; Zhang et al., 2019).

The biosorbents that underwent heat treatment exhibited low
acetone adsorption capacities. Specifically, the maximum adsorption
capacities for bamboo (BB), sugarcane bagasse (BG), Brazilian pepper
wood (BP), sugar beet tailings (BT), and hickory wood (HW) were 96.6,
102.4, 20.94, 36.4, and 58.2 mg/g, respectively, at a temperature of
300 °C (Zhang et al., 2017b). However, it should be noted that the ca-
pacity for adsorption decreased with increasing pyrolysis temperature,
although the sorption area increased. For other compounds in the O-
VOCs group, the same correlation can be observed (Rajabi et al., 2021a;
Kaikiti et al., 2021; Vikrant et al., 2020). This phenomenon was attrib-
uted to the presence of noncarbonized organic matter in the biosorbents
subjected to lower temperatures, which enabled an additional interac-
tion known as partitioning (Zhang et al., 2017b).

Xiang et al. utilized a novel technique to activate biosorbents to
remove acetone from the gas phase. They employed pyrolyzed hickory
wood, which was subsequently modified via ball-milling. The ball-
milled biochars exhibited improved structural properties compared to
those of the pristine biochars. Specifically, they possessed a higher
specific surface area (1.4-29.1 times), slightly smaller average pore size,
and were more hydrophilic and polar. The ball-milled biochars also
demonstrated a higher VOCs adsorption capacity (1.3-13.0 times), with
a maximum acetone adsorption capacity of 103.4 mg/g. Despite this, the
adsorption capacity of the ball-milled biochars was still lower than that
of biosorbents activated by other methods (Xiang et al., 2020). Other
types of lignocellulosic wastes, such as corn stalk, rice husk, and pine
wood sawdust, were also subjected to the same modification process.
However, the pyrolysis temperature used in this study was lower than
that used in a previous study (300 °C). The acetone adsorption capacity
achieved in this study was 304 mg/g. These findings suggest that both
the choice of activation method and thermal treatment are crucial fac-
tors for enhancing the adsorption efficiency of biosorbents (Zhuang
et al., 2021). Combination of various activation techniques such as ball
milling and KOH activation can be employed to modify the character-
istics of biomass-derived materials (Shen et al., 2019; Shen and Zhang,
2019). Using this method, the pelletized rice husks were transformed
into hierarchically porous carbons with remarkable surface areas and
pore volumes. These adsorbents demonstrated exceptional adsorption
capabilities for phenol in the vapor phase, reaching 1919 mg/g. The
high adsorption capacity was attributed to the hierarchically meso-
porous structures, which facilitated the transfer of phenol molecules
through the outer layer and their subsequent uptake by the adsorption
sites of the inner layer sites (Shen et al., 2019).

Zheng et al. employed a less common method to impregnate corn
stalk and soybean straw with sodium lignosulfonate, a natural surfac-
tant. The biomass was then pyrolyzed and mixed with different ratios of
sodium lignosulfonate. The mixture was calcined at 600 °C, and sodium
lignosulfonate was used as an impregnation precursor to adjust the pore
size of the biochar. The impregnated biochar was used as an adsorbent
for COy and VOCs, exhibiting a specific surface area and micropore
volume that were 3.27 and 5.02 times higher, respectively, than those of
the unimpregnated biochar. However, the VOCs adsorption capacity,
particularly for acetone (80.99 mg/g), was not as satisfactory as desired
(Zhang et al., 2022c).

Su et al. evaluated the methanol adsorption capacity of resin-based
carbon and bamboo char through experimental and theoretical
methods. Their findings revealed that N-doped porous carbon exhibited
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a high specific surface area, favorable microporosity, and a significant
methanol adsorption capacity of 915.3 mg/g, surpassing bamboo char.
The study also found that electrostatic interactions were the primary
driving force behind the methanol adsorption. These results offer in-
sights into the potential of doping with polar elements to adsorb polar
gases (Su et al., 2020).

3.5. Volatile organosulfur compounds

Volatile organosulfur compounds (VOSCs) are commonly found in
exhaust gases from oil refineries, pulp mills, manure and sewer systems,
rayon production, wastewater treatment plants, natural and petroleum
gas, and biogas generated from agri-food wastes (Varjani et al., 2020;
Boczkaj et al., 2016b; Lee and Brimblecombe, 2016; De Angelis, 2012;
Stupek and Makos, 2020; Lee et al., 2006; Kasper and Feilberg, 2022).
These compounds include thiols, sulfides, disulfides, and thiophenes,
which have unpleasant odors even at low concentrations. The odor
threshold values for VOSCs typically fall between 0.07 and 5.9 ppb (v/
v). At higher concentrations (0.5 to 20 ppm, v/v), some VOSCs cause
health issues such as eye irritation, dizziness, vomiting, and headaches
(Andersson et al., 2004; Lomans et al., 2002; Smet et al., 1998).

This study evaluated the sorption capacities of nine biochars pro-
duced by pyrolysis of various biomass materials at different tempera-
tures for dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS).
The biochars produced from livestock manure showed low sorption
capacities for both compounds, whereas those from plant biomass
exhibited much higher sorption capacities. Oak biochar pyrolyzed at
500 °C had the highest sorption capacities of 0.45 and 0.11 mg/g for
DMDS and DMTS, respectively, but it was only 35 % of that of
commercially available activated carbon (Hwang et al., 2018). Another
study explored the potential of biochar derived from pomegranate peel
to remove DMTS. The biochar was produced through pyrolysis at 550 °C
exhibited a high specific surface area of 8.3 m?/g, and it is characterized
by a honeycomb structure with pores and cylindrical channels, as well as
increased aromaticity. This distinctive structure is responsible for the
exceptional DMTS removal efficiency of nearly 99 % from the gas stream
(Kaikiti et al., 2021). Yao et al. developed a new biosorbent from starch-
based activated carbon, which was used to adsorb three VOCs commonly
emitted by fermentation industries: MM, toluene, and n-hexane. The
biosorbent had a high surface area and was rich in nitrogen and oxygen
functional groups, which enhanced the adsorption of MM with a sorp-
tion capacity of 78.16 mg/g at an initial concentration of 0.197 mg/L.
The biosorbent also decomposed the MM molecules into CH3S™ and H,
which were further adsorbed by adjacent carbon atoms containing ni-
trogen and oxygen functional groups (Yao et al., 2022a). The same re-
searchers evaluated the impact of water vapor on the adsorption of MM,
toluene, and n-hexane using activated carbon derived from starch in
fermentation waste gas. They used the same biosorbent as that used in a
previous study. The presence of water vapor in waste gas makes the
adsorption of VOC gases more difficult. These results indicate that water
molecules exhibit stronger adsorption energies on activated carbon than
VOC molecules. At 30 % relative humidity, the water molecules dis-
placed toluene, n-hexane, and MM from the adsorbent surface. At 70 %
relative humidity, a water film formed on the adsorbent surface impeded
the adsorption of n-hexane and toluene but facilitated the adsorption of
MM (Yao et al., 2022b).

4. Mechanism of VOCs adsorption

The efficacy of the VOCs adsorption process using biosorbents is
influenced by several factors. These parameters encompass the inherent
characteristics of biosorbents, such as specific surface area, pore volume,
and pore size distribution. Additionally, the quantity and nature of the
active groups present on the adsorbent surface, coupled with the phys-
icochemical attributes of the adsorbate and its concentration, signifi-
cantly contribute to the overall efficiency of the process (Zhu et al.,
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20205 Li et al., 2020b). The typical mechanisms of the interaction be-
tween VOCs and biosorbents are presented in Fig. 6 (Dou et al., 2011).

4.1. Pore filling

The primary mechanism of VOCs adsorption is pore filling. This
mechanism relies on the porous composition of the biosorbents,
encompassing specific surface areas, pore volumes, and textural prop-
erties. Based on the pore size, the pores of the adsorption material can be
categorized into macropores (>50 nm), mesopores (2-50 nm), micro-
pores (<2 nm), and narrow micropores (<1 nm) (Wei et al., 2012). The
pore configuration of biodsorbents depends on both the nature of the
biosorbents and their subsequent preparation. The adsorption of VOCs is
influenced by the pore size distribution of the adsorbents. The effective
pores accessible to VOCs are determined by the molecular diameter of
the VOCs. According to the size exclusion theory, VOCs molecules can
only penetrate the pores of the adsorption material if the pore diameter
exceeds the molecular diameter of the VOCs. Conversely, when the pore
size significantly surpasses the molecular diameter of VOCs, the
adsorption force between the adsorbent and VOCs molecules becomes
too weak, rendering the pore to function more as a channel (Kosuge
et al., 2007). Generally, micropores serve as the primary adsorption
sites, whereas mesopores facilitate the diffusion of VOCs (Li et al.,
2020Db). The presence of a considerable specific surface area in an bio-
sorbents suggests enhanced adsorption abilities. This can be attributed
to the larger surface area, which provides more sites for adsorption re-
actions, thus boosting the probability of interactions between the bio-
sorbent and VOCs (Kim and Ahn, 2012). The size and shape of adsorbed
VOCs also affects adsorption efficiency. The movement of VOC mole-
cules through the pore channels of biosorbents is affected by steric
hindrance. Smaller VOCs can easily access pores with a minimum
diameter, while larger VOCs occupy pores with the maximum diameter.
This demonstrates a negative linear relationship between the adsorption
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capacity volume of VOCs and the cross-sectional area of the molecules.

4.2. Partitioning

Partitioning is a key element in the removal of VOCs from air and
industrial gases using biosorbents. During this process, VOCs permeated
into the pores of the non-carbonized section. These biosorbents can
readily interact with VOCs, resulting in their adsorption. However, the
adsorption of VOCs is contingent on the properties of the noncarbonized
part of the biosorbents (crystalline or amorphous carbon) and the
carbonized crystalline and graphene fractions of the biosorbents (Chen
etal., 2017). Generally, the partitioning mechanism is more pronounced
and highly effective when the biosorbents have a high content of volatile
matter and when the concentration of VOCs in the gas is high (Keiluweit
et al., 2010). The maximum amount of non-carbonized material can be
observed in biosorbents that have not undergone thermal treatment.
When comparing biosorbents that have been subjected to thermal acti-
vation, significant differences in the interaction intensity can be
observed owing to the pyrolysis temperature. Biosorbents that under-
went pyrolysis at temperatures between 200 °C and 300 °C demon-
strated the highest capacity for forming partitioning interactions.
However, biosorbents pyrolyzed at lower temperatures have a very
small surface area, which reduces the chances of VOCs coming into
contact with the biosorbents. Consequently, only a small amount of
VOCs can diffuse into biosorbents through partitioning. Therefore, even
if partitioning is optimal for biosorbents produced at low pyrolysis
temperatures, a large surface area is required.

4.3. Hydrogen bonding
The surfaces of biosorbents can form hydrogen bonds with many

VOCs (Fang et al., 2021). These bonds involve the functional groups of
both the biosorbents and organic pollutants. Biosorbents have a negative

W Hydrogen
. bonding

Hydrophobic
effect

v @ vocs

Fig. 6. Mechanisms of VOCs adsorption mechanisms into biosorbents.
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charge on their surface owing to the -OH, =NH, and -NH; groups in
unmodified plant and animal wastes (Tan et al., 2020). When bio-
sorbents are treated with acids, they gain -COOH groups that can donate
hydrogen bonds. VOCs with = 0,-O-, or-O-CH3 groups can accept
hydrogen bonds and bond with biosorbents (Tan et al., 2020; Amalina
et al., 2023). Biosorbents can also be doped with benzene rings and F, N,
or O atoms that can accept hydrogen bonds. However, this process is
irreversible because the bonds are strong (Cheng et al., 2021). This is
different from most systems, in which hydrogen interactions are
reversible.

4.4. Van der Waals and electrostatic interactions

The process of VOC adsorption through biosorbents is primarily
driven by weak van der Waals forces, which are classified as non-
covalent interactions (Zhu et al., 2020). These interactions are similar to
hydrogen bonds but are significantly weaker. Van der Waals forces arise
from temporary attractions between the electron-rich regions of one
molecule and the electron-poor regions of another (Johnson et al.,
2010). There are two types of van der Waals forces: weak London
Dispersion Forces and strong dipole-dipole forces, but both are much
weaker than hydrogen bonds (Tomul et al., 2021). Consequently, it is
difficult to detect van der Waals forces using spectroscopic techniques.

Electrostatic interactions are a type of noncovalent interaction that
differ from the other two in their long-range nature. This means that
electrostatic interactions not only affect neighboring atoms, but also
have an impact on atoms that are further away. These interactions are
the driving forces behind the formation of ionic bonds and involve both
electrostatic attraction and electrostatic repulsion. In addition, they play
a significant role in the adsorption of ionizable organic compounds.
These organic molecules typically exhibit affinity for negatively charged
adsorbent surfaces (Rajabi et al., 2021a).

4.5. m-m and n- & interactions

n-7 interactions are a form of non-covalent interactions that occur
between two aromatic rings. This interaction can be observed between
the aromatic rings in biosorbents and those in VOCs, such as benzene,
ethylbenzene, toluene, xylene, phenol, and chlorobenzene (Jaya-
wardhana et al., 2021; Rajabi et al., 2021b; Khan et al., 2019). This
interaction is facilitated by the presence of delocalized n-electrons in the
aromatic rings of both the biosorbents and VOCs. n-electrons can create
a weak attractive force, leading to the adsorption of VOCs onto the
surface of biosorbents. n—n interactions play a significant role in the
adsorption of benzene onto biochar, contributing to the overall stability
of the VOC-biosorbent complex and enhancing the efficiency of VOC
removal from air or industrial gases (Jayawardhana et al., 2021). The
strength and effectiveness of n-n interactions can be influenced by
several factors, including the number of organic rings on the surface of
the biosorbents, surface area, pore structure, and the concentration of
VOCs with aromatic rings (Ahmed et al., 2018). However, the effec-
tiveness of the n—r interaction mechanism in adsorbing VOCs onto bio-
sorbents with weak aromatic structures is lower than that with strong
aromatic structures.

Another important mechanism that can affect the adsorption of VOCs
is the n-x interactions. This mechanism was first investigated by Matt-
son et al., who studied the donor-acceptor complex mechanism (Mattson
et al., 1969). The n-pi interaction involves carbonyl oxygen, which
functions as an electron donor on the biosorbent surface, and aromatic
rings of VOCs, which act as electron acceptors (Tomul et al., 2021). This
mechanism is essential for removing BTEX compounds by using animal-
based biosorbents.

4.6. Hydrophobic interaction

Hydrophobic interactions can be harnessed for the adsorption of
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hydrophobic and neutral volatile organic compounds, thanks to the
presence of nonpolar groups, specifically C—H bonds in molecules (Xie
et al., 2020). The hydrophobic nature of biochar is a result of reduced
oxygen, hydrogen, nitrogen, and sulfur content, as well as an increased
carbon content due to carbonization or pyrolysis (Lin et al., 2024; Mao
et al., 2019). An increase in pyrolysis temperature during biochar pro-
duction leads to a decrease in polar groups, which enhances the bio-
char’s hydrophobic characteristics (Zhang et al., 2023). The occurrence
of hydrophobic interactions in biosorbents impregnated with organic
substances depends on the properties of the impregnant used. The
greater the hydrophobicity of the impregnant, the stronger the hydro-
phobic interactions between the biosorbent and hydrophobic VOCs.
Additionally, compared to partitioning processes, hydrophobic interac-
tion mechanisms require less energy (Xie et al., 2020).

5. Biosorbents regeneration and reuse

The challenge of managing various types of biosorbents is signifi-
cant, both from environmental and economic standpoints. Choosing the
right regeneration method is crucial, as it affects the efficiency and
stability of the recycled biosorbents. Researchers have explored
different techniques for regenerating adsorbents, such as temperature
adjustment, pressure alteration, and gas purging (Dai et al., 2019).
Thermal desorption has gained widespread acceptance owing to its
efficient energy utilization and desorption performance. The process of
removing VOCs from biosorbents involves three stages: The first stage is
vaporization, the second stage is desorption through a multilayer
mechanism, and the third stage is desorption from narrow micropores
on the inner surface. Traditional adsorbents typically require high
temperatures for regeneration, whereas biosorbents can be regenerated
at low temperatures (Kim et al., 2006; Lv et al., 2023; Zhang et al., 2020,
2019, 2017b, 2022c; Rajabi et al., 2021a; Kaikiti et al., 2021; Shen et al.,
2019; Shen and Zhang, 2019; Gil et al., 2014). However, biosorbents
have the drawback of prolonged regeneration times, which can be up to
24 h (Kaikiti et al., 2021). Enhancing the process temperature can
improve efficiency but can also alter the composition of the adsorbent
and reduce its functionality. Thermal stability is crucial for the reus-
ability of adsorbents, and their capacity to adsorb VOCs decreases with
each regeneration cycle.

The use of inert gas to purge biosorbents is one approach to reduce
the regeneration time. By passing inert gas, primarily nitrogen, through
biosorbents containing adsorbed VOCs, contaminants are captured and
transferred from the solid to the gas phase. This method could effectively
remove all VOC groups with regeneration times not exceeding 6 h. After
five adsorption-desorption cycles, no notable changes were observed in
the structure of the biosorbents, and their adsorption capacities
remained intact. However, it is recommended that a combination of
both regeneration techniques be used for the most effective and efficient
removal of VOCs from biosorbents within the shortest possible time-
frame. Another approach is to reduce the pressure within the system,
which alters the equilibrium conditions and causes VOCs to detach from
the biosorbent material. Although this method is highly effective, it has
not been extensively studied for biosorbents (Liu et al., 2024, 2022b;
Meng et al., 2021; Svabova et al., 2023; David, 2023; Yu et al., 2018; Yao
et al., 2022a; Saha et al., 2018; Wang et al., 2020c; Huang et al., 2023;
Qu et al., 2021). The final step in biosorbent regeneration is chemical
regeneration using organic solvents. This process entails removing the
biosorbent from the column and transferring it to another container
where an organic solvent is added. The mixture was then stirred for
several hours to extract VOCs that have a higher affinity for the solvent.
The solvent was then removed and the biosorbent was dried at high
temperatures under an inert gas flow. This method is commonly used for
regenerating biosorbents after ion adsorption; however, it is not prac-
tical for gas separation because of the complexity of the process and its
high cost. Additionally, the use of organic solvents poses a significant
disadvantage as they are typically toxic. Furthermore, real gas streams
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may contain VOCs with different properties, making it difficult to find a
solvent with high affinity for all groups of VOCs (Yao et al., 2022a;
Alsawy et al., 2022).

6. Critical evaluation of biosorbents application and outlook

The use of biosorbents for treating gaseous streams has several ad-
vantages, including the ability to manage waste and high adsorptive
capacity for VOCs, which often surpasses that of commercially available
adsorbents. However, there are significant limitations that could hinder
their implementation in industrial-scale operations, such as inconsistent
reproducibility, high cost, and low yield of the preparation methods. In
addition, the activation of biosorbents often requires the use of haz-
ardous chemicals. Therefore, future research should focus on developing
more environment-friendly methods for preparing and modifying bio-
sorbents. Owing to the growing development of green solvents, that is,
ionic liquids or deep eutectic solvents, which have proven effective in
removing VOCs from the gas phase, new methods of biosorbent func-
tionalization can be expected in the near future (Makos-Chelstowska,
2023; Makos-Chetstowska et al., 2024). Currently, bio-based waste is
used to prepare sorbents and biosorbents. However, owing to increasing
waste management requirements, more attention should be paid to
converting non-recyclable waste (i.e., waste containing plastic) into
sorbents.

A major limitation of the current understanding of VOCs adsorption
using biosorbents is the lack of clarity on the mechanism, which is
influenced by numerous factors that have not been adequately studied.
Moreover, the authors of the present study primarily focused on the
adsorption of a few VOCs from model gas streams, which may not
accurately reflect real-world situations. Therefore, it is crucial that
future research address this issue. Additionally, the regeneration of
biosorbents presents a significant challenge because some biosorbents
can only be used once, making their economic viability questionable.
Furthermore, the majority of studies have only been conducted up to
five adsorption-desorption cycles, which is not sufficient for real-world
applications. Therefore, further research is necessary to validate the
efficacy of these new sorbents. Finally, the management of biosorbents is
challenging when the results of regeneration processes do not meet ex-
pectations and adsorption efficiency falls short of optimal levels.
Therefore, this field requires further investigation.

Artificial Intelligence (AI) has the potential to revolutionize the
production and use of biosorbents for air and industrial gas treatment. AI
can analyze large datasets to identify the most suitable waste materials
for biosorbent production. The yield and quality of biosorbents can be
predicted based on the characteristics of different waste sources.
Through machine learning algorithms, AI can optimize the conversion
process, such as pyrolysis or gasification, by adjusting parameters, such
as temperature, pressure, and residence time, to maximize biosorbent
yield and adsorption properties. Al can assist in the functionalization of
biosorbents by predicting the effects of various treatments on their
surface chemistry. This includes the introduction of functional groups to
enhance the ability of biochar to adsorb specific VOCs. Al systems can
monitor biochar production in real time, ensure consistent quality, and
identify deviations from the desired properties. This is crucial for scaling
up production to an industrial level. Al can model the environmental
impact of biosorbent production and use, helping to optimize the pro-
cess for a minimal environmental footprint. Cost-benefit analyses can
also be performed to ensure economic viability.

7. Conclusions

This review highlights the potential of agri-food waste as a bio-
sorbent for the removal of VOCs from gas streams. This emphasizes the
need to view waste as a resource for new processes, rather than as an end
product. This study examines various types of waste that can be effective
biosorbents, methods for their preparation, and applications in
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adsorbing VOCs. It also explains the key mechanisms governing the
adsorption process and the importance of biosorbent regeneration for
practical applications. The review concludes with a call for further
research and innovation in waste management to achieve a circular
economy.

Abbreviations

o polarizability

1,1,1-TCM 1,1,1-trichloromethane
1,2,4-TCB 1,2,4-trichlorobenzene
1,1-DCM 1,1-dichloromethane
1,2-DCB 1,2-dichlorobenzene

AC acetone

AP apricot pits

APC activated porous carbon

AS almond shell

B benzene

Bb bamboo

BDCM  bromodichloromethane

BET Brunauer-Emmett-Teller

BG sugarcane bagasse

BT sugar beet tailings

Co initial adsorbate concentration
CB chlorobenzene

CF chloroform

CH cyclohexane

CS Corn stalks

CTC carbon tetrachloride

D3 hexamethylcyclopentasiloxane
D4 octamethylcyclotetrasiloxane
D5 decamethylcyclopentasiloxane
D6 dodecamethylcyclohexasiloxane
DCM dichloromethane

DMDS  dimethyl disulfide

DMTS  dimethyl trisulfide

EEA European Environment Agency
GAC granular activated carbon

HW hickory wood

L2 hexamethyldisiloxane

L3 octamethyltrisiloxane

L4 decamethyltetrasiloxane

L5 dodecamethylpentasiloxane
L-J Lennard-Jones

m mass of biosorbents

MCB monochlorobenzene

MOFs metal-organic frameworks
m-X methyl-xylene

N neem

0-VOCs Oxygenated volatile organic compounds
o-X ortho-xylene

Ph phenol

PS Peanut shell

p-X para-xylene

R Urea-formaldehyde resins

RH rice husk

RSC rapeseed cake

SBET total surface area

SS soybean straw

Sw soft wood pellet

TCE trichloroethylene

T toluene

US EPA United States Environmental Protection Agency
Vimeso mesopore volume

Vinicro micropore volume

\Y flow rate
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VMSs Volatile methyl siloxanes

VOCs volatile organic compounds

VOSCs  Volatile organosulfur compounds
VOXs Volatile organochlorine compounds

Vi total pore volume
WHO World Health Organization
WS walnut shells
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